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•c Preface 
~--~~------~--~~~~-----------------------------------------

T his third edition of Omitlwlo.~y strives to capture the vital tCatures of the 
biology of birds fi·om a contL'mporary ornithological perspective. As in 
the preceding editions, I designed it primarily tor undergraduate stu-

dents, but I have always had in mind, as well, bird enthusiasts young ~1nd old, \Vho 
simply want to know more ~tbout birds. 

()rnitholot,ry' invites the participation of persons with grl'at diversity of back
grounds and interests. I hope, therefore. that this book will be useful to sitnilarly 
diverse readers. To this end, I have tried to share the excitement that birds and 
some knowledge of them afliJrd nll'. 

This edition, like the earlier ones, avoids theory for theory's sake. It stresses dis
covery rather than the rnathematical models that may guide discovery. To 1nakc 
the book accessible to re~H.iers who are not specialists. I define technical terms clearly 
when they are tlrst used. Additionally, the enhancl'd, comprehensive index reters 
the reader to the first use of a tl'11J1 and its definition. 

The power of evolution by natural selection is the central theme of this book. 
The adaptations of birds ranging f}·om morphology and physiology to migration 
and mating syste1ns are testimony to the pervasive role of Danvinian evolution 
in action through the millennia. Evolution is responsible for the transformation 
of birds from dinosaur-like ancestors, for the display traits and nutc choices of 
birds, tor their sensitivity to geomagnetism and ultraviolet, and for their ad
vanced intelligence. 

Conservation is a strong theme of this edition. Once a sideline of ornithology, 
conservation science is now a central tocus of interest of students and flculties alike. 
As barometers of cnviromnental quality and ecosystem health, birds l'ngage scien
tists and the public in the stewardship of landscapes and waterscapes. Most chap
ters of this book include specific exan1pks of conservation ch~1llenges and successes. 
Chapter 11 provides a broad overview of conservation matters f:lcing birds, \Vtth 
an en1phasis on hope rather than despair. 

This ne\v edition is overdue, with apolosries to colleagues and students who pa
tiently waited too loug f()r an updated text. The advances in ornitholot.,ry in the last 
decade have been diverse and substantiaL The ornithological literature is a huge and 
growing enterprise due in part to the m~~or contributions of birds to biological 
understanding. The t:1sk of updating was much greater than I initially thought it 
would be. Consequently. I revised and updated all ch:1pters \~lith new intl.lnnation xvii 



xviii 
PREFACE or perspective and completely re\vrote some of them. l'v1any n1ore challges will be 

required to stay currrent. 
This third edition of Omithoh~l!,)' includes much that will be £uniliar to those 

who have used the second edition. It also includes some substantial changes. I have 
responded gratdi11ly to the constructive suggestions provided by colleagues inft1r
mally through the years and t<.1nnally in candid reviews of the second edition so
licited by its publisher, W. H. Freeman and Company. With the help of many 
others, I have also tried to identit): exciting prospects tor study in the future. 

The sequence of chapters in this edition is basically the san1e as it was in the 
second edition. This edition, ho\vever, contains tewer chapters, 21 rather than 24. 
The reduction of chapters is due mostly to redeployment of the second-edition 
contents of Chapter 7 on feeding, Chapter 9 on visual con1mtmication, and Chap
ter 13 on navigation. These topics are novv integrated into third-edition Chapters 
6 (Physiology), 7 (Senses, Brains, and Intelligence), 10 (Migration and Navigation), 
and 12 (Mates). 

I also reorganized the second-edition chapters on reproduction and develop
ment into Avian Life Histories (Part 5) to coiTcspond more strongly to the mod
ern integration of these topics based on lite-history theory. First. following the 
advice of colleagues, I changed the sequence to start this section with Mates (Chap
ter 12) to establish the core principles of sexual selection. Next. a new chapter. 
Breeding Systen1s (Chapter 13), considers the advances in understanding the breed
ing behaviors of birds. including the roles of extra-pair fertilizations. The next two 
chapters deal with the fundamentals of avian seA"Llal reproduction to the point of 
egg laying (Chapter 14) and the incubation of eggs in nests. including the devel
opment and hatching of the chick (Chapter 15). Posthatching development plus 
parental care of chicks follows logically in Clupter 16. Fonnal life-history theory. 
including life-table analysis and lifetin1e reproductive success. the subjects of Chap
ter 17, then conclude Part S and lead to chapters on population dynamics in the 
tlnal section of the book. 

Students and t~Kulty alike responded t:l\7orably to the use of boxes to separate 
particular examples, important technical intonnation, and recent discoveries fi·om 
the text. This edition continues that innovation to call attention. tor example. to 
the main features of the c01nplete genome sequence of the chicken announced in 
December 2004 (Box 2-1) and the timely topic of avian flu (L3ox 18-2). 

The substantial appendix on the birds of the \vorld has been repositioned in this 
edition as a dynamic Web-based resource. ''Birds of the World"' is available on a 
tree-access companion W cb site at \VWW. whti·eeman.corn/ gill3e tor both instruc
tor and student. In addition to reviewing the relationships among the tamilies of 
world birds, the ne\V Web site tracks the rapid-fire advances in our understanding 
of avian systematics based on DNA sequence analyses, and at the same time in
cludes links to the best visual resources available on the Internet. 

The art program features many detailed drawings of birds and their anatomy, 
some less dettiled schematic t1gures, and some black-and-white photos. Draw·
ings are the dotninant feature of the art progran1. One l11<~or addition is the 
''Closer Look" feature added to v~u·ious figures throughout the book. This fea
ture is intended to showcase a detail or related concept and to make certain fig
ures less diagrarnmatic. 

Most of us retcr to birds by their English nan1es, which seem to change too 
tl·equently, to be the same t()r dit1ercnt species on ditlerent continents, or to vary 



t]·om list to list. Which English n;uncs to usc has been an ongoing challenge tor 

many authors. 
This edition of Oruitlwloxy mentions a total of 7 45 species t(mnd throughout 

the world. It adopts the newly available Inte-rnational English Names reconm1ended 
by the International Ornithological Congress (I OC) t()r these species (Gill and 
Wright 2006). In generaL this list adopts names with a history of traditional use. 
The na1nes. ho\\'eVeT, conform to a set of rules fonnulated through a consensus of 
leading ornithologists \Vorkhvidc-. The rules 1argely define the- use of hyphens, the 
use of single names, the structure of group names. and so on. 

Most of the recommended English names will be t~uniliar and will match those 
in the second edition. A few. howe-ver, ditTer and await adoption in North Amer
ica by the American ()rnithologists' Union Committee on Systematics and Nomen
clature. The follo\ving list of the ft'W signitlcant name changes adopted in this book 
will help readers track ~md acljust to them. 

IOC Recommended Name 

Great Northern loon 
Black-necked Crebc 
Common Pheasant 
Angel Tern 
Little Auk 
Conunon Pigeon 
Common Starling 
Sand Martin 
Two-barred Crossbill 
Saltmarsh Sparrow 

Fonner Name 

Conunon Loon 
Eared Crebe 
Ring-necked Pheasant 
Common White-Tern 
Dovekie 
Rock I )ove or Rock Pigeon 
European Starling 
Bank Swallo\v 
White-winged Crossbill 
Saltmarsh Sharp-tailed Sparrow 

Finally, as in the preceding editions. the English nan1es ofbird species are always 
capitalized to leave no doubt that, t()r exampk, a l3rown l3ooby is Sula lcucoy,L1stcr. 
not just a booby that is brown. In accord with Kenneth Parkes (19SJ3). ·'chicken" 
or '·domestic fowl'' refers to dmnesticated torms of the l~ed Junglefc)\vl; '"turkey'' 
or "domestic turkey." to domesticated fonns of .;Hc/ca,iZris gc11lop(11'o: ''pigeon" or 
'·homing pigeon," to dmnesticated t()nns of Columba liPia; and "Japanese Quail,'' to 

laboratory strains of Coturnix, which renuin of uncertain taxonomic status. 
Possible supplements to this textbook abound in both bookstores and on the 

Web. Sibley's Guide ttl Bird Bioh~~y and Beft,wior (200 1) is an excellent introductory 
complement to Omithoh~iZY· cOJnplete with a glossary and links to DaYid Sibley's 
\Vonderful field guides. The Cornell Lab's Handbook <~(Bird Bioh~\?Y is a major ref
erence work tor students to further explore a wide range of topics. COJnprchen
sive accounts of individual species are available in The Birds <~f IVorth AllnTiCtl, L[(c 
~Histories J(l,. riic 21st Century. Most university libraries subscribe to this encyclope
dic work, which also is available on the Web with video and sound (https://bna 
.birds.corncll.cdu/BNA/). 

This edition has benefited greatly tl·mn comments by many colleagues and stu
de-nts. The next edition will do so also. I sincerely invite creative suggestions, cor
rections of errors, updates, and reprints containing interesting. new ornithological 
intt)rmation. Thank you. 

xix 
PREFACE 
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Special and enthusiastic thanks go :1lso to Mary Louise Byrd. Jeff Ciprioni, 
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In "'}' hand I held 1hc Jllt1Sl rc11I£1rl.wblc t~f all filling thinL\!S, ,, creawrc t~( £1Stoundin,sz abilities that 
el11de tlrtr understanding, t!( extr,wrdiJf(/1'}', Cl'CII bizarre senses, (?( st,wiina and end11mncc _fczr 
:-:utptlssing anythin,l! else in the (1/Jima/ IUorld. Yet lit)' WJ>Iil'e 1/lcasured a mere jllle inches in 
lcll,t;?fh and !l'c(~hcd less than ha{f em ounce, ,1bo11t the we(l!hT t?( a j!fiy-cctif piece. I held that 
tnt/}' l11H'SOIIIC Cll~l!lllcl, il bird. (Fisher 1979, p. IS..J.I 

r·
1
7 .. ith no other animal has our relation been so constant, so varied, 

so enriched by syn1bol. rnyth. art. and science. and so contradic
tory as has our relation \Vith birds. Since earliest records of hu

mankind, birds have served as symbols of peace and war, as subjects of an, as objects 
tor study and for sport. Birds and their eggs range ti·om the most exotic to the 
commonplace. Their conun~md of our imagination is not surprising, because they 
are astonishing creatures, n1ost notably tor their versatility. their diversity. their 
flight. and their song. 

Birds are conspicuous and found everywhere: Sno\\.'Y Owls in the Arctic Cir
cle, Black-bellied Sandgrouse in the deserts of the Middle East. the White-\vinged 
[liuca Finch at the highest elevations of the Peruvian Andes. and Emperor Pen
guins hundreds of meters beneath Antarctic seas. Huge eagles and bright parrots 
course over the rain forests of the world, and bustards. plovers. and larks stride and 
scuny across the arid pbins. 

These highly mobile creatures are travelers of the long distance and the short. 
Some birds, such as the Nin>bar Pigeon in Indonesia, move incessantly ti·om is
land to island, whereas others are master navigators, traveling phenomenal distances. 
The Sooty Shean,vater migrates ti·om islands ofT Australia to the coasts of Califor
nia and Oregon, the Arctic Tern fl·om Ne\v England to Antarctica. and the Ru
fous Hurnmingbird ti·mn Alaska to Mexico. 

And birds please the eye. Little in nature is more extravagant than the Twelve
wired Uird-of-Paradise, 1nore subtly beautiful than the Evening Grosbeak. more 
stylish than the Horned Sungem hummingbird, or more in1probabk than the 
J a van Frogmou th. xxi 
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Birds As Cultural and Religious Symbols 

All these qualities seem to have provoked wonder and a sense of mystery since the 
dawn of human existence. Indeed. in alrnost every early culture, birds were divine 
messengers and agents. To understand their language was to understand the gods. 
To interpret the meaning of the tlight of birds was to t()retell the future. Our words 
augury and auspice literally mean ''bird talk" and "bird vievv." By the time Greek 
lyric poetry was t1ourishing (tifth and fourth centuries LLC.). the \Vords for bird and 
omen were almost synonymous, and a person seldom undertook an act of conse
quence without benefit of augury and auspice. This practice still prevails in South
east Asia and the Western P;tcitlc. 

As symbols of ideology and inspiration, birds have tlgured largely in tnany re
ligions and in most cultures. The dove was a symbol of motherhood in Mesopotamia 
and was especially associated with Aphrodite, the Greek goddess of love. For the 
Phoenicians. Syrians, and (;reeks, the dove \vas the voice of oracles. In Istun, it is 
said to call the laithf"l1l to prayer. In Christianity, it represents the Holy Spirit and 
is associated with the Virgin 1V1ary. Dearing an olive branch in its bilL the dove 
continues to be a potent sytnbol of peace. In contrast. the dove was a messenger 
of war in early Japanese culture. 

The eagle appeared as a sytnbol in Western civilization as early as 3000 B.C. in 
the Sumerian city of Lugash. In Greek mythology, the eagle \-vas the rnessengcr of 
Zeus. At least since H. .. onun times, the symbolic eagle in Europe vv·as the Golden 
Eagle. and that species also was the w~tr symbol of tnany North American natives 
at the time of early English settktnent. In 1782, the Bald Eagle bL·camc the sym
bol of the tledgling United States. 

Less conunon than the eagle, but prevalent in myth and legend. is the raven. As 
Apollo's messenger, the raven reported a nymph's infidelity and. as a consequence. 
Apollo changed the binl's color fi-on1 \Vhite to black. After 40 days, Noah sent torth 
both a dove and a raven to discover ·whether the floodwaters had receded. The £lith
less raven. according to some accounts, did not retun1 and so earned Noah's curse 
and, once again, a color change ti·mn white to black. The belief in the raven's color 
change appears in a Greenland Eskin1o legend in which the Snowy o,~,l, long the 
raven's best ti-iend. poured sooty lamp oil over him in the heat of a disagreement. 

In other legends, the raven plays a more t~1vorable role. Native North Ameri
can folklore described the raven's generosity in sharing its food with n1en stranded 
by floodwaters. Norse sailors, like Hindu sailors half a \:vorld ~nvay, carried ravens. 
which they released to lead them to land. T\vo ravens are said to have guided 
Alexander the Great through a dust storm on his long journey :Kross the Egypt
ian desert to consult the prophet at the Temple of Amtnon. 

Diversity of Human Interest in Birds 

Not only is our association \Vith birds as old as human society, it is characterized 
by the diversity of our interest in them. We can do no more here than to con
sider a few examples of that diversity and, through those examples. come finally· 
to the rich and varied science of ornitholob'Y· 

The earliest records indicate that eggs have ahvays been part of the human diet. 
The domesticated chicken, a tonn of the 1-t.ed Junglefowl, existed in India before 



300( I B.C. and was kno\Vl1 in China by 1500 B.C. and in Greece by 700 B.C. Mal
lard ducks and geese were domesticated in the Far E:tst nearly l 000 years before 
the time of Christ. and domestication of the turkey in IVlexico ~1ppears to be very 
ancient. The Romans developed largL'-scale breeding and raising of poultry for 
food, but the practice on that scale disappeared alter the f1ll of the Ronun Em
pire and did not reapp~.:ar in Europe until the nineteenth centUJ)'· 

The first American poultry exhibition was held in 13oston in I H49, and, in 1873. 
thL' Atnerican Poultry Association (APA) was t()unded, the oldest association of 
livestock breeders and growers in the United States. In 1905, the APA published 
the ....-lmcrica/l Stt111dard l?f Pcr/(>ction. No\V in its latest edition, published in 2001, the 
book is a wondertltlly intonnative and entertaining illustrated guide to the ideal 
chanctcristics of more than 100 dmnestic fowl, ducks, geese, and turkeys. At pres
ent. there arL' at least 37 ditterent ti.)(.Xl breeds of chickens and at least 24 ornamen
tal breeds. 

The pigeon has had a dual role as ~l carriLT and as a prized food. There were 
ancient pigeon posts in Babylon. and the bird was used as a carrier in early Egypt
ian dynasties. The use of carrier pigeom as messengers was commotlpLKe in Ro
man times and continued into the t\ventiL'th century until the invention of the 
radio and widespread use of the telegraph and telephone. 

Falcom)' is enjoying a modest reruissance. Originating perhaps as long ago as 
2UOO l3.C., the sport t1ourished in Europe in the Middle Ages, ~md the Crusaders 
introduced Islamic techniques that increased and refined European E1lconry. After 
a sharp decline in Peregrine Falcons and several small accipiters in Europe and 
North America in the I CJ60s, breeding and release programs arose: and now the 
ancient sport, with its historical tradition of studying and protecting birds of prey, 
is being revived. 

The usc of feathers as ornan1entation \Vas widespread among North and South 
American peopks, in At1-ica, and in the Western Pacitic ti-om the earliest known 
titnes. The elaborate feather capes of the Hawaiian kings and the feather rnosaics 
of the !vbyas and Aztecs \Vere \vorks of art. Atnong native North Americans, par
ticular uses of feathers as badges of rank and status \Vere com1non. Feather cloth
ing was also common fc)r protection hom weather, much as goose down is widely 
used today. 

Birds have always been influential in the arts. The earliest piece of English sec
ular music of ·which we know, ··sumer Is leu men In,'' is a canon tor four voices 
and the words are those of the thirteenth-century lyric in which the cuckoo wel
comes summer with its song. The cuckoo. nightingale, and quail are heard in 
Beethoven's Sixth Symphony. The eighteenth-century c01nposer l3occherini \vrote 
a string quintet called ·'The Aviary," perhaps the tlrst complex con1position in 
which a number of birds are imitated. Composers Mam-icc Ravel and Bela l3art6k 
used bird songs in thL·ir works tor orchestra, voice, and piano. 

Hi rds as subject and as metaphor are found tl-cquently in opera. Wagner wrote 
an aria about owls, r:lVens, jackdaws, and magpies for Die Aicistersingcr. In Puccini's 
A1ad,7111£1 Burtc~fly. a character sings of a robin, and, in L11 Bofllii/IC, :mother sings of 
swallows. In what is probably the most popular a1-ia in the most popular opera of 
all time, the ··Habanera" in Bizet's Cannell, the opening \:vords are "Love is a rebel 
bird that no one is able to tan1c." 

An interesting cont1ucnce of the name of a musician-in this instance, the nick
ruJne-and the name of thL' music brought together one of the most memorable 
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of American jazz musicians and one of the most memorable tunes: Charlie ''Bird" 
Parker and '·Ornithology." 

The role ofbirds in painting and sculpture is in1pressively large. Birds appeared 
in paleolithic cave paintings in France and Spain as early as 14.000 B.C. and in neo
lithic cave paintings in eastern Turkey 8000 years later. In Egyptian tombs at 
Thebes, very accurate bird paintings appeared bet()re 2000 B.C. In Knossos. on 
Crete. a \veil-known Minoan fresco of a partridge and a hoopoe survives from 
about 1800 B.C. An1ong the 1nost vibrant and brilliantly colored R.mnan mosaics 
are those of birds. tiom Pornpeii. 

A remarkable \vork is an assemblage of bird species in a thirteenth-century il
luminated manuscript of the Book of R.evclation. Hieronymus Bosch's Garden (~r 

Del(~?hts (about I. SUO) is f1lled vvith birds. Among t\vcntieth-century artists, Matisse 
and Picasso sho\ved recurring interest in birds, and l3rancusi 's sleek birds in both 
chrome and stone arc n1ctnorable. 

Birds are ubiquitous in literature. For its perfect matching of avian and human 
characteristics. Aristophanes' cmnedy 'The Birds. has been described as an ''ornitho
morphic view of man." Birds are prominent enough in Shakespeare's plays and 
poems to have led the scholar James Harting to write an entire book on the sub
ject, '17Ic Omithology <!f Shakespeare, first published in 1871. 

Some lyric poets \Vere excellent ornithologists, notably the seventeenth-century 
Englishmen Michael Drayton and Andrew Marvell, \Vhose descriptions ofbirds are 
very precise. More recently. Shelley's skylark, Keats's nightingale, and Y.eats's swan 
have become the best-kno\vn birds in English literature. 

Beginning as early as the fifteenth century. books \Vith nlllnerous bird illustra
tions began to appear. Bird illustrations continued through the centuries. with the 
Englishmen Mark Catesby and Thomas Be\vick (both in the eighteenth century) 
and the American John Junes Audubon, whose tour-volmne work titled The Birds 
t~{ .Amcrict1 ( 1827-1830) is among the 1nost prominent. By the turn of the twenti
eth century. a great tlourishing that continues to this day was underway and served 
as an impetus to the rise of modern ornithology and field guidebooks. 

Among the finest illustrators of the early t\ventieth century were l3nmo Lilje
fors of Sweden, Archibald Thorburn of England, and Louis Agassiz Fuertes of the 
United States. Fuertes, with his unerring eye and his faultless sense of the remark
able characteristics of any bird. is believed by some to have tnade his birds more 
dazzlingly alive than any other painter. Standing on the shoulders of their prede
cessors. a host of brilliant and talented bird artists have created works that prevail 
in beautiful books, in \:\,'ildlife art sho\VS, and in field guides that just get better and 
better. Now supplementing the rich modern treasury of t\ventieth-century bird il
lustrations are amazing photographs and videos that Liljefors, Thorburn. and Fuertes 
could never have envisioned. 

Early Ornithology 

\Vith all the disparate appeal of birds, it is little vvonder that some human beings 
have chosen to study them, a study that has evolved into the modern science of 
ornithology. Aristotle ·s fourth-century IJ.C. History (!fAuimals is the first kno\:vn ef
tc)rt in Western cu1ture to systematic1lly account f(x w·hat we observe in nature. 



and the writing records the tlrst organized scientific research. Birds figure promi
nl'ntly in all of Aristotle's work in natural history. Alexander of Myndos. in the 
first century A.D., wrote a three-volume \:vork on animals, t\vo of which are about 
birds. Only fl-agtnents survive in quotation. Pliny the Elder (A.D. 23-79) produced 
an elaborate natural history encyclopedia in 37 volumes, all of which survive. l-Ie 
summarized the \Vork of some SOU ancient authors and otlered his ovv'n critical 
point of vie\v. Aelian (A.D. 170-235), a Roman \Vho wrote in Greek, gave much 
attention to birds in On tlu' Chcm1cteristics (~f Ani111tlls. 

Until the R.enaissance, our kno\~rkdge of the natural history of birds depended 
largely on these writers and other Greek and R.oman writers. They told us much 
that was reliable, but they also left us with many wrong notions. The quotations 
ti·om Alexander's \Vork are based on close and accurate observation, but Aelian was 
steadf~lstly uncritical of his sources ~md perpetuated t\VO remarkably wrong notions 
about the behavior of cranes: one. that they fle\v against the \vind and swallowed 
a stone tlw ballast so as not to be swept off course; the other, that they posted sen
tinels at night. requiring them to stand on one f()ot while holding a stone in the 
other, thereby ensuring that, if the sentinel tdl asleep, it would drop the stone and 
be awakened by the noise. 

A major step toward modern ornithology was the growth of field observation 
in the eighteenth century. In 178<J, Gilbert White. an English clergyman. pub
lished a natural history of his parish, gathered over 40 years· time. His observations 
of birds were rn;1rvelously precise and beautifully expressed. 13tH he also asked in
cisive questions about the basic biology of birds, about species. ecological niches, 
physiology, and migration. Many of his curiosities still pertain to research in or
nithology. Conten1porary ornithology has benefited ti·om years of cardl.1l tleld ob
servation by devoted amateurs who toll<nvcd Gilbert White, as \veil as by 
protc·ssional ornithologists. 

Ornithology Today 

Our knowledge of birds is more cOinplete than that of 111ost other classes of ani
nuls. Owing in part to this vvealth of int<.)n11:1tion and in part to their attributes, 
birds feature prominently in primary biological studies. By the tniddle of the 1 Y80s, 
birds provided more textbook examples of biological phenomena than any other 
cl:1ss of vertebrates. 

Advances in ornithology have been honored with some of the highest a\vards. 
The pioneering works of Niko Tin bergen on the evolution of behavior with gulls 
and of Konrad Lorenz \Vith ducks ~md geese earned them a Nobel Prize in phys
iology or medicine. In cell biolot,ry' and medicine. the discovery of B vitamins and 
their roles in nutrition came fi·otn studies of chickens, which readily reveal dietary 
deficiL·ncy. Albert Szent-Gyc)rgyi \vas awarded a Nobel Prize in physiology or med
icine tor the elucidation of the Krebs cycle ti-om studies of pigeon breast muscle, 
as did Payton Rous for studies of ~1vian sarcoma that linked viruses to cancer tc)r 
the first time. 

Broadly speaking, birds have been central to advances in speciation theory and the 
deciphering of historical relations. The greatest contribution of bird studies has been 
their role in increasing our kno\vledge of population ~md con1111unity ecolob')'. Their 
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comributions to cvolution;ny L'colosry and to behavioral ccolosry t()llo\v as a close sec
ond. Birds increasingly play central roles in advanced studies of breeding systems. in
cluding the dynamics of sexual selection, the roles of kinship and cooperation, and 
the ott:en subtle strategies etnployed to maximize litetime reproductive success. 

l3irds invite study of the etlects of natural stin1uli on physiology and behavior 
because they n1aintain their n;1tural behavior in captivity and, to some degree. be
cause they are long-lived. The sarne attributes spur study of the environmental con
trol of reproduction, including the roles of circadian and circannual rhythms. Above 
all, birds are prL'L'tninent subjects t(x the experimental study of navigation. \Vhen 
trained to tly in a wind tunnel, they enable detailed analysis of the intricacies of 
povvered flight. 

Grabbing headlines also are thL· regular revelations about how birds use their 
extraordinary senses. We cannot see color difFerences in the near ultraviolet with
out special equiptnent. Birds, on the other hand, use ultraviolet color ditrcrences 
to choose a high-quality mate, to select the best foods, and to congregate with 
other members of the same species. 

l3irds have starred in the study of the interplay bet\veen inheritance and learn
ing, mediated by the central nervous system. The early development of bird song 
providt'S one of the best working rnodels of how a complex, le~u·ned motor skill 
develops. Neurobiologists can track ho\v specitlc parts of the br~1in 's song system 
participate in the process of song development. Research on neural pathways that 
control song and spatial memory in birds led to a m~~jor discovery: the fine struc
ture of the adult brain is dynatnic, not static. Adult songbirds can form new neu
rons, replace old ones, and reallocate brain space appropriately to seasonal et1t)Jts, 
whether relocating hidden seeds in the fall or learning ne\v songs in the spting. 

Birds have enormous conservation power. Their public appeal motivates mil
lions of people to take ti1ne to observe them, to count them, to care about their 
well-being, and to act on their behalf Added to their public appeal and economic 
pow·er is their potential political po\:ver. Birds are sensitive barmneters of the en
vironment. Recall Rachel Carson's Silcut Sprin,l! (1962). \vhich ignited the modern 
era of positive environn1entalisn1. Failures of seabird reproduction also heralded the 
El Nii1o phenomenon of the Pacific (1ccan, \Vhich meteorolot,rists now recosrnize as 
a driving torce of annual climate events. Besides urbanization and modern modes of 
transportation, mech;mized agriculture and ti:)t-cstty have severe effects on bird habitats 
and populations. Because of their seasonal migrations bet\veen tlw continents, birds 
more than other animals hdp us to underst~md the global nature of these ettects. 

A few stories of extinction in rnodern titnes are well kno\vn. Those of the 
Dodo, Great Auk, :md Passenger Pigeon are dran1atic. Less \vell known is an ex
traordinary st01y of a battle won by the birds. It took place in Western Australia 
in 1932 and is kn0\-\'11 as the Emu War. At tbe time, it attracted much attemion 
and was covered by the press. It seems that smne 20,000 e1nus threatened wheat 
fields. Soldiers employing machine guns and artillery spent a rnonth attacking the 
birds. The emus. in the words of Dominick Serventy of the Australian Wildlife 
Research OHice, ''apparently adopted guerilla tactics and split into small units. This 
made the use of military equipment uneconomic.'' Aft~·r the soldiers withdrew, 
fences vvere built to separate the en1us tl-om the grain. 

A satisf1ctory outcome indeed. Perhaps through ba5ic research and thought
ful practice, birds will continue to charm and 6scinate us throughout our own 
existence. 
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CHAPTER 1 

The Diversity of Birds 
It is easy to understand riJIJy Stl JJiany <!f Jts arc so jimd 4 
birds. T'l1cy arc lir;e/y; they are loucly; ciiJd they are 
eJ;eryll'lrere. ]Attenborough 199X. p. 7] 

ill ions of years ago, a small, bipedal reptile lived among 
the dinosaurs. From its skin evolved a novel and em
powering stnlcture-rhe feather. Feathered insu lation 

enhanced its ability to control its high body temperature, th ereby increas
ing its activity and endurance. Extensions of feathers on forelimbs and 
rails led w powetful, gracefi1l flight. Mastery of flight opened a world of 
ecological opportunities, and a new group of vertebrates-the C lass 
Aves-evolved, and then thrived. 

The biggest conservation challenge f:1eing the world is that of main
tainin g the global fabri c ofbiodiversity. As author David Quammen writes 
in his Song c~( the Dodo (1996), the global tapestry of life on Earth is in 
danger of unraveling as key ecological threads arc broken. Birds arc one 
of those thre,1ds. Birds move in vast numbers across the hem ispheres, play
ing essential roles as consumers of insects, poll inators of flowers, and dis
persers of seeds. Birds are pivotal players in ecosystem dynamics and pro
vide essential services w human societies. 1.3irds also serve as barom eters 
of the health of ecosystems, pristine and altered, thJt serve mankind. Un
derstanding their diversi ty, their ecology, their history, and their future 
will serve us \·veil. 

T his chapter previews the mJjor features of the diversity of birds: their 
basic form, functio n, and biology; thei r major kinds; and their geograph
ical distribution. Chapter 2 examines the evolutionary history o f birds 
from the original fossil bird, flrdwcopter)'X lit!Jo.~raphica, and birdlike di
nosa urs to modern birds themselves. Chapter 3 briefly considers the re
construction of evolutionary trees of relationships among birds, now 
inform ed by powerful new DNA-comparison techniques. 
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CHAPTER ONE Basic Characters of Birds 
B irds are two-legged (bipedal) vertebrates-the group of animals with 
backbones that also includes mammals, amph ibians, reptiles, and fishes. 
Despite their diversity of form, birds are a well-defined group of verte
brates. They are d istinguished fi·om o th er (modem) vertebrates by feath
ers. which are unique modificatiom of the omer skin. Compared with the 
scales of reptiles. feathers are filamentous, son in texture, tkxible, light
weigh t structures (Figure 1-1). No co mp.1rable structures exist in other 
li \·ing vertebrates. Dead structures that wear easily and must be replaced 

I 

FIGURE 1-1 The courtship display of the J<ing Bird-of-Paradise deploys its fu ll array of 
elaborate feathers, including racquet-tipped wire tail feathers [From lngmm 1907] 



(C) 

FIGURE 1-2 The bills of birds correspond to their feeding specialties. (A) Red 
Crossbills extract seeds from pine cones. (B) Northern Cardinals crack large, hard 
seeds. (C) Northern Shoveler ducks strain food from the mud. (D) Reddish Egrets 
spear small fish . (E) Golden Eagles tear apart the flesh of their prey. 

regularly, feathers are essential for both temperature regulation and fl ight. 
They insulate the body and h elp birds to maintain their high body tem
perature. Lightwei ght and strong, th e long feath ers of the wing generate 
lift and thrust for fligh t. 

All birds have bills, a distinctive attribute that facilitates instant recog
nitio n. The avian bill varies greatly in form and function bur is always 
toothlc~s and covered w ith a horn y sheath (Figure 1-2). The avian bill 
has no exact parallel among other extant vertebrates; it is approxim <1tcd 
only by the snout of th e duck-billed platypus, a str;mge, egg-laying 111.1111-

mal of Australia. 
B ecause birds lack teeth that chew food before m·allowing, the avian 

digestive system is specialized to process unmasticated food . The lack of 
teeth in birds appears to be a weight-reducing adaptation for flight, be
cause teeth require a heavy jawbo ne for support. Instead o f teeth, birds 
have a gizzard. The avian gizzard-::~ fun ctional :Jnalogue o f mammalian 
m olars-is a large, strong, muscular structure used primarily for grinding 
and digesting tough foo d. The gizz<lrds of grain cater<> and seed eaters, 
such as turkeys, pigeons, and finches, are especially large and have pow
erfu l layers of striated muscles . Turkey t,>izzards can pulverize English wal
nuts, steel needles, and surg ical lancets. The intern;~] grinding surfaces of 
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grooves ;llld ridges. In ~omc pigeons, it ha~ strong, tooth-shaped projec
tions. Tlw gizzard can also contain large quantitie~ of grit. which grinds 
food. The gizzards of m oas, extinct ostrichlike b i rd~ of Ne\\" Zealand. 
han:- been fo und to contain as much as :2.3 kilogram~ of gri t. The giz
zard is not ~o muscular in b irds that e;1t softer foods such as meat, insects, 
or ti·uit; and, in r.1 ptor\ and hcrom, it m ay take the form o f a la rge thin
walled sac. 

Uirds .1rc feathered fl ying machine~ (Figure 1-3). Their win~ and their 
ability to tly ;1re f1nlilia r attributes but. un like tcathers. are nor diagnos
ti c tca rures; bats and fly ing insects ;1 lso have w mgs. 

Hand bones 
are fused 

Wrist reduced to 
two bones for 
lightness 

Uncinate process 

Pygostyle supports tail fea thers 
fo r braking and steering 

Wishbone 
(furcula) forms 
arch for strength 
without bulk 

FIGURE 1-3 Adaptations for flight. Supporting the wings of the Herring Gull is a 
st rong but lightweight skeleton. An enlarged, kee led sternum houses and anchors t he 
large breast muscles that empower the wings. The bones of the hand and wrist, which 
support and maneuver the primary flight feathers. are reduced in number and fused 
for extra strength. Similarly, the pygosryle. made of fused tail vertebrae. supports and 
controls the tail feathers, which are used for braking and steering. Strengthening the 
body skeleton are fusions of the pelvic bones and associated vertebrae. plus horizontal 
rib projections ca lled uncinate processes. The furcu la, or wishbone, compresses and 
rebounds like a powerful spring in rhythm to the beat of the wings [After Pasquier 
1983, drawing by Bm1ta Al<erbergs] 



(A) (B) (C) 

FIGURE 1-4 (A) Leg bones o f equal lengths con tribute tO the balance of long-legged 
birds. When a bird crouches tO incubate its egg, for example, leg bones of different 
lengths (Band C) would displace the center of gravity. What appears at first glance to 
be a backward-bending knee joim is really the ankle joim. In birds, the foot bones 
(three tarsals) are fused both to one another and to the metatarsals, thereby creating 
a long, strong, single leg element, the tarsometatarsus, which enables birds to wa lk on 
their toes rather than on the whole foot. [After Scorer 1971] 

The entire avian body is structured for fligh t. Bird bones, for exam
ple, are typically lightweight structures, being spongy, strutted , and hol
low. The skeleton generally is strengthen ed and reinforced through fu 
sions of the bones o f the hands, head, pelvis, and feet. H orizontal. 
backward-curved projections-ca lled uncinate processes-on the ribs 
overlap other ribs and so strengthen the walls of the body. The furcula, 
or wishbone, compresses and rebounds like a powerful spring in rhythm 
to the beat of the wings. The wing itself is a highly modified forelimb 
that, with a few remarkable exceptions, is nearly incapable of functiom 
other than flight. Fmcd hand bones su pport and maneuver th e large and 
powerful primary Hight feathers. 

For stable balance on land, a bird"s cen ter of gra\·ity is positioned di
rectly o\·er and between its tee t, particularly w hen the bird perches, 
squats, or ri.<;cs (Figure 1- 4). The equal length of the two main leg 
bones-the tibiotarsus and tarsometatarsus-of long-legged birds ensures 
this relation. Foot-propell ed diving birds such as loons have saCT·it"lced 
balance on land for th eir co n ~i derable <;wimming <lbil iti es. For e ffi c ien t 
propulsion, they ha ve pow-erful legs situated at the rea r of a streamlined 
body, which places their center of gravity far fonvard of their teet when 
on land. 

Arboreal-tree-dwelling-species, w hich constitute th e majority of 
birds, have feet that tightl y grip branches. Among the features of such feet 
are long tendons that pass aro und the backside of rhe ankle joints. When 
a bird bends its jo in ts to ~quat, the tendons automatically fl ex, locking the 
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FIGURE 1-5 When a perching bird squats, the leg tendons, which are located on the 
rear side of the ankle, automatically cause the toes to grip. [From Wilson 1980, with 
permission fro m Scientific American, Inc.] 

toes around th e branch (Figure 1-5). When a bi rd stands, the tension re
laxes and th e toes open. The foot of the songbirds-Order Passeriformes
is perhaps the most advanced in this respect. A special system of ridges 
and pads between the tendons that fl ex the toes and the insides of the toe 
pads acts as a natural locking mechanism and permits bi rds to sleep while 
perching. The large, opposable single rear toe, or hallux, w hich enhances 
the abili ty of a bird to grip a branch. is unusual among vertebrates. 

Avian physiology accommodates the extreme metabolic demands of 
fli ght and temperature regulation. The red fibers of avian flight muscles 
have an extraordin ary capacity for sustained work and can produce heat 
by shivering (see C hapter 6) . Birds arc endothermic; that is. they are 
wam1-blooded and maintain high body temperatures (40°-.f4°C) over a 
wide range of ambient temperatures. The circulatory and respiratory sys
tems of birds include a powerful four-c hambered heart and efficient lungs, 
which deliver fu el and remove both waste and heat produced by meta
bolic activities. 

T he reproductive systems of birds also are un usual. Birds produce 
large, ric hly provisio ned external eggs , th e m ost elaborate reproductive 
cells of any animal. No bird species bears live yo ung like those pro
duced by o the r classes of vertebrates. Nurturing the gro\vth of the em
bryos in the eggs and of the youn g after they hatch requ ires dedicated 

.. 



parental care . Most birds fo rm monogamous pair bonds, some for life ; 
but many , it turns out, engage in additional sexual liaisons. As a result, 
th e eggs in one nest may be of mixed patern ities and even maternities. 
M ating systems, spacing behavior , and cooperation afTord varied solu
tions to the challenges of successful reprod uction in a highly compet
itive social \:V'orld . 

Birds have large , well-developed brains, 6 to 11 times as large as 
those oflike-sized reptil es. Bird brains and primate brains exhibit fu nc
tional la teralizatio n, w ith left hemispheric domin;:mce associated with 
lea rning and innovation in vocal repertoires . Substantial learning by 
birds guides the maste ry of complex mo tor tasks, social behavio r, and 
vocalizations. 

H ighly developed neural systems and acute senses in b irds mediate 
feats of comm unication and navigation. Birds. particularly the song
b irds, have the greatest sound-producing ca pabilities o f all vertebra tes . 
T he syrinx of birds is a unique sound-producing structure . In contrast 
with the syrinx, the laryn x, the analogous structu re in mammals, con
strains mammalian voca lizations by its positio n and structural simplic
ity . Birds can navigate by using pattern s o f Earth 's magnetism, celestial 
cues, and perhaps polarized ligh t. T he ir highly d eveloped color vision 
reaches into the near- ultraviolet ra nge of the spectru m. T heir broad 
hearing range encom passes infrasounds-sounds below the hearing 
ran ge of humans. 

Adaptive Radiation of Form and Function 
Roughly 300 billion birds now inhabit the Earth. The variety of birds 
is th e grand result of millions of years of evoluti o nary change and adap
tation. T he current classifica tion of living birds arranges 30 orders, 193 
famili es, 2099 genera , and at least 9700 species (T able 1-1 , page 12) . 
Yet this number is only a small fi·acrion of the number o f species that 
have existed since the age of dinosaurs. T he earlies t birds in the Meso
zoic era more than ISO m illion years ago had feathers and probably 
could fly after a fashion . R.espondi ng to eco lo gical opportunities, sub
sequent birds diversified in form and function . From the fundamen tal 
anatomy of their common ances tor evolve d perch ing songbirds such as 
robins; nocturnal fo rest h u nters suc h as ovvls; aqua tic divers such as 
penguins; oceanic ma riners such as albatrosses: shoreline waders such 
as plovers; and large, fl ightless ground birds such as the ostrich (Figure 
1-6) . Dirds range in size from only 2 grams (hummingb ird) to 100,000 
grams (ostrich) . 

The diversity of birds is due to the evoluti on o f additional varied species 
adapted to different ecologies and behaviors, a phenomenon called adap
tive radiation. Bill sizes and bill shapes change in relation to the types 
of food eaten. Leg lengths change in relation to habits of perching or 
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FOREST BIR DS 
Owl 

AQUATIC BIRDS 
Penguin 

OCEAN IC BIRDS 
Albatross 

WADING BIRDS AN D SHOREBI RDS 
Plover 

FLIGHTLESS AND GROU ND BIRDS 
Ostrich 

FIGURE 1-6 Birds have evo lved along several m ajor lines, each adapted to a 
part icular m ode of life. [From Evolution of Vertebrates by E. H. Colbert. Copyright 
1955 john Wiley 0 Sons, Inc.; reprinted by permission of john Wiley 0 Sons, /n c. J 

terres trial locomotion, and wing shapes change in relati on to patterns of 
flight . For example, fi·om a single ancestral species of shorebird evolved 
aerial p irates such as skuas and plunging divers such as terns, as well as a 
host of \vaders, including sandpipers, plovers, tum stones, stil ts, jacanas, 
snipes, woo dcocks, curlews, and godwits, each \Vith characteristic leg 
lengths and bill lengths, shapes, and curvatures. As varied as the habitats 
that they occu py, shorebirds also include aerial pratincoles, gulls, and skim
mers, deep-water divers such as puffins, and the grouselike seedsnipes of 
South American moorlands. All these related species are members of the 
O rder C haradriifom1es (Figure 1-7) . 

T he varied diets o f modern birds include buds, fruits, nectar, seeds, 
invertebrates of all sizes, and vertebrates of many kinds, in clud ing carrion. 

FIGURE 1-7 Shorebirds, gulls, and all ies (Order Charad riiformes): (1) Pheasant-tailed 
jacana (J acan idae) : (2) Snowy Sheathbi ll (Chionidae) : (3) Eurasian Woodcock 
(Scolopacidae) ; (4) Atlan tic Puffi n (Aicidae); (5) Blacks m ith Lapwing (Charadriidae); 
(6) Ring-bil led Gul l (La ridae) ; (7) Black Skimmer (Rynchopidae). 
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TABLE 1-1 The orders of the birds of the world 

Order 

Tinamiforml'S 
Rh ei formes 
Struthioniformes 
C asuariiformes 
Dinornirhifom1es 
Galliformes 

i\nse1i fon nes 
Sphcnisciformes 
G~viiformes 
Procellariitormes 

Podicipedifonnes 
Phoenicopteriformes 
Ciconiitormes 

Pelecanitormcs 

Falconitormes 

Gruitormcs 

Charadriifom1cs 

Colurnbiformes 
Psittaciformes 
Opisthocomitorm cs 
IV1 usophagiformes 
C uculi fonnes 
Strigifonnes 
Caprimulgitormcs 

Apodifonnes 
Coliiformes 
T rogoniformcs 
Coraciifonnes 

Piciformes 

Passcri formes 
Totals 

Number of Taxa 

Fami]jes Genera 
-- --

1 Sl 
1 2 
1 1 
2 2 
1 1 
5 80 

3 52 
1 6 
1 1 
4 26 

1 6 
1 3 
3 39 

8 10 

3 83 

11 61 

17 88 

1 -1-2 
1 85 
1 1 
1 6 
1 35 
2 29 
5 22 

3 124 
1 2 
1 6 

] ] 51 

_") R 

96 1218 
193 2099 

Species 

-1-7 
2 
1 
6 
3 

290 

162 
17 
5 

112 

22 
5 

116 

65 

30-1-

212 

Members 

Tinarnous 
R heJs 
Ostrich 
Cassovvaries, Emu 
Kiwis 
Gallinaceous birds: grouse, quails, pheasants, 

chickens, curassows, guans, chachalacas, 
guineafowl, moundbuilders 

\Vaterfowl: ducks, geese, swans, screamers 
Penguins 
Loons 
Tube-nosed seabirds: petrels, shearwaters, 

al batrosses, storm petrels, diving petrels 
G rebes 
Flam ingos 
Long-legged wading birds: storks, herons, ibises, 

spoonbills 
W ater bi rds with totipalmate feet: cormorants, 

pelicans, anhingas, boobies, gannets, fi:igatebirds, 
tropicbirds, Hamm erkop, Shoebill 

Raptors: f1lcons, caracaras, hawks, eagles, 
Old World vultures, kites, Osprey, 
Secreta rybird, New World vultures 

D iverse teJTestrial and marsh birds : rails, coots, 
sungrebes, cranes, Sunbi ttern, Kagu, Limpkin, 
seriemas, bustards, bu ttonquails, trumpeters, 
roatclos 

367 Shorebirds and their relatives: sandpipers, plovers, 
phalaropes, stilts, jacanas, painted-snipes, 
pratincoles, gulls and terns, seedsnipes, 

308 
364 

1 
23 

138 
IRO 
118 

429 
6 

39 
209 

398 

5753 
9702 

sheathbills, skimmers, skuas, auks, sandgrouse 
Pigeons, doves 
Parrots, macaws, lories, cockatoos 
H oatzin 
Turacos, plaintain-eaters 
C uckoos 
Ov,.rls, barn owls 
Nightjars, potoos, fi·ogmouths, Oilbird, owlet-

nightjars 
Swifts , crested S\71-'ifts, hu mmingbirds 
Mousebirds 
T rogons, quetzals 
Kingfishers and allies : todies, m otmots, bee-eaters. 

rollers, C uckoo Roller, hoopoes, 
wood hoopoes, hornbills 

\Voodpeckers and allies: wrynecks, piculets, barbets, 
toucans, honeyguides, jacamars, puffbirds 

Perching birds, songbirds, passetincs 

l~amily classiiication and totals from Dickinson 20U3. 



Fruits . seeds, and insects nourish the rnajority ofbirds, especially the passer
ine land birds, whose adaptive radiation was coupled to those of flower
ing plants and their associated insects. Few birds are specialized herbivores; 
apparently, mammals have usurped most of th e terrestrial grazing and 
browsing niches. In the absence of mammals in New Zealand, numerous 
species of flightless, herbivorous moas evolved. The long, complex diges
tive tracts required for green leaves and the weight of slowly digesting 
plant matter also may limit the £lying abili ti es of-avian herbivores or favor 
f1i ghtlessness, as in ostriches. 

Corresponding to a diversity of diets is a diversity of bills (see Figure 
1-2). A bird 's bill is its key adaptation for feeding. The size, shape, and 
strength of the bill prescribe the potential diet. T he land carnivores
eagles, hawks, falcons, ;md owls- have strong, hooked beaks with which 
they tear flesh and sinew. Other bill types tear meat, spear fi sh, crack 
seeds, probe crevices, or strain microscopic food t!·om the m ud. The broad, 
flat bill of a duck is suitable for straining mud, ~:hereas the chisel-like bill 
of a \Voodpeckcr is suitable for digging into trees to reach insects. Ma
rine predators, such as penguins and cormorants, have bills with curved 
projections that direct fish toward the esophagus. The varied lengths and 
curvatures of shorebird bills determine which prey they can reach by prob
ing into the mud (Figure 1-8). Nectar feeders, such as hummingbirds, 
probe their long, thin bills into floral nectar chambers and draw up nec
tar thro ugh tubed tongue tips. Their bill forms tend to match the lengths 
and curvatures of preferred f1ovvers, which, in turn, depend on the birds 

Eurasian 
Eurasian Bar-tailed Oyster· Common Red 
Curlew Godwit catcher Redshan k !<not 

Li ttle 
Gray Ringed Ruddy 
Plover Plover Turnstone 

I . 
! ,I 

FIGURE 1-8 Varied bi ll lengths enable shorebirds to probe to various depths in the 
mud and sand for food. Plovers feed on smal l invertebrates, mainly by surface pecking 
with the ir short bil ls. Common Redshanks and other species of waders w ith moderate 
bill lengths probe the top 4 cen timeters o f the substratum , which contain many 
worm s. bivalves, and crustacea. Only the long-billed birds such as cur lews and godwits 
can reach deep-bur rowing prey such as lugworms. [After Coss-Custard 7975] 
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Magnificent Hummingbird 

Green Violet- Ear 

Fiery-throated Hummingbird 

lcm 
1----l 

FIGURE 1-9 The lengths and curvatures of hummingbird bills match those of their 
preferred flowers. [After Wolf et a!. 7976] 

FIGURE 1-10 The form of their large bil ls enables finches such as the Northern 
Cardinal to bite hard seeds without straining the nasofronta l hinge (located between 
bi ll and skul l) with excessive shear forces. Shown here is a cross section of a cardinal 
skull, revealing the bony struts (trabeculae) in the upper jaw and forehead. The 
deeper, nontrabecular areas of the upper jaw are shown in fine stippling: other 
nontrabecular bone is shown in heavier stippling. Lower jaw is not shown. [From 
Bocl< 1966] 



ror pollination (Figure 1-9). Even slight differences in bill dimensions in
flu ence the rate at which food can be consumed. 

The bone confi gurations that constitute th e bill, j aws, and palatal re
gion are an engineer's delight. T he avian bill is no t rigid ; birds ca n flex 
or bend the upper half of the bill , an ability called cranial kinesis (see Zusi 
1984). The upper mandible, or maxilla. is a thttened , hollow, bony cone 
reinforced internally by a complex system of bony struts called trabeculae 
(Figure 1- 1 0). T hese struts make th e bill much stronger than a h ollow 
bill but add li ttle weight. C overing both jaws is a horny sh eath , or rham
photheca. w hich may have sharp cutting edges (as in boobies) , numerous 
toothlike serrations (as in mergansers), or well- developed notches (as in 
falcons and to ucans). Woodcocks can open just the tip of their bill s to 
grasp earthworms deep in the mud. 

The variety of bi1J fo rm s th at can evolve in the process of adaptive 
radiation is see n in th e H awaii an h o neyc reep ers, w hi ch apparently 
e volved from a flock of sm all fin ch es that strayed out over the Pacifi c 
Ocean from Asia o r North Am erica milli ons o f years ago. The finches 
m ad e landfall o n one of the Ha\:vaiian Isla nds, th en flo urished and 
spread throughout the arc hipelago. Iso lated p opulations c ha nged in 
genetic composition and appearance, at first imperceptibly and th en 
conspicuo usly. Subtle changes in bill shapes and bill sizes led to a pro
li feration of bill types and th eir related fe eding behaviors: from heavy 
grosb eak-like bills for crackin g large legume seeds to long sicklelike 
bills for sippi ng n ectar from fl owers o r probing bark crevices for in
sects (Figure 1- 11) . 

D ifferent modes of locomotion further expand the ecological oppor
tun iti es of birds. Shorebirds, as already mentioned, include aerial , wad
ing, and diving species. Birds soar through th e sky, scurry and stride across 
the land, hop agilely from b ranch to branch, hi tch up tree trunks, and 
swim powerfully to great depths in the sea. T he combinarion of fore lim bs 
adapted for fl ight and hindlimbs to r bipedal locomotion gives birds a 
trem endous range of ecological options. 

There are specialized flying birds, as well as specialized swimmers, run
ners, waders, climbers, and percher~ . W ing shapes and m odes of flight 
range trom the long, nan·ow \vings of the albatross, adapted for soaring 
over the oceans, to the short, round w ings of wrens, adapted for agile 
flu ttering through dense vegetation . At another extreme are the adapta
tions of w ing-propelled diving birds, such as penguins, w hich usc their 
flipperlike wings to m ove unden vater (Figure 1-12) . 

Like rhe structures of bills and w ings, the anatom y of feet and leg~ 
con·esponds to different life styles (Figure 1- 13, page 18). At one extrem e 
are the long, po werful legs of wading and cursorial, o r running, birds such 
:1s storks and ostriches. At the other extreme are the riny feet and short 
legs of aerial specialists such as swifts. T he long toes of hero ns and jacanas 
spread the bird's weight over a large sur£1ce area and facilitate walki ng o n 
soft surfaces . Sandgrouse scun·y on soft desert sands, and ptarmigan can 
walk on snow by virtue of snowshoe-like adaptations of their feet. Lobes 

(Text f <'ll /iiii iCS 0 11 JU~~C / 8.) 
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FIGURE 1-11 A classic example of adaprive radiarion: Hawaiian honeycreepers have 
evolved bills thar range from thin warblerlike bills to long sicklelike bills ro heavy 
grosbeak-like bills. [From Railww 1976; drawing by H. Douglas Pratt] 
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,. 

FIGURE 1-12 Penguins: (1) Chi nstrap Penguin; (2) Rockhoppcr Penguin; (3) jackass 
Penguin; (4) l<ing Penguin, juvenile (left), adult (rigllt). 
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(B) Coot (C) Ostrich 

(E) Ptarmigan 

(F) Heron 

(H) Eagle (I) Warbler 

FIGURE 1-13 The feet of birds reveal their ecological habits. Water birds have 
(A) webbed or (B) lobed toes for swimming; terrestrial birds have toes specialized for 
(C) running, (D) scratching in dirt, (E) walking on snow, or (F) wading. Other land 
birds have feet des igned for (G) climbing, (H) holding prey, or (I) perch ing. [From 
Wilson 1980, with permission from Scientific American, Inc.] 

on the toes of coots and webbing between th e toes of ducks aid swim
ming. C limbing birds such as woodpeckers have 1arge, sharply curved 
claws; nu thatches climb downward by gripping a tree's bark with a large 
claw on the hind toe. 

Life Histories 
In addition to their form and function , birds have div ersified in all aspects 
of th eir season al and social biology. R eproductive rate, adult life span, 
and age at maturity, differ more than tenfold among speci es (Ricklef~ 

2000a) . Albatrosses arc long-lived and lay only one egg at a time. Small 
songbirds, instead, tend to have short life spans and to raise many young 
togeth er. Som e species lay large eggs for th eir body size; other species lay 
small and lightly provisioned eggs . New·ly hatched young may be help-



less or agile. Parental care may be minimal or prolonged. Such attributes 
of lite history contribute to an individual bird's lifetime reproductive suc
cess. They arc as subject to evolutionary molding by the environment and 
by population dynamics as are the shapes of bills and \Vings. 

Natural Selection and Convergence 
We accept that the close fit between form and function portrayed so 
vividly by the diversity of birds and their life-history traits is due to evo
lutionary adaptation through natural selection. As set forth by Charles 
Darwin in 1859 <lnd confinned subsequently through experitnent and 
indepenLknt observation, natural sckction is simply the predictable pre
dominance of individual organisms with advantageous traits. Healthy 
individuals leave more otlSpring than do sickly individuals. Can1outbged 
chicks arc more likely to escape predation and to reproduce the1nsclves 
than are boldly colored chicks. To be f1vored by natural selection, how
ever, traits need not be dran1atically better. Subtle or slight advantages 
in egg quality, camouflage, or agility increase in prev~1lence in a local 
population. Adaptation by natural selection is a process without plan or 
purpose, a process that gradually transf(Hms the appearances and abilities 
of organisms. 

A large finch bill can be so advantageous in times of food shortage 
that the average bill size in a population increases fl·om one )rear to the 
next (Boag and Grant 1981 ). In 1976 a11d 1977, a sevcrL' drought gripped 
Daphne Island in the CaL\pagos archipelago. Plants t~1ilcd to produce nevv 
crops of seeds, and seed densities dropped sharply, especially the densities 
of small seeds. 1V1any tlnches starved. In regard to the Medimn Cround 
Finch, individual birds with large, deep bills survived in greater numbers 
than <.lid those with small bills because the large-billed birds could crack 
the remaining larger, harder seeds. The result was a dramatic increase in 
average bill size over on!)' one year's time, due to natural selection (Fig
ure 1-14). This intense natural selection was later reversed by the im
proved survival of small-billed birds during wet years, when small seeds 
\~'ere again plentiful. 

The povv'er of natural selection is perhaps best demonstrated through 
convergence-the independent evolution of similar adaptations in unre
lated organisms. Adaptation to similar ecological roles causes unrelated 
species of birds to become superficially sirnilar (i.e., to converge) in de
tails of appearance and behavior. For exatnple, the meadowlarks of North 
AI11erican grasslands and the unrelated longcla\\!S of the Atl-ican grasslands 
are classic cases of convergence in color pattern. Both have streaked brown 
backs, bright yellow underparts \Vith a black V on the neck, and white 
outer tail feathers. The meadowlark is related ro the blackbirds (I cteri
dae), the longclaws to pipits and wagt~1ils (Motacillidae). Another classic 
case of convergence is th~n of the northern ocean auks and the southern 
ocean penguins. From different aerial ancestors, species of compact 
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FIGURE 1-14 Increase in bill size (top) in the Medium Ground Finch during a period 
of drought that resulted in intense natural selection. Failure of the usual seed crop 
on Daphne Island favored individual birds with large bills able to crack the more 
abundant, large, hard seeds (bottom). Abbreviations, starting at left on x-axis: J, June; 
S, September; N.. November; J, January; M, March; M, May. [A.fter Boag and Grant 1981] 

black-and-white seabirds have evolved in both ocean regions. including 
tlightless fon11s that use their \h.'ings to propel themselves underwater to 
capture tnarine crustaceans and tlsh (Figure 1-15). 

Biogeography 
Biogeography is the study of the geographical distributions of plants and 
~mimals. For rnore than a century, biogeographers have divided Earth into 
six m~~jor faunal regions corresponding roughly to the major continental 
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r *,"" Wings used for ~ submarine 

~ flight only '-, __ ,_~ ~~tAuk Penguins 
Stage C 

I 

~ T I Wings used for 
I both 

""' I 

( 
submarine ' I 

~ and aerial flight ~ I 
I 

~ Stage B ~ I Diving petrels Razorbill 
I 

I 

~ ~ 
I Wings used for 
I aerial :v flight only 1\ 

r ~ ~ \ Stage A ·~ulls Petrels 

FIGURE 1-15 Convergent evolution of wing-propelled divers. Adaptive stages in the 
parallel evolution of two stocks of wing-propelled diving birds, the petrels to penguins 
and the gulls to auks, respectively. [From Storer 1960] 

areas (Figure 1-16). Each f:mnal region h:1s its characteristic birds: so-called 
endemic taxa or species, \vhich arc found nowhere else, and other birds 
that represent m<~or adaptive radiations of more \Videspread taxa. 
Wa)<.·-wings and loons are restricted to North Atnerica and Eurasia. the 
Nearctic and Pale;Jrctic regions, respectively. The birds that are cndetnic 
to Atl·ica. or the Ethiopian region, include ostriches. n1ousebird11. and 
turacos. Australia and New Guinea, the Australasian region, have ennis. 
honeyeaters, and birds-of-paradise. South America, the Ncotropical 
region, has toucans. tinamous, and trumpeters. 

Most avifnmas-rcgional :1sscmblagcs of bird species-arc mixtures of 
species of vat~ed ages and origins. Some species trace back more than 60 
tnillion years to the rearrangetnent of the continents trom the early land
nlass called Gondwanaland. ()ther species arose in recent colonizations of 
new islands or continents. The history of bird distributions em be viewed 
as a series of waves of adaptive radiations, moving north. south, east, and 
\VL~st ti·om their ancestral origins. New groups ofbirds replaced older ones 
and in turn produced cmnplcx n1osaics of ancient. recent. and new 
colonists ti·om ditrerent regions. The birds of North America include old 
and new colonists ti-0111 Asia and South Atnerica, remnants of ancient avi
faunas, plus diverse species groups that evolved only on that continent
for example, the colorful \Vood warblers. 

Early avian colonists on each continent or n1ajor group of islands di
versify locally in response to the ecological opportunities available to them. 
The diversity of finches on the Gatlpagos Islands and of honeycreepers 
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FIGURE 1-16 The six major faunal regions (A) and some o f their bird specialties: 
(B) toucans (Neotropical region) ; (C) loons (Nearcric and Palearctic regions); (D) honeyeaters 
and (E) fairywrens (Austra lasia n region); (F) turacos and (G) mousebirds (Ethiopian region). 
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win. Just as dramatic is the diversity of the tyrant flycatchers of South 
America, \Vhich radiated to include ne\-v species that look and function 
like shrikes, wheatears, tits, warblers, pipits. or thrushes from other parts 
of the world. Australian land birds. related genetically n1ost closely to one 
another, rnatched so well the external attributes of shrikes, flycatchers, and 
small insect-eating warblers that, until 1990, they \Vere 111isclassitled with 
superficially sitnilar species native to Europe and Asia. 

Summary 
ChaLKterized as vertebrates with feathers, birds have distinctive bills. 
maintain high body temperatures, produce large external eggs, and have 
elaborate parental behavior and extraordinary vocal abilities. The anatomy 
and physiology of most birds are adapted tor flight. 

The diversity of birds is due to millions of years of divergence and 
adaptation by natural selection. The process of adaptive radiation is \Veil 
i1Iustrated by the members of the Order Charadriiforn1es, which include 
terrestrial waders, aerial plungers. and \Ving-propelled divers. The adap
tive radiation of Hawaiian honeycreepers illustrates the way in which bill 
forms can evolve in relation to feeding habits. In addition to their phys
ical features. birds have diverse lite-history traits. mating systems, and 
reproductive strategies. 

The birds of the \vorld constitute geographical :Jsse1nblages of species: 
these large groups are called avif:nmas. The six major avi£nmas are the 
Nearcric (North America). Neotropical (Central and South America), 
Palcarctic (Europe and Asia). Ethiopian (Atnca south of the Sahara). Ori
ental (Southeast Asia), and Australasian (Australia and Ne\v Guinea). Each 
region has its characteristic birds. 



History 
Tlze study (~f the or(l?in 1111d early cpoft~tillll t~{ birds has neJJcr 
prod11ced as lllttch excite/1/cnt and public attcmior1 as in The 
past decade. !Zhou 2004, p. 455] 

CHAPTER 2 

A vian history starts more than 150 rnillion years ago vvith the 
transt(mnation of reptilian ancestors into teatherL·d birds 
with limited tlying abilities. Birds then diversified in t()rm 

and tl.1nction first in the Mesozoic and then again as modern taxa in the 
Tertiary. The evolution and adaptive radiation of birds paral1eled the in
dependent evolution and J;se of placental mam1nals to their own modern 
prmninence. Increases in atmospheric oxygen over this same period of 
Earth history, \Vith rapid increases in the early Jurassic and the Eocene, 
potentially favored the success of these t\vo principal groups of highly 
active land vertebrates with aerobic n1etabolism (Falkowski et al. 2005). 

The details of the transfonnation of reptiles into birds. including the 
role of dinosaurs, have long been the focus of intense debates. A wealth 
of well-preserved new fossils of both early birds and dinosaurs, mostly 
tl-mn northeastenl China, provide a ne\v and expanded scen~u;o of the 
initial stages of the evolution of birds. 

M~~or episodes of extinction punctuated the long history of lite on 
Earth. The Class Avt•s participated in several of thern, starting in the bte 
Cretaceous. In another episode at the beginning of the Pleistocene epoch 
about 3 rnillion years ago, climatic changes caused the extinction of at least 
25 percent of the existing bird species. IZecurrent clitnatic changes con
tinued to alter habitats and, in turn, the disn;butions and viabilities ofbird 
populations. In the past century, hmnans have becmne the primary f{)JTe 
changing and threatening the natural vv·orld, including global climates. 
Birds 110\V 6ce a major new episode of species extinctions. 

This chapter first examines the reptilian features of birds and then 
Archaeopteryx litlwgmp/iic,1, the earliest known bird. The array of ne\v fos
sil dinosaurs and of the diverse bird species that followed Archaeopteryx is 
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tlight. This chapter also reviews the main stages of the diversific:1tion of 
modern birds in the Mesozoic era in association with the breakup of 
Gondwanaland. the ancient southern continental landmass. The stage is 
then set for Chapter :1, \vbich examines how ornithologists reconstn.1ct 
evolutionary relationships among spenes and classifY birds according to 

these relationships. 

Birds As Reptiles 
Birds evolved fi·om reptiles (Fi!=,'1.1re 2-1). Thomas H. Huxley. the great 
evolutionary biologist of the nineteenth century. asserted that birds were 
'·merely glorified reptiles ' ' and accordingly classified them together in the 
taxonomic otegory Sauropsida (Huxley 1867). Indeed, birds and mod
ern reptiles have many characters in common (Figure 2-2) . The skulls of 
both ~lrticuhte with the first neck vertt-bra by llH:.'<lllS of a single ball-and
socket devicL~the occipital condyle; mammals, which evolved ti·om a 
difterent line of reptiles, have t\VO of them. Birds and n1odem reptiles 
have a simple middle ear with only one ear bone-the stapes; mammals 
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FIGURE 2-1 A simplified family tree of the vertebrates. Birds, dinosaurs, pterosaurs, 
and crocodiles evolved from one group of reptiles, the thecodonts; mammals evolved 
from another, the therapsids. Other groups of early reptiles gave rise to turtles, snakes 
and lizards, and the iguana-like tuatara now found only on little islands near New 
Zealand . (The dashed lines indicate that detailed lineage between birds and dinosaurs 
is uncertain.) 
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FIGURE 2-2 Some reptilian features of the avian skull. 
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have three middle-ear bones. The lower ja\VS, or rnandibles, of both birds 
and rnodern reptiles arc composed of t1ve or SL'X bones on each side: mam
nuls have only one mandibular bone. The ankles of both birds and mod
en1 reptiles are sited in the tarsal bones (see Figures l-2 and 1-3), not be
tvveen the long lower leg bones, or tibia, and tarsi as in n1ammals. The 
scales on the legs of birds are similar in structure to the body scales of 
rnodern reptiles. 

Both birds and modern reptiles lay a yolked, polar egg in which the 
embryo develops by shallow divisions of the cytoplasm on the surt~1ce of 
the egg. In birds and in some t·eptiles, fc'males have two dilTerent sex chro
JnosonH.'S, Z and W, and are referred to as the heterogametic sex (sec 
Chapter 14); males arc the heterogatnetic sex among mammals (with X 
and Y chromosomes). Both birds and reptiles have nucleakd red blood 
cells, whereas the red blood cells of nun1111als lack nuclei. 

Archaeopteryx: The Original link Between 
Birds and Reptiles 
The sirnilarities bet\veen birds and reptiles leave no doubt of their evo
lutionary relationship to each other. Yet we are not content with that. 
We \Vant to know which reptiles gave rise to birds and how the trans
fon1lation proceeded. For this knowledge, \Ve 1nnst turn to the fossil 
record. There, an extinct creature, .A.rchacoptcryx litl~t~~r~lphic£1, t1rst signaled 
the origin of birds tl·om reptiles. 

Fine-grained limestone deposits in central Europe contain a record of 
creatures that occupied that region during the age of dinosaurs-in the 
late Jurassic period, from 155 mmion to 135 million years ago (Table 2-l ). 
At that time, central Europe was tropical, sporting palmlike plants. Great 
\:vann seas and lagoons covered parts of the European continent. The 
coastal lagoons attracted pterodactyls, or flying reptiles. some as small as 
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Era 

Cenozoic 
(age of birds 
and mammals) 

Mesozoic 
(age of reptiles) 

From Feduccia 19RO. 

Period 

Quaternary 

Tertiary 

Cretaceous 

Jurassic 

T 1-iassic 

Epoch 

Recent 
Pleistocene 

Pliocene 

Miocene 

Oligocene 

Eocene 

0.01 

1.3-3.3 

7 

26 

36-38 

33-54 
Paleocene 63 

Late 

Early 

Late 

Middle 

Early 

100 

135 

135 

170 

18()-190 
230 

sparrows and others as large as eagles. \Vhich tle\v on batlike wings made 
of stretched skin. Sometimes they perished in the lagoons, where gentle 
fossilization in the fine calcareous sediments preserved their features in 
exquisite anatmnical detail. Also preserved in the same lagoons were the 
rernains of the feathered reptile now called Archaeoptcry.x. 

Thl' first evidence of the origin of birds vvas an impression of just a 
single feather f(1tmd in a Bavarian quarry, frotn \vhich Jurassic limestone 
was mined tor lithographic slabs. The i1npression was brought to the 
attention of Gennan naturalist Hen11ann von Meyer of Ivlunich in 1861. 
A complete skeleton of a small reptilelike anitnal with feathers also was 
found and brought to von Meyer's attention just a few months later. He 
nan1ed the tossil creature Archaeopteryx (archaios. ''ancient'': pteryx. ''wing") 
lithographica. The discovery of a second cmnplete specimen of Archaeopteryx 
in another quarry near Eichstatt. lhvaria, tollo\ved in 1 R77 (Figure 2-3). 
It is fully articulated, revealing details of the vving bones. flight feathers. 
and the pairs of feathers attached to each vertebra of its long tail. These 
tc·athers are indistinguishable fl-om n1odern feathers. 



FIGURE 2-3 This fully articulated skeleton of Archaeopteryx litlwgraphicn was found 
in 1877 near Eichstatt. Bavaria . [Courtesy of}. Ostrom] 

Now known tram seven specimens and that tlrst feather. Ardt.rCtlplcryx 
was a cro\v-sized , bipedal ··reptile" with a blunt snout and many small. 
reptilian teeth. It bore feathers on both \'l:ings and tail and probably also 
over most of its body , like modern birds. It possessed, however, numer
ous reptilian t~atures. Like the modern guans (Cracidae) , it may have been 
a strong-running. terrestrial "bird" that could leap into trees. jump among 
large branches. and make short flights between trees. Pall'ontologists agrLT 
that Arrlt.lcoptcr)'X was capable of gliding and weak tlapping but not of 
long, sustained tlights. Indications of Archaeopteryx's tJight capability in
clude its large furcub, which probably anchored strong pectoralis mus
cles, and the acute ;mgk of its scapula. which supported dors:1l elevator 
muscles that helped to lifi: the wmgs, as they do in modern flying birds. 
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Corn Crake 

Archaeopteryx 

Wei< a 

FIGURE l-4 The vanes of 
the primaries of Archaeop
teryx were asymmetrical like 
those of modern flying birds 
such as the Corn Crake. a 
kind of rail; they were not 
symmetrical like those of 
flightless birds such as the 
Weka, a flightless rail of New 
Zealand. The asymmetry has 
an aerodynamic function 
and presumably evolved in 
relation to flight in this 
primitive bird. Similar 
asymmetries are reported for 
a well-feathered dinosaur 
named Microraptor. [After 
Feduccia and Tordoff 1979] 

Additionally, the vanes of.4rch,Jcoptetyx's primary \Ving feathers \vere ~lsym
metrical. a character conunon to nearly all ±lying birds and most pro
nounced in strong fliers (Feduccia and Tordoff 1979). In flightless birds. 
these vanes are syn1metrical (Figure 2-4). 

Archaeopteryx \Vas intermediate between reptiles and birds not only in 
skeletal features (Figure 2-5), but also in its brain and inner ear (Alonso 
et al. 2004). The brain was three titnes larger and n1ore advanced than 
that of sitnibrly sized reptiles. though still sn1aller than the brains of mod-

FIGURE 2-5 Skeletal features of (A) the reptilelike Archaeopteryx and (B) a modern 
bird, the domestic pigeon. In modern birds, (1) the braincase is expanded and the 
head bones are fused; (2) the separate hand bones of reptiles are fused into fewer 
rigid elements; (3) the separate pelvic bones of reptiles are fused into a single, sturdy 
structure; (4) the many tail vertebrae of Archaeopteryx are reduced in number and 
partly fused into a pygostyle; (5) the tiny cartilaginous sternum of Archaeopteryx has 
expanded to a large keeled bony structure for the attachment of flight muscles; and 
(6) the typical reptile rib cage is strengthened with horizontal uncinate processes. 
[From Evolution of Vertebrates by E. H. Colbert. Copyright 1955 john Wiley G Sons, Inc.; 
reprinted by permission of john Wiley G Sons, Inc.] 



ern birds. The brain included enlarged visual centers. Expanded inner-ear 
structures would have enhanced hearing and spatial orientation. These 
features suggest that Arch,Jeoptcryx had evolved the initial neural systen1s 
required for flight. 

The discovery of ArdltiCtJptcryx Enkt'd the evolution of birds directly 
to reptiles. It \vas a titnely discovery of an anin1al that was intennediate 
bet\veen t\vo higher taxonomic categories, a transition frmn ancestral to 
descendant stocks. Darwin's prediction of inten11ediate evolution~lry links 
in On the Origin <~(Species by l't'ieLms (~( 1\fatural Selection (1850). published 
only two years before the discovery of the first t\vo Archaeoptcry:x.: tossils. 
seen1ed to have been ti1lfilled. 

The intennediate morphology of Arrhacoptayx quickly tnoved into the 
center of the debate between opponents and supporters of evolution by 
natural selection. Creationists. defending their views of the separate and 
unchanging appearances ofbirds and reptiles. insisted that Danvinists \Vere 
nlisinterpreting the apparent intennediacy of ArdltU'<>pteryx. ()n the other 
side of the debate, Thon1as H. Huxley, Darvvin's most eloquent cham
pion, was convinced of the link bet\veen birds and birdlike reptiles and 
soon converted leading American paleontologists. Charles Marsh of Yale 
University \vas one of these converts. He \\Tote: 

The classes of Birds and R .. eptiles, as 110\V living, are separated 
by a gulf so profound that a few years since it \Vas cited by the 
opponents of evolution as the most i1nportant break in the 
animal series, and one which that doctrine could not bridge 
over. Since then. as Huxley has clearly shown, this gap has been 
virtually tl.lled by the discovery of bird-like Reptiles and 
reptilian Birds. Contpsogrwthtts and Archaeopteryx of the Old 
World ... ~1re the stepping stones by which the evolutionist of 
to-day leads the doubting brother across the shallo\v remnant of 
the gulL once thought i1npassable. [Marsh 1877, p. 35~; 
Feduccia 1980, p. 15J 

Archaeopteryx contributed to the acceptance of Darwin's theory of evo
lution as \vel] as to our initial understanding of the origin of birds. 
Despite a series of challenges, Arrhacoptcryx rt'rnains t1nnly positioned as 
the oldest and most primitive known bird and the outstanding link to 
reptilian ancestors, as originally proposed. 

Birds As Dinosaurs 
There is little doubt that birds evolved ti-orn a line of Mesozoic reptiles. 
Which line and v1rhen, ho\vever, continue to be matters of intense de
bare (Prum 2002; Feduccia 2002). ()ne possibility is that birds evolved 
early, before tn1e dinosaurs, and from a sten1 group of reptiles called 
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FIGURE 2-6 Historical debate about the evolution of birds. (A) Some experts believe 
that birds evolved from small theropod dinosaurs. (B) Other experts believe that birds 
evolved directly from the thecodont ancestors of dinosaurs and crocodiles. New fossils 
found in the past decade have swayed this debate in favor of the theropod dinosaur 
ancestors. [After Ostrom 1915] 

thecodonts. The other possibility is that birds evolved later trom small 
theropod dinosaurs (Figure 2-6). 

The thecodont hypothesis of the origin of birds looks to a large group 
of primitive reptiles that prev;1iled in the ear1y years of the I'v1esozoic era. 
Arnong them \Vere the lightly built thecodonts, a diverse group of rep
tiles that gave rise to dinosaurs of different sorts, some of ·which were 
arboreal; to tJying reptiles called pterosaurs: and to crocodiles. Some the
codonts even had elongated scales that seemed like the natural precursors 
of feathers (Figure 2-7). 

The hypothesis that birds evolved timn snull theropod dinosaurs goes 
back to the discovery of fossil Archaeoptcry.x-. Thornas H. Huxley (1868) 
was particularly i1npressed by the similarities bet\veen Archaeopteryx and 
Compsoguatlws, a small dinosaur preserved in the same Jurassic limestone 
deposits (see Figure 2-7). Although \.ve usually think first of the large, 
spectacular spec]es, dinosaurs varied greatly in size and habits. They 
evolved tl·om thecodont ancestors in the Jurassic period and \Nerc domi
nant animals of the Cretaceous period tl·om 136 1nillion to 65 million 
years ago. ()ne group. the theropod dinosaurs. included not only large 
carnivores such as Tyr,muosaunts rex but also many small ones close in size 
to modern iguanas-agile, lightly built. bipecb1, little dinosaurs \Vith many 
sinall. sharp teeth. They probably chased s1nall vertebrates and large in
sects. Smne n1ay even have been \varm-blooded. The raptorlike 
•· dromat'osaurs ., have many characters in common with the earliest birds. 



(A) 

(B) 

FIGURE 2-7 Two possible relatives of birds. (A) CornpSDf1nathus was a small theropod 
dinosaur that was preserved in the same limestone deposits as Archaeopteryx. 

(B) Longisquama was a lightly built, arboreal thecodont reptile with elongated scales. 
l(A) From Heilmann 1927; (B) from Bal<l<er 1975, with permission from Scientific 

American, Inc.] 
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(C) 

These small dinosaurs include Vclociraptor, which tlgured prominently in 
Michael Crichton ·s book Jurassic Park. 

The \veight of the evidence has caused the pendulum of the debate 
to swing pmverfully toward early terrestrial theropod dinosaurs as the im
mediate ancestors of birds (Pandian and Chiappe 1998; Prum 2002). In 
this proposed scenario. dromaeosaurs such as Dcionyndllls, ;1re the closest 
relatives of birds. Some, such as Protarchacopteryx and Ccmdipteryx. even 
had teathers (Figure 2-H). Indeed. aU of the specific features once thought 

(B) 

FIGURE l-8 The 
existence of feathered 

t heropod dinosaurs, 
such as Caudipteryx 
(A), Confuciusornis 
(B), and Microraptor 
(C), leads many to 
conclude that birds 
were derived from 
dinosau r ancestors. 
[(A) Plwto from Philip}. 
Currie, Uni versi ty of 
Alberta. (B) After Martin 

eta /. 1998. 
(C) After Xu eta/. 2003; 

photo by Xinhua 
Photo/CORBIS] 



to define the Class Aves as unique--feathers, fi.1rcula. pygosryle. bill, and 
even t1o\\r-through ventilation of the lung (CYConnor and Claessens 2005: 
see also Chapter 6)-were present in dinosaurs of the Cretaceous period. 
These traits of son1e dinosaurs and the advanced birdlike features of 
.Archaeopteryx enabled the irnproved t1ying abilities and arboreal life styles 
of the next stage of avian evolution. 

Major issues rernain. ho\vever. Alan Feduccia and his colleagues dis
agree with many interpretations. So the debate continues (Feduccia 2002: 
Feduccia et al. 2005; Zhou 2004). ()ne interpretation. yet to be accepted. 
is that the dromaeosaurs \vere an early adaptive radiation of birds com
prising all stages of flight and tlightlessness. including degenerate fe1ther 
structures. 

A difterent part of the debate concerns the evolution of the avian hand 
versus the dinosaur hand. The typical vertebrate hand bears t)ve tlngers, 
or digits, nmnbered sequentially I. II, Ill, IV. V. Like the rnajority of ver
tebrates with three fingers. including pre-dinosaur thecodonts, the fingers 
on the bird hand are nmnbers IL III, IV due to the synunetrical reduc
tion or loss of nmnbers I and V (Feduccia and Nowicki 2002: Figure 
2-9). Dinosaurs (the Dinosauria). in contrast. had only three fingers-

Ill 

Theropod dinosaur Bird 
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FIGURE 2-9 The hand of a 
basal theropod dinosaur 
(Herrerasauris) illustrates the 
reduction of digits IV and V. 
This condition led to the 
unique three-fingered hand 
(1, II, Ill) of later theropod 
dinosaurs. Birds lost digits I 
and V to a different three
fingered hand (II, Ill, IV). 
[From Feduccia and Norvicl<i 

2002] 
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digits L II, JII-o\ving to the reduction or loss of digits IV and V. Thus 
the central question is whether birds branched off before the dinosaurs 
evolved their I-II-III hand structure or \\l·hether birds someho\v changed 
the unique hand stnKture of dinosaur ancestors to a more typical (of ver
tebrates) three-tlngered aiTangeinent. Tracking the activity of genes re
stxmsible for dig-it developtncnt Sll£!IeStS tlut bird digit rr is re~lllv dicrit I .t '--- l._]l_J '- J b 

that has shifted its position, siding with the theropod camp (Vargas and 
Fallon 2004). Feduccia and colleagues (2005: see also Galis et al. 2005) 
disagree \Vith the interpretation of hovv gene expression controls the em
bryology of these digits. They stand by their vie\v that digit II is digit II 
and that the three-fingered avian hand has the prin1itive, pre-theropod 
con1position of digits II, IlL IV. 

What's next? We can expect to see a sharpening of the questions to 
be resolved and better resolution of the evolutionary transitions from rep
tiles to the e~1rliest birds in the Jurassic period. Certainly the best is yet to 
come, because scholarly interest, public attention, and real evidence
both fossil and developn1ental-are at an all-time high and growing (Box 
2-1 ). In time, resolution of the specific ancestry of birds will inform our 
interpretation of a \Vhole range of adaptations of birds, ti·on1 morphology 
to social behavior (Prum 2002). 

~ \l.,.a.. The sequence of the chicken 
/ '~ ~ genome-specifically that of 

the Red Junglefowl, Gallus 
gallus-was published in December 2004 with ini

tial comparisons with those of other organ isms 
(International Chicken Genome Sequencing Con

sortium 2004: Schmutz and Grimwood 2004). 
This signature event in ornithology enables a 

novel perspective concerning what is a bird, and 

sets the stage for a new era of a broad range of 
research: from commercial egg production to evo
lutionary ecology. The chicken genome is only the 
fourth vertebrate genome to be sequenced. 

The first avian genome: 

• Is one-third the size of the mammalian 
genome due to reduced repeat content, pseudo
genes. and segmental duplications 

• Includes an estimated 20,000 to 23,000 genes 

• Includes 38 pairs of large (macro-) and tiny 

(micro-) chromosomes: the latter are distin

guished by high levels of guanosine-cytosine (GC) 
base pairs compared with adenine-thymine (AT) 

base pairs 

• Includes long blocks of conserved sequences 
(70 megabases total) that align well with human 

genome sequences and are likely to be functional 

in both species despite 310 million years of evo
lutionary divergence 

• Has undergone a novel mode of evolution for 
some noncoding RNA genes 

• Differs from the mammalian genome in the 
expansion and contraction of multigene families 

• Is more amenable than the mammalian 
genome to classification of its content, owing to 

reduced pseudogene content 



Early Evolution of Birds 
Separate trmn the debate about \vhether birds are dinosaurs is the recently 
exposed substantial fossil history of Mesozoic birds. Follo-wing the appear
ance of ,1rchacopteryx in the Jurassic period, birds evolved the ddinitive 
features of modern birds and diversitled during the Cretaceous period 
(Figure 2-1 0). A w·ealth of new fossil birds from Spain, China, and Pata
gonia now bridge the once troublesome gap in the fossil record that 
separated Arclwcoptci}'X trom modern birds. Basal birds fi·o1n the early Cre
taceous, including Cot!ftJciusomis and ]eht>!ornis, \Vere intennediate bet\\'een 
Ardwcvptcryx and more advanced fonns. Cot~/tlcillsornis has a horny beak 
quite like that of modern birds. ]elwlomis has a long tail like that of 
Archaeopteryx and f())·elitnbs with advanced flight capabilities. Beyond these 
irnportant links were two 1najor lineages that diversified during the 
Cretaceous: the Enantiornithcs and the ()rnithuraL'. These substantial first 
avian radiations included all stages of tlight and tlightlessness. 

The Enantiornithes dominated rhe first pluse of early avian evolution 
(Chiappe 1995: Figure 2-11 ). Dozens of flight-capable species of diverse 
ecological forms ranged \Vorlchvide. They were as small as span-ows and 
as large as vultures. They laid their eggs on the ground and underwent 
annual gro\vth cycles recorded as treelike growth rings in cross sections 
of their limb bones. Many were arboreal. 

Sit1tm1is sallfcnsis was a signature species of this radiation. Discovered 
in China in 1987, this amazing fossil ti·orn the early Cretaceous period, 
140 million years ago (Sereno and Chenggang 1992), \Vas a toothed, 
sparrow-sized bird \Vith many features of theropod dinosaurs ~md Archaeop
teryx. Sinomis also exhibited features intermediate between ..-i.rdwcopteryx 
and modern perching birds. Advances over .irchaeoptcryx include strength
ening and rnoditlcations of the hand, forearm. and pectoral girdle tor flight 
fimctions: the ability to raise the wings high over the body as well as to 
fold then1; a large pygostyle for the support of a tail £u1, \vhich in1proves 
steering and braking in flight: and a perching foot with an opposable rear 

FIGURE 2-10 Relationships among early groups of birds that followed Archaeopteryx 
in the fossil record of the Mesozoic era. [From Zhou 2004] 
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FIGURE 2-11 Enantiornithine birds thrived during the Mesozoic but then 
disappeared. They diversified into a wide range of water birds and arboreal, 
perching birds that could fly well. The sparrow-sized species Sinornis santensis was a 
signature species of this now extinct radiation of early birds. It was intermediate 
between Archaeopteryx and modern birds. [After Sereno and Chenggang 1992] 

toe. the hallux. These feann·es suggest that avian tlight and perching abil
iti es evolved in small-bodied birds th ;lt followed Arclwe<lJ>Tcryx . 

None of the Enantiornithes survived into the Tertiary. They disap
peared along with dinosaurs in the rmss extinction that marked the end 
of the Mesozoic era. 

The other lineage . the toothed Ornithurae. ultimately gave rise to 
modern birds. Like the Enantiomithes. the toothed Ornithurae included 
small, finch-sized . arboreal species in the early Cretaceous. Later mem
bers h:1d advanced wing structure and Hight ability and a fully developed 
perching toot. By the late Cretaceous. ornithurine birds exhibited J wide 
range of sizes and life styles that mirrored those of modern wading birds, 
diving birds. perching birds . and even secondarily flightless (having evolved 
trom .. !lighted" birds) terrestrial forms. Among the best known forms are 
too thed seabirds-Hcspcrvrnis, 1rl111iyomis, and their relatives in the extinct 
Order Hesperornithitormes. They inhabited the Cretaceous seas that cov-



en.~d the central parts of North Atnerica and Eurasia. Smne resernbled 
tnodern loons. They ranged in size from that of a stnall chicken to that 
of a large penguin. The largest was I-Icspcrornis rcgalis. from 1 to 2 n1eters 
in length. All 13 kno\vn species of divers \~'ere t1ight1ess, vvith large, pow·
erfuL lobed feet. Flying above the sarne shallo\v seas were at least six 
species of toothed. ternlike birds (Idrt!Jyomis). 

Most of the Ornithurae dis~1ppeared along \Vith dinosaurs in the nuss 
extinction that nurked the end of the Mesozoic era. Among the fc\V sur
vivors, hcnvever. were the ancestors of modern birds. These ancestors in
cluded birds related certainly to modern chickens. \Vatedowl, and r<ltites. 
and perhaps also to shorebirds and tube-nosed seabirds (Clarke et al. 2005). 

Evolution of Feathers 
At tlrst, the -vvell-developed feathers of Ard1l1eopteryx separated it fi-on1 stnall 
dinosaurs of similar fcxn1 and so started the quest few the ancestor of birds. 
It turns out, however. that feathers and featherlike structures are not 
unique to birds. including ."lrchacoprnJ'X. Theropod dinosaurs had thern 
also. The new awareness started with the discovei)' of the first "teathered 
dinosaur," the chicken-sized Sinosa11roptcryx \Vith t11amentous downlike 
feathers, and then the turkey-sized Caudipteryx with a \veil-preserved t~m 
of vaned feathers on its tJil and forelimbs. Fossil feathers have no\:v been 
found on n1ore than a dozen theropod dinosaurs and dromaeosaurs not 
closely related to .i rchaeoptrry.\:. 

Anci<:>nt feathers included downlike fiLnnentous structures, or ·'dino
tl.Jzz," and -vvel1-vaned, essentially rnodern teather structures. The relation 
of dino-fi1zz to real feathers renuins controversial: argmnents range tl-om 
their being unrelated stn1ctures to being precursors of feathers to being 
sitnplifled feathers of t1ightless birds (Pnm1 and Brush 2002; Linghanl
Soliar 2003; Feduccia et al. 2005). 

Less controversial are the well-preserved vaned teathers. A little dinosaur 
natned Aficroraptor gui had tl-ont and hind wings that sported outer feath
ers with asynunerrical vanes. just as in the wings of rnodern tlying birds 
(Xu et al. 2003; see also Figure 2-8). Feathers clearly evolved in modern 
form in theropod dinosaurs and then diversit1ed in t(wm and function. 

We long presu1ned that teathers evolved from scales of some kind, 
centering the debate on what advantages prmnoted the evolution of feath
ers ti-om scales. More likely. tcathcrs evolved not as modified scales but as 
a novel epidermal structure (Pnun and Brush 2002: see also Chapter 4). 
Thl:' tlrst tt'athers, even if they -vvere fi·ayed scales, likely :1idL'd tempera
ture regulation as insulation or hL·at shields, a hypothesis long flVored by 
reptile experts (l~egal 1975). 

Contrary to tn~my early speculations, teachers did not evolve initially 
in concert with the evolution of flight. ]~ather. avian tlight fdlowed the 
initial evolution of vaned feathers. Early forays by gliding and weak t1ap
ping tl.ight fostered additional changes in feather form and ti1nction on 
the wings and tail. 

39 
HISTORY 



40 
CHAPTER TWO Evolution of Flight 

Ho\v did avian tlight evolve, and just ho\:v well could Archaeopteryx fly? 
What caused the toreli1nbs of reptilian ancestors to evolve into protO
wings in the first place? Two basic theories are in contest: an arboreal 
theory and a cursorial. or running. theory. 

The arboreal theory proposes that the evolution of tlight suned with 
gliding and parachuting fi-mn elevated perches. Most drawings of Arclzae
oprcryx depict an arboreal reptile cLnnbering around trees, brrasping 
branches with cLl\ved fingers. Extensions of the bones of the t(welimb en
hanced by elongated (Hight) feathers enabled the ancestor of Archaeopteryx 
to parachute and glide between trees. This arboreal theory has been 
favored tor many years (Bock 1965: Feduccia 1980: Figure 2-12). A va
riety of dinosaurs. and even pre-dinosaur thecodonts, were arboreal, and 
son1e tlew. 

The cursorial theory proposes that elongated forelimbs heightened 
leaping ability in a stnal1, bipedal theropod dinosaur that ran and jumped 
to catch prey. The cursorial theory is ~~ working corollary of the accept-

To modern birds ~ 
fJ Active flight 

Arclweopteryx 

Gliding 

Pa rach uti ng 

Leaping between trees 

Arboreal life-proavis 

Cursorial life-preproavis 

Bipedal locomotion-thecodonts 
or later theropod dinosaurs 

Quadrupedal locomotion-ground-dwelling 
ancestral thecodont 

FIGURE 2-12 The long-standing arboreal theory of the evolution of avian flight 
suggests that, after evolving bipedal locomotion, the reptilian ancestors of birds became 
arboreal and leaped between trees. Active flight evolved from earlier stages of 
parachuting and gliding flight that enhanced the leaping abilities of the ancestors of 
Archaeopteryx. [After Feduccia 7 980, adapted from Bocl< 7965] 



ance of the theropod origin of birds (Pandian and Chiappe 1998~ Pnun 
2002). Extensions of the forelitnbs helped to control and extend leaps 
(Caple et al. 1983, 1984). Elongation of three extensions of the body
tvv'O \vings and a tail-would not enable t1ight at first but would help to 
control the body" s position. Faster running. higher junrping, greater reach, 
and enhanced rnaneuverability \Vould be the result. The flight capabili
ties of rnodern birds vvould thus be a logical extension of the first small 
jmnps by little dinosaurs. 

The arboreal versus cursorial theories are not clear alternatives. 
They likely pose a false dichoton1y because the activities of the avian 
ancestors. as well as those of Archaeopteryx itselt: mixed these belnv
iors. The n1ost itnportant step was the evolution of a vving stroke that 
could produce the rnain conrponents of powered flight: lift and thrust. 
A po,vered wing stroke required transforn1ation of the vvrist and shoul
der fron1 the skeletal \Ving-precursors of theropod or other ancestors 
(Ostron1 1997). What were the behavioral steps that fostered the 
needed transfonnation? 

Ken Dial (2003a) provided a logical ansvver. He suggested that flap
ping their feathered forelimbs helped early birds clirnb steep inclines, in
cluding tree trunks. Chickens and their relatives routinely itnprove foot 
traction and cli1nbing ability through \Ving-assisted incline running (Fig
ure 2-13). Incipient wings could have served avian ancestors in the sanre 
vvay. Continued improvement of such aerodynarnic assistance t:1vored 
changes in wrist and shoulder structure that led to the powered stroke of 
the avian wing. Proto\~rings. increased arboreal habits, and gliding \Vith 
feeble t1apping-as proposed tor the life style of Archaeopteryx-would be 
the next logical evolutionary steps. 

The evolution of the bastard \Ving. or alula, provided the finale. This 
key to avian t1ight. a set of small extensible feathers on the wrist that help 
to prevent stalling at slow airspeeds (see page 119), was found on a 115-
nlillion-year-old toothed and goldfinch-sized fossil ornithurine bird, 
Eoalulauis lwyasi. discovered in Spain (Sanz et al. 1996). All the elements 
tor rnodern avian tlight \vere available and in place. The subsequent evo
lution of modern. po\vered flight overhauled both the aerodynamic struc
tures of the body and the physiology that provided energy. These changes 
opened the door tor the diversification of n1odern birds. 

Modern Birds 
The Tertiary period that followed the Mesozoic era unleashed the diver
sity of n1odern birds as \Ve krro\v thenr. It also produced sonre huge, car
nivorous, se1nimodern birds that tenrporarily occupied some of the niches 
left vacant by bipedal dinosaurs. Tvvo-Ineter-tall diatryn1as w·ith power
ful legs, clawed toes, rnassive horse-sized skulls, and tearing, eaglelikc beaks 
n1ust have terrorized rnany lesser creatures before becon1ing extinct in the 
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(A) Horizontal 
(Walk and run only, 
no flapping) 

(D) Vertical 
(Run-flapping) 

(B) Incline 
(Walk and run only, 
no flapping) 

(E) Vertical flight 
(Flapping only) 

(C) Incline> 45" 
(Run-flapping) 

(F) Horizontal flight 
(Flapping only) 

FIGURE 2-13 Overview of wing positions of a Chukar partridge during wing-assisted 
incline running, and the proposed transitions to powered flight. (A and B) Birds 
running over level substrates or shallow inclines do not use their wings to assist 
running. However, even partial wing development provides assistance to birds climbing 
inclines greater than 45 degrees. (C and D) A part of the wingbeat cycle (as much as 
30 percent) directs aerodynamic forces toward the inclined surface, not skyvvard, which 
improves traction. (D through F) Mastery of vertical inclines attains use of wings in 
ways required for flight [From Dial 2003a I 

Eocene epoch (Figure 2-14). In the Eocene, long-legged vulturelike birds 
(1\leocathartes) lived in Wyoming beside shorebirds with ducklike heads 
(Presbyornis). Frorn the (_)}igocene epoch to the Pliocene epoch, 12 known 
species of phorusrhacids-predatory birds ti-on1 2 to 3 rnetcrs talL with 
povverfuL rapacious bills-ranged throughout South Arnerica and north 
to Florida. 

As recently as the last ice age, huge vulturelike teratorns dominated 
the skies. One teratorn vvith a 4-rneter \Vingspan was abundant in south
ern California. Another, known tron1 caves in Nevada, had a \vingspan 
of 5 to 6 meters, and yet another, recently discovered in Argentina, had 
an 8-rneter wingspan. They were the size of sn1all airplanes! These enor
mous birds syn1bolize some of the extrernes of past avian achievernents. 

Two ~waves of explosive evolution of n1odern birds, ho\vever, were 
the rnain features of Tertiary ornithology (Feduccia 2003; Figure 2-13). 
The t1rst vvave, starting 65 million years ago, spawned nonpasserine birds 
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Paleocene 65 mya 

Cretaceous 

Late 100 mya 
Cretaceous 

Early 135 mya 
Cretaceous 
La te 155 mya 
jurassic 

Ratitesan~ 
t1 namous 

• 
Gobipteryx, 
Avisaurus, etc. 

Enantiornithines 

FIGURE 2-14 Large 
flightless birds, including 
diatrymas, flourished during 
the Tertiary period. [From 
Heilmann 1921] 

Modern ornithu rines 

----Neogoo~ 

-;J#Nonpasserines 

~ransitional 
~-.. shorebirds, 

paleognaths, etc. 

)l.. Hesperornit hi fo~ 
Jchthyornithiforms 

\ -:h-=,.--,(;P=------- - - - ......_~ Sinornis, lilt. ~ lberomesomis, etc. 

r , \ Arclweopteryx 

,.,.. _______________ Diversification ---------------~ 

FIGURE 2-15 Model of the evolu tion of modern birds. Two major radiations, the 
Enantiornithes and the primitive orn ithurines, dominated the Cretaceous period after 
Archaeopteryx but did not survive into the Tertiary. Three major radiations during the 
Tertiary gave rise to the major groups of modern birds: rat ites and tinamous; 
nonpasserines; and passerines. !From Feduccia 2003] 
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FIGURE 2-16 The large f light less birds of the world, called racites, and the relaced 
tinamous evolved early in che Tertiary period. ( 1) Elegant Cresced Tinamou; 
(2) Southern Cassowary; (3) Northern Brown l<iwi; (4) Rhea; (5) Common Oscrich. 



FIGURE 2-17 Woodpeckers and their allies were a preeminent group of nonpasserine 
land birds in the Tertiary: (1) Great Spotted Woodpecker: (2) Greater Honeyguide; 
(3) Double-toothed Bar·bet; (4) White-chinned jacamar; (5) White-eared Puffbird. 

of most of the orders ofbirds present today, including ratites (Figure 2-16). 
Specialized water birds, such as loons. auks, gulls. ducks, cr;mes, and pe
n·els, invaded <1quatic niches during the Eocene epoch. from 54 million 
to 36 million years ago. Primitive woodpeckers and their relatives also 
appeared during the early Eocene and became the predominant perching 
birds during the Miocene epoch (Figure 2-17). Hummingbirds, too, go 
back to the same epochs of Earth history. Fossils tl·om the early Oligocene 
of southern Germany reveal that hummingbirds, now restricted to the 
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FIGURE 2-18 Rollers, kingfishers, and t heir allies (Order Coraciiformes) were a 
dominant group of modern nonpasserine land birds early in the Tertiary period. 
Modern species include: ( I ) Puerto Rican Tody; (2) European Bee-eater; (3) Lilac
breasted Roller; (4) Turquoise-browed Motmot; (5) Oriental Pied Hornbill; (6) Pied 
l<ingfisher. 



Western Hen1isphere, once inhabited the Old World, too (Mayr 2004). 
Relatives of rollers, kingt1shers, and hornbills diversified in the ()]igocene 
epoch (Figure 2-18). By the end of the Tertiary, from I 0 million to 5 
million years ago, birds had diversified into a broad range of tonus that 
included tnany modern genera. 

The radiation of passerine birds, or songbirds, produced the second 
\:Vave of new bird taxa in the Tertiary (Barker et al. 2004). The rapid evo
lution of ±lowering plants and insects in the Miocene opened new niches 
for insect-eating. t1·uit-eating, and nectar-feeding birds; this diversity of 
ecological opportunities resulted in an explosive radiation of songbirds 
(Regal 1977). Now they constitute more than half of all existing bird 
spccies: tnore than 5700 by the tnost conservative estimates. Defining 
passerine birds are nuny unique attributes-small size, spenn structure, 
vocal abilities, perching toot and high mctabolisn1-but \vhich attributes, 
if any. \vere key adaptations that catalyzed their success is still an open 
question (Raiko\v and Bledsoe 2000). 

The early diversit1cation ofbirds, both passerine and nonpasserine, took 
place on a very difFerent Earth: neither the arrangement of the continen
tal landmasses nor their clitnatcs resembled those of today. Through much 
of the Tertiary per]od, the world's clinntes were warm tiorn pole to pole; 
there was no striking polar gradient tram frigid to hot as there is today. 

Tinamous Moas J<iwis Elephant Rheas Ostrich 

I 1'--.------birdsl -1 I 

Cassowaries Emu 
I I 

FIGURE 2-19 Ratites and tinamous are distributed throughout the ice-free 
continents of the Southern Hemisphere that once composed Gondwanaland. [After 
Cracraft 2002] 
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CHAPTER WVO For exatnple, during the bte Eocene and early Oligocene epochs (see 
Table 2-1 for the geologic tin1e scale). subtropical to tropical climates 
with abundant precipitation and no fi·ost prevailed in the tar north ofboth 
North America and Eurasia. The floras of Great Britain and of westen1 
Europe in the early Eocene resembled those of the n1odern rain torests 
of Southeast Asia. Tropical birds-trogons, parrots, hornbills, barbers, 
broadbills, and Inousebirds-oncc lived in central Europe. Alligators and 
large tortoises lived on Ellesmere Island above the Arctic Circle. 

The an·angen1ents of continents and their cmu1ections also changed 
over the period of avian evolution. The rnodern continents have been 
rnoving apart since the late Jurassic and Cretaceous periods. Much of the 
nnjor reorganization during the IVlesozoic era of the single great landmass 
known as Pangaea, with Laurasia in the north and Gond\vanaland in the 
south, preceded the evolution of rnodern bird taxa. Nevertheless. vve now 
believe that Gondwanaland and its southern continent ofispting-South 
America. Africa, Madagascu·, and Australia-played a rnajor role in the 
evolution and distribution of modLTn birds (Figure 2-19). Ancient species, 
including the oldest parrots (Kea. Kaka) and the oldest songbirds (New 
Zealand \Vrens), persist as relicts in N e\v Zealand. 

The n1obility of birds. augtnented by changing global climates and 
connections of land or sea, fostered fusions of isolated avifaunas. The 
Gom:hvanaland association of Southern Henrisphere continents tostered 
the exchange of tax~1 among A:fi-ica, South America. and Australia. 
Ancestral fowl-n1oundbuilders in Australia, guans in South Arnerica, and 
guinea:fo\vl in Afiicc1-appear to have originated in the main parts of 
Gond\vanaland. l:tadiations of pheasants, partridge, and grouse in North 
America C:lnle after the northward expansion of ancestral groups into 
Laurasia and the separation of laurasia into North Arnetica and Eurasia 
in the Eocene. The birds of South Arnerica 110\V include ancient dements 
fi-orn Gond\vanaland plus more recent arrivals tl·om North America. Rep
resentatives of the ancient Gondwanaland avit~mnas are also sprinkled 
an1ong the 1nodern bird conununities of Afi·ica, Madagascar, and south
ern Asia. The diversity of modern birds is due to the rich ()5-million-year 
histOI)' of evolution, expansions, and contractions of new taxa. 

Summary 
Birds evolved tl-mn srna11, bipedal reptiles n1ore than 150 rnillion years 
ago in the Mesozoic era. I3irds and reptiles have many anatmnical features 
in conrn1on-features that distinguish then1 fi·orn n1anunals. including a 
single occipital condyle on the back of the sku11, a single middle-ear bone, 
and nucleated red blood cells. 

Arclweopteryx litlwgraphica, one of the rnost in1portant fossils of all time, 
\Vas ~1 crow·-sized, toothed, bipedal reptile \Vith rwo essential avian fea
tures: feathers and a tl.Ircula (wishbone). It could chunber around trees and 
could t1y. Known frorn seven specirnens preserved in fine limestone de
posited in the late Jurassic period in Bavaria, it represents an evolution-



ary link between birds and reptiles. Because of its timely discovery, 
..,4rdi£7copteryx fostered acceptance of Darwin's theory of evolution. Ex;Ktly 
w·hich group of reptiles gave rise to birds has been the topic of strong de
bates. New fossils ti-om China point to s1nall theropod dinosaurs, some of 
\Vhich had feathers, as the ancestors of birds. 

Feathers evolved in theropod dinosaurs most likely as a tonn of insu
lation and possibly heat protection. Extensions of feathered toreli1nbs of 
terrestrial dinosaurs aided running and jumping and then cli1nbing and 
gliding. The powered wing stroke, combined \Vith the evolution of the 
alula t(x controlled slow-speed t1ight, completed the evolution of avian 
flight. One fossil species tound in China in 1987, Si11omis sante11sis, re
tained many primitive features but also had advanced teatures of tnodern 
avian tlight and perching abilities. Another tossil bird, 115-million-year
old Eot~llllal'is, had a \Vell-developed alula that enabled controlled t1ight 
and landing. 

()nee established, birds diversified in both fonn and function. Two 
tnajor radiations of ancient birds, the Ornithurae and the Enantionlithes, 
prospered in the Cretaceous but then disappeared. The tnodern orders of 
birds diverged fiorn one another near the beginning of the Tertiary 
period, 60 million years ago, followed by the radiation of water birds in 
the Eocene epoch and land birds in the 1\lliocene epoch. 

Aviflunas arc the grand result of millions of years of evolution, adap
tive radiation, dispersal, and extinction of avian taxa \Vith varied ecolog
ical roles. Throughout the history of avian evolution, neither the \Vorkfs 
cli1nates nor the arrangement of the continents were as \Ve know then1 
today. Gond\vanaland and the southern continents that it produced vvere 
a central stage in the early evolution of modern birds. Now n1any birds 
occupy only remnants of their original distributions. 
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Systematics 
The ,1//cients looked for ,1 lhlfllral order (kosmos) rl'hich 
tl'otdd explain the /Jewildcrill,i! dit~ersity <~f phcnoiiiCII(l. 

[Mayr 1969, p. I] 

C omparative biological sciences such as ornithology help us 
to understand the evolution of diversity. Closely related 
species have inunediate common ancestors, \vhich. in turn. 

had earlier common ancestors. The tree of genealogical relationships 
among species-their phylogeny-provides a foundation for taxonmnic 
classit1cation and a fi-ame\vork for understanding the evolution of behav
ior. ecology. and morphology. 

The challenge of reconstructing the history of life belongs to a field 
of scholarly endeavor called systernatics. Systematists are scientists who 
evaluate evolutionary relationships arnong organisms through con1parisons 
of fossils. preserved specirnens, behavior, and. increasingly, the genetic 
code of life itsel( DNA. 

This chapter presents an overview of avian systenutics. First is a smn
mary of the nature of species. the fundamental units of biological classi
fication. Then follow the relation bet\veen phylogeny and torrnal classi
fication and the attributes of birds that provide clues to evolutionary 
history. The chapter concludes with an introduction to some of the pri
mary methodologies of systenutics, including cladistics-the study of evo
lutionary branching sequences-and biochernical genetics-the study of 
changes in an organism's DNA. Con1parisons of DNA sequences no\V 
enable unprecedented reconstructions of the evolution of modern birds. 

Species and Speciation 
The d1versity of lite is a result of three evolutionary processes: phyletic 
evolution, the gradual change of a single lineage; speciation, the splitting 
of one phyletic lineage into two or rnorc: and extinction, the termination 
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.---Phyletic evolution .. 

FIGURE 3-1 Diversification of evolutionary lineages includes speciation (circled 
nodes), the splitting of lineages; extinction, the loss of lineages; and phyletic evolution, 
the gradual change of a lineage with time. Clusters of similar, related taxa, such as C. 
D, and E (present in modern times), result from these changes. Taxon A stands alone 
because its Taxon B went extinct. Taxon F is not related to the other taxa, which had a 
recent common ancestor. 

of a lineage (Figure 3-1 ). If we had a con1plete record of lite on Earth, 
\Ve could accurately reconstruct the historical patterns of speciation and 
phyletic evolution. Extinctions, ho·wever, t1·agtnent the historical record; 
they erase the connections between related lineages. 

Species are the fundan1ental units ofbiolog1cal classification. Bird species 
have characteristic sizes. shapes. songs. and colors. as -vvell as ecological 
niches and geographical ranges. Different species may interact ecologi
cally, but they do not fi·eely exchange genes or novel genetic-based adap
tations. By a ddinition called the biological species concept, ''Species are 
groups of interbreeding natural populations that are reproductively iso
lated fi-0111 other such groups" (l\1ayr 1970, p. 12). The criteria in the 
definition of biological species are the reproductive cmnpatibility of in
dividual organisn1s and the potential for the blending of differences 
between two populations. 

The evolutionary legacy of the earliest birds includes roughly 100.000 
species, of which only I in 10 is now with us. Behind this legacy lies the 
process of speciation-the multiplication of species through the division 
of one species into t\vo or n1ore as a rL"sult ot' the genetic divergence of 
isolated populations. Geographical separation of populations reduces the 
exchange of genes, thereby allo\ving independent divergence and enabling 
speciation. Most species of birds evolve as geographical isolates, although 
other kinds of reproductive isolation may sometin1es play a role. 

l3ird populations becon1e geographically isolated in t\\'0 principal ways. 
First, pioneering individual birds rnay colonize an oceanic island, tor ex-



arnple, and thus are separated fron1 their main population on the main
land or on other islands. Classic examples of divergence and speciation 
come from remote islands such as the GaL1pagos and Havvaiian archipel
agos. The birds on the Channel Islands oiT the coast of southern Califcx
nia also arc distinct, as are the kingtlshers on small satellite islands off the 
coast of New Guinea. ()n the n1ainland, islands of special habitats, such 
as desert oases or subalpine mountain forests, may set a sin1ilar stage for 
divergence and speciation of the populations that occupy thern. 

Fragmentation of habitats that were once continuous is the second \vay 
in which bird populations may become isolated. Some ornithologists be
lieve that the dry. cold climates of the Pleistocene epoch, tor example. 
shrank the great An1azonian rain forests into rnuch smaller fi-agments 
surrounded by gnsslands. Restricted to these forest refuges, toucans, 
rnanakins, and flycatchers \Vere among the many kinds of birds that 
underwent isolation and speciation (Figure 3-2). 

Remnant populations are one of the consequL'nces of historical 
changes. ()stt-iches. now restricted to Ati·ica. once roamed throughout 
Asia. Hummingbirds, now restricted to North and South A1nerica, once 
hovered in what is no\v Gennany. Tiny colodt1l relatives of kingfishers, 
called todiL~S (see Figure 2-1 ~-1 ), arc currently f()und only on the Greater 
Antilles of the West Indies, but they once also lived in Wymning and 
France (Olson 1985). Similarly, the endangered Florida Scrub Jay is no\v 
separated ti·mn the Western Scrub Jay by tnore than 3000 kilometers (Fig
ure 3-3). Widely separated areas may consequently share peculiar taxa. 
The Ati·ican River fVlartin inhabits the Congo River basin, vvhct-c~ls the 
closely related White-eyed River J\llartin inhabits only Thailand; no re
lated species are found between these locations. 

Although the general patterns of geographical speciation in birds are 
\Yell kncnvn, the details of the process of speciation are not. Slow adap
tive divergence of fi·agments of large populations and rapid genetic reor
ganization in small populations appear to be the primary modes of speci
ation. Still to be resolved are the roles of ecological and social adaptations, 
as \veil as the timing and nature of the related genetic changes. Concerns 
about the practical application of the biological species concept also prompt 
some ornithologists to question its working mer-its and to recommend 
ne\V approaches to the study of speciation and geographical variation in 
birds (McKitrick and Zink 1988; Cracraft 1 989). Chapter 19 considers 
both the process of speciation and the current debates about the species 
concept. 

Scientific Names 
A logical systern of scientific nan1es t(H· each species is an essential pre
requisite for the study of the biology of birds because nonscientitic names 
of birds rend to vary with locale. The American Goldfinch, for example, 
is also locally called the ye1low-bird, thistle-bird, wild canary, and beet-bird 
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FIGURE 3-2 The ranges in Amazonia of three smal l toucans (the Green Ara~a ri and 
two subspecies of the Lettered Ara~ari) reflect past isola tion in refuges of wet forest 
habitats. [After Haffer 1974. © Nuttall Ornithological Club ! 

(Figure 3-4). Each human culture employs its local bird names, fostering 
the need tor sta ndardized names that alJow ornithologists throughout the 
world to communicate d:llcicn tly and exactly. 

The science of naming and classifying organisms, including birds, ac
cording to standardized rules is called taxonomy. and the scientists who do 



FIGURE 3-3 Distributions of the Florida Scrub jay (star), now restricted to central 
Florida, and of the related Western Scrub jay (shading) in the western United States 
and Mexico. Past climate and habitat changes fragmented the continuous distributions 
of this species, isolating the Florida Scrub jay as a rel ict and endangered species. [After 
Curry er nl. 2002] 

FIGURE 3-4 The American Goldfinch has many local names, such as wi ld canary, 
yellow-bird, thistle-bird, and beet-bird. [Courtesy of A Cruicks!JankNIREO] 
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CHAPTER THREE this work are taxonomists. A taxon (pl. bLxa) is any group of animals that 

is recognized in a classification. The Class Aves is a taxon that includes 
all species of birds. 

The rules of taxonomy arc based on the systen1 of nomenclature 
developed fi-mn 1735 to 1758 by Carolus Linnaeus. a Swedish botanist. 
Linnaeus assigned t\vo latinizcd names to each species: the first denotes 
the genus-a group of sitnilar species: the second denotes the species. 
Thus, the Atnerican Goldfinch is known fon11ally as Carduelis tristis, which 
is a taxon that includes all populations of that species. This particular com
bination of natnes is unique: no other bird species-indeed, no other an
imal species-may have this same pair of names. Before the \Vork of 
Linn<leus. names were not standardized in length but consisted instead of 
a string of descriptive Latin words. The Great Black-backed Gull, tor ex
<lmple, \Vas once Lm15 Jnaxinl/15 ex allw ct nigro feu cacm/eo lll~l!rical/tc llarills 
(Willoughby and l"tay 1676). Now it is sirnply Lams marim1s. 

In addition to their Latin scientific names, birds have English names, 
as well as natnes in other languages. The American Ornithologists· Union 
establishes and regularly revises a list of valid names. both English and sci
entitle, tor all bird species in North An1e1ica. The Interna6onal Onlitho
logical Congress prepares 1ists of recon1n1ended standardized names in 
English. French, and Spanish (e.g., Gill and Wright 2006). 

If v,re examine an assortment of birds. \Ve can see the possibility of 
constructing a hierarchy, or ranking, of differences. A cursory survey of 
North Arnerican birds will distinguish \voodpeckers trom owls. less 
obvious are the ditlerences between the Downy Woodpecker, the 
Red-bellied Woodpecker. and the Northern Flicker or the dit1tTences 
between the Great Horned OwL the Barred Ovv·L and the Eastern Screech 
Owl. Recognition of the subtle differences between the Do\vny Wood
pecker and the Hairy Woodpecker (Figure 3-5) or between the Eastern 
Screech 0\vl and the \Vhiskered Screech ·Owl requires even more 
expertise. 

Related taxa-those having a common evolutionary history or geneal
ogy, as do the species of \Voodpeckers or o\vls or as do birds as a whole
constitute a lineage. Ornirhologists classify the diverse species of moden1 
birds into 30 ditTerent major lineages, or orders. Ov·lls and woodpeckers 

Downy Hairy Northern 
Taxon Woodpecker Woodpecker Flicker 

Class Aves Aves Aves 
Order Piciformes Piciformes Piciformes 
Family Picidae Picidae Picidae 
Genus Picoides Picoides Cola pres 
Species p11bcscens vi/los us c1111'£1fiiS 

Note: Full scientific names include the genus as well as the species and so, 
strictly speaking, the scientific n~1me of the Downy Woodpecker, for example, 
is Picoidcs pubesccns. 



(A) (B) 

(C) 

FIGURE 3-5 Three species of woodpeckers: (A) Downy Woodpecker; (B) Hairy 
Woodpecker; (C) Northern Flicker. The Downy Woodpecker and the Hairy Woodpecker 
are more closely related to each other than either is to the Northern Flicker. 

are in different o rders. Strigiformes and Picifom1es. respectively. Note that 
the name of each order ends in "-fom1es.'· In tum, each of the 30 orders 
compr-ises a hierarchical set of families and genera. All woodpeckers are 
classified in the sam e o rder and in the same family, the Picidae. Each bird 
family name ends in ''-idae." The very similar, closely related D owny 
Woodpecker and H airy Woodpecker are classified in the genus Piwirles, 
but the less c losely related Northern Flicker is classified in the gen us 
Colnptes, along with o th er spec ies of flic kers (Table 3-1 ). 

Classification and Phylogeny 
The process of naming and classifying birds is an ancient and continuing 
one. Omirholo,l!ine, by Francis Willoughby and John Ray, published in 
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CHAPTER THREE 1676, was the first fonnal classification ofbirds. This ·'con1erstone of mod

ern systematic ornithology" (Zinuner 1926) arranged all birds then knovvn 
into a logicaL hierarchical classification. Nearly a century later, Linnaeus 
used this elementary dassitlcation as the n1odel for subsequent classifica
tions. These early etTorts. however, classified birds according to superfi
cial adaptations to aquatic versus terrestrial habitats, tor example, rather 
than according to evolutionary relationship. 

Charles Danvin's theory of evolution by natural selection transfonned 
the philosophical basis of systetnatics into one based on com.mon ances
tries. In his classic work Ou the Origin (~(Species by Aleans (~{ 1\~atuml Selec
tiou (1859), Darwin retlected on the hierarchy of similarity due to evo
lutionary relationships: 

I believe that the arrangernent of the groups within each class. m 
due subordination and relation to each other, nurst be strictly 
genealogical in order to be natural: but that the amount of 
ditTerence in the several branches or groups. though allied in the 
san1e degree in blood to their comrnon progenitor, may dit1er 
greatly. being due to the ditTerent degrees of modification which 
they have undergone: and this is expressed by the forms being 
ranked under dit1erent genera, families, sections, or orders. 
[Danvin 1859. p. 4201 

Prevailing classifications of birds atternpt to portray the evolutionary 
relationships of the various lineages as proposed by Darwin. Theoretically, 
each taxon is monophyletic: that is, it contains sets of birds. called cbdes, 
related by evolutionary descent ti-om a conm1on ancestor. A hierarchical 
organization of taxa indicates the relative closeness or distance of the evo
lutionary relationships among those taxa. 

Taxonomic Characters 
Reconstruction of the evolutionary history of birds requires the analysis 
of specitlc traits. called characters, that are shared as a result of conunon 
ancestry. Conservative characters-those that do not easily change in the 
course of ecological adaptation-are of the greatest value because they re
tain clues to ancestors. A constant challenge to accurate reconstmction is 
the possibility of convergence between unrelated species, which is preva
lent in both extenul appearance and specific attributes (see page 19). 

Danvin 's charnpion. Th01nas H. Huxley, helped to lay the founda
tions of modern systematics in birds with his study of the arrangement of 
the bones of the avian bony palate, the skeletal partition bet\veen the nasal 
cavities and the Inouth (Huxley 1867: Figure 3-6). Succeeding genera
tions of ornithologists added new characters to the taxonomic tool kit. 
Some of the rnost in1portant ones \Vere the fonn of the nostrils. the struc
ture of the leg muscles and tendons of the teet, the arrangement of toes, 
and the n1orphology of the vocal apparatus. Behavior, vocalizations, and 
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FIGURE 3-6 Bony palate of the Rhea, showing the complex arrangement of bones 
that represent the unique paleognathous palate of ratite birds. Other orders of birds 
have different arrangements of the elements of the bony palate. [From Fundamentals 
of Ornithology, 2nd ed., by}. Van Tyne and A.}. Berger. Copyright 1976 john Wiley G 

Sons, Inc.; reprit1ted by permission of john Wiley G Sons, Inc.] 

proteins yielded clues to evolutionary relationships atnong some birds. So 
did plumage patterns of dov:ny young (Figure 3-7). 

Unique characters define related groups of species-that is, those with 
a common ancestor. Songbirds, the members of the (}rder Passeriformes, 
tor example, have several unique characters. They have a preen gland 
\Vith a unique nipple structure (sec Figure 4-13) <md unique sperm (see 
Figure 14-9). They also have a specialized perching toot \Vith a large hal
lux (rear-directed toe), uniquely arranged deep tendons, and sirnplitled 
foot muscles that 6cilitate perching at the expense of more delicate toe 
tnovements (l~aikow 1082). These featun.·s indicate that mcm bers of the 
Order Passerit()rmes evolved from a common ancestor; that is, they are 
monophyletic. 

Generally. the more cotnplex the character, the less likely it is that 
anatomical details will be precisely the same, owing to convergence among 
unrelated species. The details of t<.1ot structure reveal how unrelated birds 
evolved similar, but not identicaL arrangements of the t()ur toes (Bock 
and Miller 1959). Although n1ost perching birds have anisodactyl tl.·ct, 
with three forward toes and one rear toe (Figure 3-8, page 61 ), at least 
eight groups-including most woodpeckers and their allies, most parrots, 
cuckoos, owls, the Osprey, turacos, and some S\vifi:s-have zygodactyl 
teet, with two forward and two rear toes. Dit1ert'nt orientations of the 
working surt~lCt'S (condyles) of cuckoo toe bones versus woodpecker toe 
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FIGURE 3-7 Plumage-color patterns of downy young shorebirds provide clues to their 
evolutionary relationships (represented by branching lines). [After jeh/ 1968] 

bones, tor example, indicate that these unrelated birds haYe evolved the 
zygodactyl t()ot an-angen1ent in dit1erent ways. 

Still other toe con figurations are possible. The trogons appear to have 
the zygodactyl toe arrangement, but the trogon's second toe. not its fourth, 
is directed b:KkwJrd, t(xming what is called the heterodactyl toe arrange
ment. The syndactyl f(')ot. vvith t\VO or three toes fi.1sed basally, charac
terizes the ()rder Coraciiformes: and the pamprodactyl toot, with all four 
toes directed torward. characterizes the mousebirds (()rder Coliitormes) 
and son1e svv'ifts (<)rder Apoditormes). 

I )espite the advances in grouping birds on the basis of characters such 
as toot structure, progress in systematics started to stall in the tlrst half of 
the t\ventieth century. Cases of convergence loomed large. and ornithol
ogists tailed to discover new anatomical clues that would clarif)r the pre
vailing arrangements of the higher categories of birds. Erwin StresenLmn, 
atnong the greatest German ornitholo6-rists. said: 

But as tar as the problc1n of the relationship of the orders of birds 
is concerned, so 1nany distinsrttished investigators have labored 
in this tleld in vain, th;lt little hope is left tor spcctacubr 
breakthroughs .... Science ends 'vhere cmnparative morphology. 
comparative physiology, comparative ethology have t~1iled us afi:er 
neaJ·y r sic I 200 years of etTorts. The rest is silence. [Srrcsemann 
1959, p. 2771 
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FIGURE 3-8 Toe arrangements of perching birds. Alternatives to the prevalent 
(anisodactyl) arrangement of three toes in front and the hallux (the first digit:) 
pointing to the rear have evolved several times (solid arrm.·vs). The syndactyl foot, in 
which the bases of toes 2 and 3 are fused, characterizes the Coraciiformes. The 
zygodactyl arrangement, with two forward-pointing toes and two rear-pointing toes, 
has been achieved in different ways nine times in the evolution of birds. In trogons, 
toe 2, not toe 4, is rear directed (heterodactyl). In the pamprodactyl foot, the positions 
of toes 1 and 4 are not fixed; all four toes may point to the front. Dashed arrows 
indicate uncertain derivations. 

Two nujor revolutions ov~rcune such despair by infusing new vigor 
into the analysis of evolutionary relationships anwng birds. Cladistic char
acter analysis launched one reYolution, and ne\·V biochernical technolo
gies drove the other. Major advances then followed the adoption of for
mal methods for tracking historical changes arnong lineages through 
cmnparisons of DNA seguences themselves. 

Cladistics 
Cladistic analysis-the study of evolutionary branching seguences-en
ables ornithologists ro separate pritnirive characters timn con1tnon derived 
characters and to sort the1n rigorously across taxa. 

Phylogenetic studies require hmnologous characters. which can be 
traced to the s;nne feature in the in1medi~lte comn1on ancestor of both 
organisms (Bock 1973, p. 38Cl) and \Vhich exist in both their original and 
their changed states. For exan1ple, the tlipperlike winbTS of penguins 
evolved rl·om the ·wings of their petrel ancestors. In this case, the wings 
of petrels represent the ancestral-or primitive-character state, \\'here as 
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CHAPTER THREE the f1ipperlike \Vings of penguins represent the advanced-or derived
character state. 

If t\vo species have a character state in conm1on. we can hypothesize 
that they have a common ~mcestor ·with the sa1ne character state. The tlip
perlike wings com1non to all penguin species colTcspond to their com
mon ancesny. Sitnple hypothetical branching sequences, or cladograms. then 
portray the distribution of characters of extant species and their hypothet
ical ancestors. We assun1e that the cladogram with the fewest evolution
ary changes-the most parsinwnious one-is the m.ost likely or n1ost 
plausible phylogeny. Consider three hypothetical bird species that have 
difierent feet, crests. and bills (Figure 3-9). In this case. dado gram II, 
which assumes a con1mon ancestor for A and U that looked like B. is 
most plausible. 

A pioneering example of relationships based on prirnitive and derived 
character states is that proposed by Alan Feduccia (1977) in his study of 

Species A: (c, h, w) 

Possible cladograms: 

A 

I 

B 

0,0,0 
N=6 

c A 

Species B; (0, h, w) 

II 

B 

0, 0, 0 
N=4 

c B 

Species C: (c, 0, 0) 

Ill 

A 

0,0,0 
N=S 

c 

FIGURE 3-9 Possible cladograms for three hypothetical bird species. A. B, and C, that 
have different combinations of three derived characters: c, crest; h, hooked bill; and 
w, webbed feet. Primitive character states (no crest, an unhooked bill, or unwebbed 
feet) are denoted by 0. The changes from primitive (O) to derived character states 
(c, h, or w) are indicated for the evolution of each lineage (species A, B, or C) from the 
common ancestor (0, 0, 0). The center cladogram (N = 4) is the most parsimonious, 
requiring fewest total changes to account for the distribution of derived characters 
among the three species; it also has the advantage that it postulates no convergence 
between species A and species B. 
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the stapes (middle-ear bone) of perching birds. The \Vood hoopoes (Fam
ily Phoeniculidae) and hoopoes (Family Upupidae) h<1Ve a unique derived 
character state, an anvil-shaped stapes, in conm1on, ·which supports the 
traditional hypothesis that the two Em1ilies are closely related (Figure 
.1-10). The other birds in the ()rder Coraciitormes-the kingt1shers and 
their allies-have the pt;mitive, column-shaped stapes. 

Biochemical Systematics 
With the use of new technologies. direct cmnparisons of DNA nucleotide 
sequences of species launched the second revolution in the analysis of evo
lutionary relationships among bird;;;. Rapidly increasing knowledge of 
DNA structure enables testing of earlier hypotheses based on tnorpho
logical characters. In general, biochemical studies tend to corroborate 
previous morphological evidence of relationships. Sometimes, however. 
biochemical analyst:s challenge traditional views. reveal overlooked cases 
of convergence, and suggt:st unsuspected relationships among taxa. 

FIGURE 3-10 Primitive (A) 
and derived (B) anvil forms 
of the middle-ear bone, the 
stapes. Both hoopoes (left) 
and wood hoopoes (right) 
have the derived character, 
which supports the 
hypothesis of their close 
evolutionary relationship. 
[After Feduccia 7977] 
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DNA-DNA HYBRIDIZATION COMPARES TOTAL 
GENETIC DIVERGENCE 
~ '\l___.J"d DNA-DNA hybridization esti-

/ ~-, mates the amount of genetic 

change that has taken place 

in the entire genome since the time at which two 

groups diverged from their most recent common 
ancestor. The estimates of genetic change be
tween species are then used to cluster pairs of 

species that are most similar. To build a phy

logeny, the estimates of genetic change are con

verted into standardized "distances" that form the 
basis of a hierarchical branching diagram, or evo

lutionary tree. 
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DNA is composed of four primary units called 
nucleotides. Each of the four different nucleotides 

has a unique base-adenine (A), cytosine (C), 

thymine (T), or guanine (G). The linear sequence 

of the nucleotides forms the genetic basis of life. 

Hydrogen bonds between certain pairs of bases
guanine and cytosine. adenine and thymine
hold the double-stranded DNA molecule to

gether. However, these bonds can be broken by 

high temperatures. 

Fragments of double-stranded avian DNA 

from two species form double-stranded hybrid 
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fiGURE 1 Results of a DNA-DNA hybridization 
experiment. Curves a through d are examples of 
heron DNA thermal-dissociation profiles, which show 
the proportion of the DNA that dissociates at each 
temperature. Curve a is the melting profile of the 
control, the homoduplex, in which Great Blue Heron 
DNA is hybridized with itself. It separates at a higher 
temperature than do the other hybrid DNAs because 
the best possible match obtains when DNA is 
hybridized with itself. The other three profiles of 
hybrid DNAs of different species-heteroduplexes
demonstrate decreasing similarities between Great 

Blue Heron DNA and the DNAs of the Great Egret 
(curve b), the American Bittern (curve c), and the 
Glossy Ibis (curve d). 

The difference in the modal, or peak, melting 
temperatures (;,l T mode) between the homoduplex 
profile and the heteroduplex profiles is used to 
estimate the genetic distance. Here, the distance 
between the Great Blue Heron and the Great Egret is 
86.5°C- ss.ooc = 1 .5. The genetic distance between 
the Great Blue Heron and the American Bittern or 
the Glossy Ibis is 5.5 or 1 0.5, respectively. [After 
Sheldon 1987a, 7 987b] 



complexes when the fragments are heated and 

separated into single strands and then allowed to 
reassociate under special laboratory conditions. 
The hybridized DNA complexes of two samples 
from a single species are stable and separate only 
at high temperatures, but hybrid DNA complexes 
of distantly related species, such as a penguin and 
a warbler, have few sequences in common and 
readily dissociate, even at low temperatures. Ge
nomic similarity-that is, the number of bases in 
a specific nucleotide sequence that two species 
have in common-is revealed by the degree of 
thermal stability of the DNA-DNA hybrid mole
cule. Each 1 percent increase in the match be-

0.56 

0.58 
0.83 

0.76 

tween the paired sequences of a hybrid complex 
requires a l°C increase in temperature to sepa
rate them (see Figure 1 ). 

Fred Sheldon's (1987a, 1987b) DNA-DNA 
hybridization experiments serve to illustrate this 
approach to biochemical systematics (see Figures 
1 and 2). The experiments demonstrated that the 
Great Blue Heron is genetically more similar to 
the Great Egret than to the American Bittern and 
more similar to both these species than to the 
Glossy Ibis. The results of these studies also re
vealed different rates of genetic change among 
different I ineages of herons. 
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'-----------Yellow-crowned Night Heron 
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'----------- Green Heron 

2.09 

!::::: 2.48 
ci 

1.29 
American Bittern 
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Li neared Tiger Heron 

2.42 1.....------------- Boat-billed Heron 

6.91 :.._ ________________ Glossy Ibis 

FIGURE 2 Branching diagram, or evolutionary tree, 
of heron relationships based on DNA-DNA 
hybridization experiments conducted by Fred Sheldon 
and colleagues (1987a, 1987b). Species are clustered 
according to their similarity, which is defined by the 
hierarchy of branch lengths. 

The genetic distance between the Great Blue 
Heron and the Great Egret measured by .:l T mode in 
Figure 1 is approximately the same as the branching 
distance in this tree, which is the sum of three 
intervening branch lengths (0.89 + 0.01 + 0.80 = 1. 7). 

Notice that most branch tips on the tree line up 
with each other, because their DNAs diverged at 
approximately the same rate over time. The American 
Bittern and the Least Bittern, however, exhibit 
relatively long total branch lengths, because their 
DNA diverged (accumulated base-pair mutations) 
faster. Conversely, the DNAs of the Lineated Tiger 
Heron and the Boat-billed Heron changed more 
slowly than the other species in this study. (After 
Sheldon 1987a, 1987b] 
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Old World New World 
barbets Toucans barbets 

FIGURE 3-11 Evolutionary 
relationships among Old 
World ba rbets, toucans, and 
New World barbets based on 
a parsimony analysis of 
sequence data for the 
cytochrome b gene of the 
mitochondrial DNA. Despite 
their different morphologies, 
the toucans and New World 
barbets are sister taxa. The 
Old World barbets and the 
New World barbets are 
similar by virtue of having 
older ancestral traits in 
common. 

The use of bioche1nical characters in ornithology started in earnest 
\Vith the analysis of egg white proteins by Charles Sibley (1970). His 
inaugural swdies of egg-\vhite proteins \vere soon superseded by com
parisons of enzymes called allozymes, which in turn yielded to com
parisons of DNA sequences thetnselves. Sibley and his colleague Jon 
Ahlquist (1990) assembled thousands of samples of DNA ti·om birds 
throughout the world, representing species from all but three tamilies, 
in an unprecedented diort to revise the entire Class Aves by a singu
lar molecular technique, cal1ed DNA-DNA hybridization (Box 3-1, 
pages 64-65). Their bold ne\v phylogeny and classitlcation of the birds 
of the world revitalized avian systematics and challenged many tradi
tions. Some of the challenges have proved to be correct; some have 
not. 

Among the revelations 110\:\,.' supported by additional data were pre
viously unappreciated major continental radiations. I\.1any Australian 
songbirds, t(n· example, had been previously classified with similar Asian 
and European fonns. DNA comparisons showed that diverse Australian 
songbirds ~l re related to one another and that similarities in morphology 
and behavior to species elsewhere Vv'ere examples of conYergence. The 
adaptive radiation of Austr~1lian songbirds, so revealed. parallels the ex
traordinary diversity of marsupial manunals and eucalyptus plants on that 
continent. 

Each year, comparisons of the DNA genomes ofbirds increase in power 
and etliciency. Especially t1·uitfl.d have been cmnparisons of the nucleotide 
sequences of c.l snull circular DNA tnolecule (nlitochondrial DNA. or 
mtDNA) found in the mitochondria of the cytopbsnL Scott Lanyon and 
John Hall's ( l994) sequence analysis of H88 nucleotides of the mtDNA 
gene cytochrmne b confirmed one of the interesting results of Sibley and 
Ahlquist's early I )NA-DNA hybridization experiments regarding the re
lationships of barbets. Barbt:ts are brightly colored. tropical, tiuit-eating 
relatives of the woodpeckers. The results of both biochemiCll studies in
dicated independently that the New World barbers were more closely 
related to the toucans of Central and South America than they \Vere to 
barbers of the 0 ld W odd (Figure 3-11). AJI barbers had been fonnerly 
considered most closely related to one another. Instead, the big-billed tou
cans diverged radically t1·mn New World barbers after the barbers had 
arrived in the tropics. 

Construction of a full phylogeny of modern birds, at least at the level 
of genera, is inuninent, as one chapter of the ambitious Tree of Life proj
ect (Cracraft and Donoghue 2004). Automated gene sequencing and a 
growing selection of genes that evolve at ditTerent rates now allo\v the 
cotnprehensive construction of avi:m phylogenies. The proportion and 
pattern of large numbers of nucleotide substitutions detlne genealogical 
relationships c.unong different clades of birds. Faster-evolving genes such 
as those encoded by mitochondrial DNA help to resolve relationships 
among closely related species. Slower-evolving nuclear genes help to re
solve n1orc distant or ancient relationships. 

For example, Lisa IVlenz and her colleagues at the American Museum 
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FIGURE 3- 12 Phylogeny of the owls of the world (Strigiformes) based on the nuclear RAG-/ exon. Twelve major clades 
sequence from the oldest groups (barn owls, hawk owls) through the small owls (elf owls, pygmy owls, saw-whet owls) 
to a large cosmopolitan clade that includes New World screech owls and the big wood owls, eared owls, and eagle owls. 
[Courtesy of L. Mertz and colleagues at the American Museum of Natural History ] 

of N atural H istory deciphered the rela tio nships among the genera of owls 
(Order Srrigifom1es) by using the powerful nuclear R/:1 C - 1 gene (exon) 
(Figure 3-12 ) . 
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• The barn owls (Tytonidae) and typical owls (Strigidae) are each mono
phyletic and have a common ancestor. 

• The Strigidae cmnprise three n1ajor clades of owls: (1) all members 
of the Australasian hawk o\vls (genus l\linox): (2) other small owls \:vorld
wide including saw-\vhet owls (Ac,g<llius), little C)\vls (Arhc1le), and pygmy
owls (Giauridium); and (3) a large assemblage of other owls including the 
big eagle o\vls (Bubo), eared owls (Asi<l), and New World screech owls 
(AI£:~ as cops). 

• The Sncnvy 0\vl is related to the Great Horned Owl and eagle owls 
in the genus Brtbl>. 

• The Long-\vhiskered Owlet, a tiny, extremely rare species of the cloud 
forests of Peru, is the sister species of the desert-living Elf Owl. 

ConstnlCtion of phylogenies based on biochemical or morphological 
characters or on both is the first step to\vard understanding the evolution 
of birds. The next step is to nup other information onto a phylogeny 
to explore evolutionary trends in behavior. ecology, and biogeography 
(Sheldon and Whittingham 1997). The analysis of nest constn1ction by 
swallows is one such effort. Fred Sheldon and his col1eagues (:~005) ex
amined the relationships an1ong n1ost of the species of swallows (Family 
Hirundinid~1e) of the world by using a variety of techniques, including 
DNA-DNA hybridization, two mitochondrial genes, and a nuclear gene 
(Figure 3-13). Such packages of genes that evolve at ditTerent rates allo\v 
the construction of phylogenies tor whole E1milics of birds \Vith resolu
tion of both recent and older branching sequences. 

Nest constnlCtion is extretnely diverse among species of swallows. Some 
species bmTow into hillsides, others adopt tree cavities. and still others build 
mud nests on cliffs. The use of pure mud to con'ltntct hanging nests is unique 
among all birds. The original DNA-DNA hybridization studies by Winkler 
and Sheldon (1993) revealed that nest-construction habits ret1ect the evolu
tionary history of species. The swallo\vs divided cleanly into mud nesters 
!e.g., barn swallows (f-Iinmdo) and clifT swallows (Pctrochelidon)J: cavity 
adopters [e.g., nurtins (Pro,~ne) and tree s\vallows (Tachycineta)J: and excava
tors [e.g .. sand martins (Ripmia)J. Analyses of the majmity of s\vallo\v species 
representing all genera with the use of the fi1ll toolkit of both mitochon
drial and nuclear genes reaffirmed the basic split between mud-nesting species 
of swallows and the cavity adopters, or core martins. Mud nesting evolved 
only once in the evolutionary history of swal1ows and then diversified, prin
cipally in Afiica \vhere a dry climatic history (1Vored this mode of nesting. 
The oblig~He cavity-adoption behavior of the core martins appears to be tied 
to their evolution in the rich forest habitats of the New World. Three gen
era (Pscrtd!tintlulo, Clzeraniocca, and Psalidopromc) of excavators proved to be 
old basal lineages of svvallows now restricted to Atnca and Australia. The 
t\vo living species of river martins. one trom Congo and the other ti·om 
Thailand (see page 53). represent the most ancient line1ge of all. 
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FIGURE 3-13 Phylogeny of the four primary clades of 61 species of swallows 
(Hirundinidae) based on comparisons of a nuclear gene (ND2) and a mitochondrial 
gene (for cytochrome b). The two disjunct species of river martins (Pseudoche/idon) of 
Thai land and Congo, respectively, are the ancient outgroup lineage of the family. Then 
follow two basal and relictua l genera: the Gray-rumped Swallow (Pseudhirundo) of 
Australia and the saw-wing swallows (Psalidoprocne) of Africa, which have no known 
relatives. The rest of the swa llow species divide clean ly into the mud nesters, such as 
the Barn Swallow (1-lirundo) and all ies, and the core mart ins (Progne, Tachycineta, 
Riparia) and allies. [From Sheldon eta/. 2005) 
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FIGURE 3-14 The fowl- like birds 
(Galliformes) (A) and waterfowl 
(Anseriformes) (B) were among the 
earliest lineages of successfu l modern 
birds: (1) Lady Amherst's Pheasant, 
(2) Red Junglefowl, (3) Great Currasow, 
(4) Vu lturine Guineafowl , (5) Sage 
Grouse. (6) Musk Duck, (7) Smew, 
(8) Black-necked Swan, (9) Mallard, 
(10) Magpie Goose, and (11) Horned 
Screamer. 
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FIGURE 3-15 
Electrophoretic studies of 
proteins by Sibley and 
Ahlquist (1973) suggested 
that the Hoatzin might be 

related to Guira cuckoos, not 
to gua ns, as had been 

thoughc. But the 
relationships of this 
enigmatic species remain 
unresolved. Results of the 

latest DNA studies suggest 
that the Hoatzin represents 
an old basal lineage with no 
close living relatives. [From 
origirra-1 by E Poole, courtesy 
of The Academy of Natural 
Sciences, Pili/adelphia] 

T he use of mitochondrial genes allO\ved these researchers to finely re
solve th e relationships among species in each major group of more re
ce ntly evolved species. For example, the m ud nesters divide cleanly into 
mud-cup nesters (barn swallov,,~ and crag martins), enclosed-mud nesters 
(cliff swallows and red-rumped swallows) , and modified-m ud-cup nesters 
(house martins). 

The concordance between phylogenetic relationships and nest-building 
behavior overturns the historical view that the nest-constru ction behav
ior of birds changes easily as an adaptation to local circumstances. Ins tead, 
we now have a strong foundation fo r the stu dy of the diversity of the so
cial systems of swallows. 

DNA analysis o f slow-evolving (nuclear) genes has revealed some of 
the deepest roots of the evolution of modern birds. For example, chick
en like birds (Galliformes) and waterfow l (Anserifom1es) are fi rmly posi
tioned as being among the oldest m odern birds (Cracraft et al. 2004; 
Figure 3-14, pages 70-71). T he enigmatic H oatzin is a remnant of an 
ancient basal lineage w ith no close living relatives, cuckoos included 
(G. Barrowclough, pers. comm.; Figure 3-1.3). One of the biggest surprises 
is that flami ngos (J>hoenicopterifom1es) and grebes (Podicipediformes) ap
pear to be each other's closest living relatives bu t vvith an ancient com
mon ancestor (va n Tuinen et al. :2001: Figure 3-16). This re la tionship 
was never included in past considerations of either group. given their en
tirely different morphologies. 



FIGURE 3-16 (A) The 
relationships of flamingos 
(Phoenicopteriformes) have 
long been debated, primarily 
about whether they are 
closer to waterfowl or to 
storks. (B) DNA comparisons 
suggest that flamingos are 
distantly related to grebes 
(Podicipedi formes). 
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FIGURE 3-17 Phylogeny and diversification of songbirds (Passeriformes) based on 
two single-copy nuclear genes. The height of the bars on t he right-hand edge of the 
bra nching diagram is proportional to the number of species in each clade. Projected 
divergence dates of clades in rela t ion to the geologic time scale are based on 
assumpt ions of the rate of gene evol ution, which are subject to criticism. [After Barl<er 
eta!. 2004] 

T he new D NA technologies also reveal m o re details of the evolution 
of songbirds (Pa~SCJiformes) in the T ertiary, including their phylogeny and 
their biogeography (Barker et al. 2004; Figure 3- 17). T his single largest 
radiatio n of modern birds originated in an cient Australasia perhaps as early 
as the late Cretaceous, followed by repea ted worldw ide expansions of suc
cessful groups. Three species of New Zealand wrens (Acanthisittidae), 
vvhich represent th e o ldest lineage of all, still persist in N ew Zealand . The 
so-called suboscine songbirds, which have sim pler vocal-muscle arrange
ments than those of th e oscine songbirds, spli t early into New World and 
Old W orld lineages. The New World suboscines- tyrant fl ycatchers, 
antbirds, and ovenbirds-becam e dominant members of the avifaunas of 
the New· World tropics. The O ld World suboscines-broadbills, pittas
did nor. A host of Austra lasian fam.ilies-lyrebirds (Menuridae), bo\Yer
birds (Ptilon orhynchidae), honeyeaters (Meliphagidae). and others-evolved 
before th e di versification of the two principal songbird clades-the 
Corvida and th e Passerida. 



Summary 
The classit!cation of the kinds of birds of the world helps ornithologists 
to communicate with one another and serves as a tool in the continuing 
study of avian evolutionary relationships. The species is the prinury unit 
of biological classit1cation. 

Forrnal taxonomic classit!cations comprise a hierarchical series of in
clusive categories that indicate the relationships among linL·ages. Orders, 
t;unilies, ;md genera are the principal taxonomic groupings of birds. all of 
which belong to the Class Aves. 

Theoretic1lly each t;1xon is monophyletic and consists of species n1ore 
closely related ro one anotlwr than to species in other taxa. In theory, the 
hierarchy of the classification and the evolutionary history of birds are the 
S:IJlle. 

The diversity of modern birds reflects historical patten1s of speciation, 
extinction, and phyletic evolution. Conservative characters-attributes 
that do not change easily in the course of adaptation-enable ornitholo
gists to decipher which groups of species have a common ancestor. Recog
llition of ancestral (primitive) versus changed (derived) char;Kter states aids 
in the reconstruction of the sequences of past evolutionary events. 

Convergence-the independent evolution ofsimilar adaptations by un
related species-can cause unrelated species to appear to be related. Cases 
of convergence can be reve~1led by detailed stud·y of complex characters, 
such as the internal anatomy of the toes, and by biocheinical evidence. 

Two recent revolutions, cladistic analysis and bioche1nical technology, 
have infused a new vitality into the study of the phylogenetic relation
ships among species and among major groups of birds. Cladistic analysis 
sorts the polarities of primitive and derived characters. Biochemical com
p~lrisons of DNA compositions of species tend to contlrm conclusions 
based on morphology, but they sometimes re\-eal unsuspected at11nities 
and new patterns of adaptive radiation. 

75 
SYSTEMATICS 



PART 2 

FORM AND FUNCTION 
' 



Feathers 
Feathers 11re the most lllllllcrou:~. c/,1/Jorare 1111d dir·crsc 
derilJatiucs t~f the auian iiiT(~IIIIIC/1!. !Stertenlh.'im ]000, p . .J(llJ 

F eathers, thL' tnost distinctive feature of avian anatomy, are an 
extraordinary evolutionary innovation. Collectively referred to 
as plmnage, feathers are unique structures of the skin. They pro

vide insulation for controlling body tetnperature, aerodynatnic power tor 
Hight, and colors for communication and camoutlage. Modit1cd feathers 
also perform secondary roles-in swimming, sound production, hearing, 
protection, cleanliness. \Vater repellency, water transport. tactile sensation, 
and support. 

This chapter covers feather structures ;md limctions. First, '~'e consider 
basic tl.';lther structure and its modifications, tiJllo\vcd by a consideration 
of the m~~or kinds of feathers in a bird's plmnagc. t!Kir growth, and their 
evolution. Highlighted next are the details of feather microstructure and 
pigrnentation that make birds so colorful. Feathers also host bacteria and 
ectoparasites. Their suppression requires regular attention. including 
application of oily secretions of the preen gland. Finally, seasonal rnolts 
replace \VOrtl feathers \Vith new ones, and they replace crypticdly colored 
feathers with colorful ones or vice vcrs;l. A consideration of the relations 
of rno1ts and plumages tallows a review of the tl.mctions of plumage color 
patterns. 

Feather Structure 
Feathers consist mainly of hL'ta-keratin, a fibrous protein polymer that 
fon11s microscopic filaments that have strong mechanical properties. Beta
keratins have some mechanicd properties sirnilar to those of the alpha
keratins tound in the skin of all vertebrates, including humans and birds, 
but are an entirely unrelated group of proteins with very different 
n1olecular structure timn that of the alpha-keratins. lkta-kcratins are 
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FIGURE 4-1 Structure of 
three kinds of feathers, with 

detailed structure of a 
typical contour feather. 

unique to reptiles and birds. They make up most of the hard structures 
of reptilian skin and the leg scutes. claws, and beaks of birds. Feather ker
atins arc a special class of beta-keratins that are characterized by a small 
deletion in their molecular sequence (llrush I 993). 

The details of bird feathers have t~tscinated biologists for centuries; it 
is an enormous topic. We begin by reviewing the structure of a typical 
body ft.·ather, called a contour teather. 

The primary features of a typical contour tL·ather ;n·e a long central 
shatt ~IIH.l a broad flat v~1ne on either siLk of this shaft (Figure .f-1 ). The 
hollovv· base of the shaft-the calamus, or quill-anchors the feather in a 
f(Jiliclc below· the sur6ce of the skin. The rest of the shaft-the rachis
supporh the vanL'S. Lateral branches otT thL· rachis. called barbs. are the 
primary elements of vane architecture. Each barb consists of a tapered 
central axis. the ramus (pl. rami), with rows of slllaller harbules project
ing ti·om both sides. A barbulc consists of a series of single cells linked 
end to end; the cells nuy be simple or may bear projections called bar
bicds. some of which are elaborate and hooklike. Barbs and barbules fon11 
an interlocking, but flexible, planar sur6ce. 

Each vane of a typical body teather grades ti·om a hidden, fluffy basal 
part. which provides insulation, to an exposed. cohesive outer part, \Vhich 
has a variety of functions (Figure 4-2). The b;1rbules on the barbs at the 
base of the body feather are long. thin, and t1cxible and do not have bar
bicds. With their similarly thin, tlexible parent barbs. they create a downy, 
or plumubceous, feather texture. In contrast, the outer pa1t of the vane is 

Down of waterfowl Filoplume 

Contour feather 

Rachis 



FIGURE 4-2 Scanning electron micrographs of feather strucrures: (A) Wild Turkey. tail feather. Obl1que view of distal 
barbules with hooklets interlocking with prox1mal barbules. 358x (B) American Crow. wing feather. Distal barbules. 
displaced to show hooklets. Behind them are more distal barbules showing other, unhooked proje(llons. 406 '>< 
(C) Barred Owl. upper wing covert. Dorsal oblique view. The vertical filaments are the tips of the distal barbules, which 
are unusually long and project upward from the plane of the feather. This upward project ion creates the velvety nap 
that quiets the airflow over the wings, produc1ng the silent flight of most owls. 215x. (D) Domesnc Goose, body down 
feather. Downy barb. The oblique th icker element is the ramus of the barb and the thinner elements are the barbules. 
Although the down appears grossly to be a bunch of fluff. magnification shows that the barbu les are arranged in a 
regular manner. 130x. (E) Domestic Goose. body down feather. Barbu les on a downy barb. showmg projections at each 
node. called nodal prongs. These prongs are homologous to the booklets and other projections on pennaceous barbules. 
They are thought to serve in keeping the downy barbs from becoming entangled. thereby creat ing the fluffy texture. but 
how they do so is not known. 32Sx. (F) Nama qua Sandgrouse. abdominal feather. The vertical element on the right is 
the rach1s and the oblique elements are the rami of the barbs. bearing the coiled barbules that serve for holding water. 
153 [ Pl10toympl1s courtesy of P. Stettenlreiml 
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sive structure of the outer vane is based on the interlocking azTangement 
of pennaceous barbules. \Jvr ell-developed hooklet barbicels are present on 
the pennaceous barbules that form this part of the vane. Those barbules on 
the distal side of the barb-the side ;;nvay trom the base of the feather
have barbicds that grasp the next higher, inner barbules of the adjacent 
b;1rb. In turn. barbicds, which can slide laterally along the next barb, are 
responsible for both the cohesion and the tlexibility of the penna ceo us vane. 

-~.~Q~~-1·. 

The body feathers of some birds include ;1 secondary structure-an 
:Jttcrkather. or aftershaft-a mirror-im;lgc shall ,md v~me, attached to the 
s;Jme calamus. The barb and barbule structure of afterteathers is typically 
plumulaceous, with rare exceptions. The afterfeather's primary function 
is to enhance insulation. Ptannigans are grouse of high, cold alpine habi
tats. Providing essential insulation, the afterteathers of the winter plumage 
of a ptannigan are three-fourths as long as the main feathers. The after
feathers of its sun1n1er plumage are much shorter. 

Feathers are subject to striking n1odifications. Fusion of the develop
ing barbs produces feathers that look like strips of plastic, as, for exan1-
ple, do the cro\vn feathers of the Curl-crested Arac;ari, a small Brazilian 
toucan, and the central tail leathers of the l~cd Bird-of-Paradise. The 
"plastic·· feathers of the bird-of-paradise function in courtship display, but 
w·hy the arac;ari has such feathers is not known. The tami1iar Cedar 
Waxwing of North An1erica is na1ned for its waxlike wing-feather tips 
with ll.1sed, bright red tenninal barbs. Vane shapes of display feathers 
r;mge fi~om long and pointed, like those on a rooster's neck (called hack
les). to short and round, like those of the head feathers of small birds. 
The close spacing of large barbs with extra-long, curved barbicels pro
duces water-repellent feathers in petrels, rails. and ducks. Conversely. the 
loss of these barbicels in con11orants and an hingas is an adaptation for 
diving. The loss ofbarbicels allows \Vater to penetrate the plumage. soak
ing it and rL·ducing buoyancy but requiring air drying of the feathers 
after ;1 swim. Coiled barbules on the belly teathers of sandgrouse help to 
transport \Vater (Box 4-1). 

DESERT SANDGROUSE CARRY WATER IN MODIFIED FEATHERS 
The sandgrouse of African 
deserts commute at dawn and 
dusk to the nearest water hole 

to quench their own thirst and to get water for 
their young. which remain flightless at nests as 
far as 30 kilometers away (Cade and Maclean 
1967). At the water hole, male sandgrouse soak 
their belly feathers, which are modified to hold 
water in flight. Flattened and coiled barbules on 
the inside surface of the feathers (see Figure 4-2F) 

have hairlike extensions that absorb and hold wa
ter for transport back to the young. Upon return, 

the male adopts an upright watering posture, 
which attracts the young from their hiding places 

near the nest. The young drink by squeezing the 
wet elongate feathers in their bills. The chicks 
glean only from 10 to 18 milliliters of the 25 to 
40 milliliters of water soaked up each time the 

parent visits the water hole. 



Vaned Feathers 

The most conspicuous feathers are called vaned teathcrs. They include 
the smaller contour feathers that cover the body surf~Ke and the larger 
Hight feathers of the \Vings and tail. The smooth overlapping arrangement 
of \·aned t~·athers reduces ;1ir turbulence in t1ight. The tiny, f1at contour 
feathers that cover a penguin's body create a smooth, almost scaly, surflce 
that reduces ftiction during swinuning. 

The flight tl.·;1thcrs of the \Ving, G111ed remiges (sing. rem ex), art' largt\ 
stiH~ pt·rm:JCeous teathtTS (Figure 4-3). They primarily serve aerodynamic 
tl.mctions and h;we little importance in insulation. Ro\vs of smaller feathers, 
called coverts. overlap the bases of the rt'migcs and cover the gaps between 
them. The long shafts of the outer (distal) remiges-the primaries
attach to the bones of the hand and the second digit. These tl.·athers 

(A) 

(B) 6 

Melacarpus 

FIGURE 4-3 Dorsal view (A) of the extended left wing of a White Leghorn Chicken 
and (B) of the skeletal attachments of the primaries and secondaries of the same 
wing. Primary remiges are numbered I to X; secondary remiges are numbered 1 to 15 
in part A and 1 to 18 in part B. The ends of the feathers have been omitted in part B. 
lAfter Lucas and Stettenlleim 7972] 
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FIGURE 4-4 The 
"standards" of the Standard
winged Nightjar are highly 
modified primaries, which 
are dropped shortly after 
courtship has been 
completed. 

provide fonvard thrust on the dovvnstroke of the \Ving dllling flight. 
Flight-feather vanes arc asymmetrical, presenting a n<UTow, leading (for
vvard) edge v;me that cuts the air. Most birds have I 0 primaries; storks, 
flamingos , grebes, and rheas have I 1; ostiiches have 16; and some song
birds have 9. The flightless kiwis have only 3 or 4 primaries. 

Spl·cializL·d barbuks, Lllicd fiinion barbules , are found on the inner 
vanes of the outer (prirnary) wing t(::ttlllTS. Friction barbules have broad, 
lobed barbicels that rub against the barbs of overlying feathers, thereby 
reducing the slippage :rnd separation of feathns during flight. The longest 
friction barbules are found in the central part of the inner vane. 

Silent flight, which embles an owl to surprise prey, results in part trom 
two special structural features that muflle feather sounds (see Figure 4-2C). 
The barbs on the leading edges of the owl's primaries are long, curved, 
well-separated structures that reduce air turbulence. The unusually long 
filamentous tips of some barbules also help minimize the rubbing of over
lapping feathers and create a soft, slightly fuzzy feather texmre. Nightjars 
have a sirnilar soft feather texture . 

Because t1ight etliciency is directly linked to thc structure of the pri
maries. major structural modifications of these teathers are uncommon. 
The narrow outn primaries of the male American Woodcock. which pro
duce trilling noises during courtship tlights. are an exception. The mod
itled primaries of flightless cassowaries consist only of 28-centimeter-long 
extensions of the hollow tubular calamus. These strong spinelike struc
tures protect a cassowary's tlanks from abrasive vegetation. During the 
breeding se;1son. long extensions of the second primaries of nrale Standard
winged Nightjars grow out and are used in courtship (Figure 4-4). The 
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THE BIRD THAT CALLS LII<E A CRICKET 
Back in 1871, Darwin himself 

called attention to the thick
ened clublike shafts of the sec

-

Graphical illustration of how the tip of secondary 5 
(the pick) moves across the surface of enlarged 
secondary 6's (the file) of the left and right wings . 

ondaries of the Club-winged Manakin as an 

example of how sexual selection could lead m the 
production of mechanical sounds in courtship dis
plays (see Figure 12-12). The mechanical sounds 
from the wings of this species substitute for the 
vocal sounds of other manakins (Bostwick and 
Prum 2003). Recent studies using high-speed 

video of the rapid-fire wing claps of this species 
revealed exactly how the shafts produce the 
courtship sound "tick-tick-ting" (Bostwick and 
Prum 2005). The mechanism is unique among 
birds and similar to the production of chirps by 
crickets (see the illustration). The fifth secondary 
acts as a ''pick" that rubs back and forth across 
the ribbed surface of the adjacent sixth second
ary when the manakin snaps its wings over its 
back. The rubbing of the pick causes the hollow 

clublike shafts of the sixth and seventh secondar
ies to resonate and produce the "ti ng" as a sus
tained violin-like note. 

The mechanical impulses that result sustain the 
resonance sounds of the shafts of secondary 6 and 
probably secondary 7. Relative motion of the pick and 
file is shown by the white and black circles, 
respectively. 

nightjars are said to discard the extensions by biting them otT, but this no
tion is unverified . 

The inner (proximal) tlight teathers of the wing-the secondaries
attach to the ulna wing bone (see Figure 4-3). Numbering ti·01n 6 in 
hummingbirds to 19 in some owls, and 40 in albatrosses , the secondaries 
form much of the inner wing surf;1ce. In some species, they have been 
modified tor display purposes. For example, the broad, flaglike inner sec
ondaries ;Ire essential for courtship in the Mandarin Duck .. A quite dif
ferent kind of modification t{w producing mechanical courtship sounds 
are the thickened, club! ike teather shafts of the central secondaries of the 
Club-winged Manakin. a tiny denizen of the thick undngrowth of rain 
forests in South America (Uox 4-2). 

The flight feathers of the tail. called rL·ctrices (sing. recttix), attach to 
the fused caudal vertebrae. or pygostyle. The usual 12 rectriccs ti.Jnction 
primarily in steering and braking during tlight (Figure 4-::i). Among the 
exceptions arc anis and grouse with 1S tail t(:athers and snipe with 24. 
lbchises vary trom thin and tlcxibk, like those in the display tail t"l:ath
ers of some tropical hummingbirds, to stitT rods, like those of the brac
ing tail f(.·athers of woodpeckers. The elaborate tails of birds-of-paradise 
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Gull 

(C) 

Honeyguide 

(D) 

Woodpecker 
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(B) 

Mot mot 

Snipe 

I \ 

1 
Marvelous Spatuletai l Drongo 

FIGURE 4-5 Tail feathers and t heir modifications: (A) unmodified ta il of gul l; 

(B) racquet-shaped tail feathers of a motmot. a drongo, and a hummingbird (Marvelous 
Spatuletail); (C) sound-producing tails of a honeyguide (Lyre-tai led Honeyguide) and 
a snipe: and (D) supporting tail of a woodpecker. 

and some hummingbirds (see Figure 4-5, Marvelous Spatuletail) 'ierve pri
mari ly in display and can be a handicap in flight. Some motmors, drongos. 
kingfishers, and hu m mingbirds have racquet-shaped rectrices wi th bare 
shafts and termi nal vaned sections. The circular tail tips of a male King 
Bird-of-Paradise are tight w horls of rachjses and inner vanes (sec Figure 
1- 1) . Tail feathers are also modi ficd for sou nd production-tor example, 



in some snipes-and f()r bracing support in creepers, woodpeckers, \Vood

creepers, switts, and penguins. 

Downs, Bristles, and Other l<inds of Feathers 

Unlike tinn-va1wd tl.'~lther'\, down (plumulaceous) tl.·athers are "oft and 
t1ut1~, (see Figure 4-1). The down feathers of chicks and those of adult 
birds, called det1nitive down, vary fi·orn thick, continuous distributions to 
restricted distributions. Down t<..,~nbers provide L'XCL'Iknt natULll, light
weight thnmal insulation. /\ down t<..'ather typically lacks a rachis. but, as 
always, there arL· exceptions, including the down feathers of \Vatcd-owl. 
(1n most birds, tlcxiblc plumulaccous barbs and barbules extend directly 
and loosely tl-om the bas~Jl calamus. Downy barbules entangle loosely, 
trapping air in an insulating layer next to the skin. 

SL'miplunws are intermediate in stnJcturL' hctWL'Cll down and contour 
feathers. They enhance insulation, fill out the aerodynarnic contours of 
body plumage, ;md serve as courtship ornaments (Uox -t-3). A semiplume 
has a large rachis with loose plumulaceous vanes. Some are close to down 
in structure, whereas others more closely resemble contour feathers. Semi
plumes ;lrL' distinguished t1·om down feather" by the length of their rachises, 
which arL' ahvays longer than thL' longest b;Jrb. Semiplumes ~n-e usually 
hidden ti·om view at the edges of the contour feather tracts (see page 1 () 1). 

Filoplumes ,m:· hairlike t<..'athers th<H monitor tht' movement and position 
of adjacent vaned k·athcrs (sec Fif.,rurc 4-1 ). Disttibutcd inconspicuously 
throughout the plumage, they are most numerous ncar mechanically 
active. or nwvable, teathers; each tlight feather may have from 8 to 
12 tlloplumes. They extend beyond the contour feathers of songbirds
particularly on the back of the neck, a region called the nape. A tlloplumc 
consists of a fine shaft, or rachis, that thickens distally, ending in a termi
nal tuft of one to six short barbs with barbules. Disturbance of a filo
phnne 's enlarged tip is magnitled and transmitted by the long, thin shatt 
to sensory corpuscles at itc.; base, which then signal the muscles at the base 
to aLljust the feather's position. Filoplumcs ,tssociated with tlw tlight 
feathers aid aerodynamic adjustments; thosL' in association with contour 

-.1JOX4-3 

THE DISPlAY PLUMES OF EGRETS NEARLY CAUSED 

THEIR EXTINCTION 
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The breeding display plumes of 
the Great Egret and the Snovvy 
Egret were coveted for human 

display as well. These large semiplumes once 
commanded a high price for use in ladies' hats 
of the highest fashion. The resulting slaughter of 
egrets in their breeding colonies nearly caused 

their extinction early in the twentieth century. 
Concerned citizens ra !lied to the cause of bird 
conservation with an unprecedented outcry and 
founded the National Audubon Society, which 
adopted the egret as its emblem. Laws were 
passed to protect the egrets, which recovered at 
first in guarded Audubon sanctuaries. 



FIGURE 4-6 Bristles. (A) 
Whip-poor-will has well
developed bristles about the 
mouth. (B) Australian Owlet
Nightjar has elaborate 
bristles and semibristles 
around its bill. 
(C) An exception to the 
usual head locations of 
bristles are those on the 
knees of the Bristle-thighed 
Curlew. 
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tcathns also m;ry help to lliOIIitor airspeed . Filoplumes are absem in pen
guins and in tlightless birds such as ostriches. The long, broad-at-the-base. 
white display tlloplumes of sagegrouse extend fi-om 5 to I 0 centimeters 
beyond the neck teachers (Schroeder et al. I 999). 

Bristles (Figure 4-(>) are specialized teathers with both sensory and pro
tectivl· fun ctions. Corresponding to their sensory fi.mctions , bristles. like 
tlloplumes . h:~ve sensory corpuscles :~t their bases. Bristles are simplified 
feathers that consist only of a stiff. tapered rachis with a te\v basal barbs. 
Semibristles are similar bur have more side branches. Except tor those on 
the knees of the Bristle-thighed Curlew and on the toes of some owls, 
bristl es are fou!l(i almost exclusively on the heads of birds. The facial teach
ers of raptors tend to be simplified to bristles and semibristles . which are 
easier to keep clean than are ti.Illy vaned teachers. This condition reaches 
an extreme in the carrion-eating vultures, which have barL' heads with 
scattered bristles. The eyebshcs of such birds as ostriches, horn bills, rheas, 
and cuckoos consist of protective bristles, as do the nostril coverings of 



-vvoodpeckcrs, jays, and crows. Tv1ost aerial insect-eating birds havL' bris
des and semibristlcs around their mouths. The semibristles around the 
n1ouths of nightiars and owlet-nightjars are especially well developed, act
ing not only as insect nets, but possibly also as sensors of tactile infonna
tion, in much the same way that a eat's \Vhiskers do. 

A dusrlike substance made up of keratin panicles that arc I lllicro
llleter in diameter. resembling talcum powckr, is prL·sent on the contour 
feathers of many birds. SpL·cial tl·athers called po\\'derdowns, dispersed 
throughout the te;1 ther coat, continuously slough this powder, tiom the 
surf1ce of their barbs. Powderdown teathers grow in dense, distinctly 
arranged p;1tches on birds such as herons and the unique Cuckoo Roller 
of TVladagascar and Kagu of New Caledonia. The still-disputed functions 
of powderdowns may include the vvaterprootl.ng of teathers. 

Feather Growth 
Although a bird can change the posmon. visibility, and function of its 
plumage, it cannot change the structure of an individual feather. feath
ers are dead structures. AftLT the): are tl1lly grown, te~1thers cannot change 
color or form except through t:1ding or ;1brasion. No llLTVes, muscles, or 
blood vessels lie beneath the outer surf1ce of an exposed feather. ThL' onl·y 
111L'C han ism f()r danuge rL·pair is the repbcement of thL' whole feather. 
Except t()r the accidental loss of feathers and their immediate regrowth, 
feather replacement, or "molt," takes place regularly with age and vvith 
season. 

Ne\v feathers grow fro1n specialized pockets of L'pidermal and nour
ishing dermal cells called t()llicles (Figure 4-7). At the base of a follicle is 

Inferior umbilicus 

Surface of skin 
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FIGURE 4-7 A new feather, 
growing from a papilla and 
collar in the follicle, pushes 
out the old feather. [After 
Watson 1963] 
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FIGURE 4-8 Feather growth and development. (A) Feather growth begins with a thickening of the epidermis, the 

placode, over a condensation of cells in the dermis. (B) The placode elongates into the tubular feather germ. (C) Cells 
proliferate in a ring around the feather germ to create the follicle (detail below). Production of new l<eratinocyte cells 
in the follicle collar push older cells up and out to create the tubular feather. (D) The outermost layer becomes the 
sheath, whereas the inner layer divides into a series of barb ridges that develop into the barbs of the feather. (E) The 
feather emerges and unfurls from the sheath into its final shape. The follicle collar forms the calamus at the base of 
the feather. [After Prum and Brush 2003] 
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the follicle collar, a persistent ring of feather stem cells that divide to pro
duce the cells that will becorne all the feathers of that follicle. In the life 
of a bird, the sante follicle \Vill produce feathers of strikingly ditTerent 
torms, including the llrst naul down ;llld contour teathers. In t(Jllicles that 
produce bilaterally syn11netrical fe1thers, such as flight teathers, the ring 
of stem cells tilts to·ward the side \Vhere the quill arises: but, in radially 
syn11netrical feathers, such as do\vn, the ring of stem cells is horizontal 
(Y ue et al. 2005). In the R .. utT (see Figure 12-17), the same follicles pro
duce the elaborate display plumage used during the breeding season and 
the smalL drab feathers of the non breeding plumage. 

A new feather begins to grow \Vhen the follicle collar begins to di
vide and produce new teather cells, pushing the previous teather out of 
the follick. As ne\v cells divide at the base, the tubular feather gradually 
ernerges ti-om the skin. The dennal papilla develops into the central pulp, 
which provides nourishment f(x the growing cells ~md supports the del
icate epidermal cylinder. All feathers are variations of this initi;1l tube 
(Figure 4-8). 

The epidennal cells of the growing t~athcr use signaling proteins to 
coordinate their diHerentiation into the various feather parts (Harris et al. 
2002). The outermost layer of cells becomes thL· sheath, which E1lls otr 
when tl.~ather growth is complete. The intennediate cells become the barb 
ridges that fonn the major branches of the feather vane. The barbules 
grow t1·om horizontal rows of cells in the periphery of the barb ridges. 
Fusion of barb ridges on the dorsal side of the tube then forms the rachis 
ridge, \vhich becomes the feather shaft. 

As the feather primordium emerges t1·om the skin, the epidermal cells 
begin to produce beta-keratin. Eventually, these cells till entirely with 
the insoluble keratin, becmne completely cut off from nutrients, and 
die. The she1th then cracks and f;d].; on: and the tightly bound barbs 
uncoil and expand to create the teather vane. The f]nal unditTerentiated 
tubular calamus retnains inserted in the follicle until the next feather 
grows in. The pulp, the core of living cells and blood vessels, is then 
resorbed by the follicle. The only evidence remaining of this early hfe
support system is a snull hole at the end of the shaft. known as the in
ferior umbilicus. 

The follicle gi;ps the feather at the calamus by a cmnbination of mus
cular tightening and tl-iction. Substantial f()rce-t!·om 500 to 1 ( JOO grams 
for a single body· teather of the average chicken-is required to pull a 
fl·ather tl-mn this grip. The tight hrrip of t()llicle muscles controlled by the 
autonomic nervous system may relax when a bird becomes 11-ighrened. 
The resultant loss of feathers is known as trigh[ Inolt. Nigh~ars. for ex
ample, easily drop their feathers when disturbed. 

Evolution of Feathers 
The details of feather growth have been used to support a developrnen
tal theory of the evolution of teat hers (Prum 1999). The complicated 
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CHAPTER FOUR process of the growth of a vaned feather i1nplies that feathers must have 
evolved through a series of stages ti·om sin1ple to more complex. Each 
hypothesized stage \vas ch~1racterized by a new (evolution~n-ily novel), 
more advancL·d 1nechanism of feather growth. a highlight of the ne\v sci
entitle discipline ··Evo Devo ·· (Carroll 2005). 

ThL' process of fL·ather gro\vth consists of tlve distinct stages. Each 
probably required a new mechanis1n of growth or a developmental nov
elty as feathers evolved their definitive fon11 (Pn1111 1999; Figure 4-9). 
First in the series of evolutionary steps \Vas the origin of an unditi~ren
ti;ltcd collar (stage I) followed by the t()nnation of barb ridges (stage II), 
helical displacement of the forming barb ridges (stage II I), diflerentiation 
of barbule structures (stage IV), and, tlnally, diversification of barl·mle 
structure and the positions of barbs (stage V). This model predicts that 
feathers vvere an undifTerentiated cylinder at first (stage 1), then a rufi: of 
unbranched barbs (stage U), followed by a simple two-sided feather (stage 
I I 1), a vaned, pennaceous feather structure (stage IV), and, ultimately. a 
diversity of feather structures that included aerodynamic functions 
(stage V). 

Evidence in support of the developtnental tnodel of the evolution of 
tcathers comes trom the observation that feathers corresponding to each 
of the hypothesized stages are found on modern birds. For example. the 
cassowary vving teather is a simple tube that conf()n11S exact1y to the pre
dictions of stage I. These modern kat hers arc secon&n-ily simplified, but 
they dernonstrate the capacity of feather follicles to produce all of the 
hypothesized morphologies. 

Additional evidence in support of the developmental model comes 
fi·om the tnolecular details of feather developn1ent. The same systems of 
signaling genes have been repeatedly co-opted, or reutilized, in the de
velopment of novel tcather morphologies (Harris ct al. 2ll02). These mo
lecular data support the cause-and-ef1~ct cascade of developmental events 
in feather growth, and they corroborate the original hypothesis of a re
lation bet\veen the events in feather gro\vth and feather evolution. 

The known teathers of theropod dinosaurs also appear to tlt the pre
dicted early stages of the develop1nental Inodel (Prum and l3rush 2002). 
Specifically. there is good cvidenn· th;tt dov,rny t<..·athers (stage II) evolved 
in theropod dinosaurs bct()re t<..·atlwrs wirh a planar vane (stage If[ or IV). 
Although smne have disputed the h01nology of these structures to avian 
tl.·athers (Feduccia 2CH12) 1 ddinitive evidence of modern teathers on some 
raptor dinosaurs (e.g .. A1icrorL1ptt>r) is compelling. 

The dramatic discovery o( a v~1riety of both primitive ~md completely 
modern teathers on numerous theropod dinosaurs, including the bas~1l rel
;ltives of Tyr.mnos,wrrl.\· rex, demonstrates that feathers tlrst evolved in 
bipedal, terrestrial, meat-eating theropod dinosaurs betore the origin of 
birds and bcf(wc the origin of avian tlight (sec page 34). ThL·se discover
ies suggest that birds are no longer the only teathered animals and that 
the biology of many funiliar dinosaurs may be drastically ditl"erl'nt from 
what we once thought. 



Stage I 
The first feather, 
a hollow cylinder 

0 
Origin of 

follicle collar 

Evolutionary Novelty 
(all cross sections are 
through the follicle collar) 

Stage IV 

Stage II 
Tuft of unbranched 
barbs attached to 
a calamus 

~~~Barb ridge 
~3 @~) 
f!l'~ i:'t-.• 
~ ~.~ 
~ ~ 
~.1~t~~ 

Differentiation of 
follicle collar 

Stage V 

Stage Ill 
Planar feather with 
unbranched barbs 
fused to a central 
rachis 

Feather with barbs and 
ba rbu les attached at the 
base to a calamus 

Closed pennaceous vane 
(hooklets on one barbule 
attach to grooves on barbules 
of adjacent barb) 

Closed asymmetrical vane 
(resembling modern flight feathers) 

1.:/.··· . 

. 

,~1fr~l~~~ 
~ ~ 

~~i§ '\, 

Differentiation of 
barbule plates 

~~J!~,?,. 
.~ .It":;._ 
~ t 
c~~:J:,"t 

Addition of more 
barb ridges on 
one side 

FIGURE 4-9 Evo Devo: The five stages in the evolution of feathers as an evolutionary 
novelty. This hypothesis corresponds to the key steps in the grovvth and maturation of 
modern feathers in living birds. [After Prum and Brush 2003] 
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CHAPTER FOUR Feather Colors 
The stunning colored plumages of birds are one reason for their popular 
appeal. Male Painted Buntings of the southeastern United States sport 
patches of brilliant reds. greens. and blues. The tiny Many-colored Rush
Tyrant of South Atnerica features red, orange, blue, green. yellow, black, 
and vvhite: locally, it is called Sictc Co/orcs. n1eaning "seven colors." At 
the other extreme are drab gray olive birds, including many t1ycatchers of 
North and South America and the leaf warblers (Phylloscopw) of Europe 
and Asia. 

Feather colors corne in all shades, hues, and tints, owing to biochrorne 
pigments deposited in the barbs and barbules and to nanometer-scale fea
tures of the teather stnrctures. Biochron1e pigrnents are naturally occmTing 
chemical compounds that ~1bsorb the enerbry of certain vv~welengths oflight 
and that retlect the energy of other wavelengths to produce the observed 
colors. Structural colors result ti·mn the physical alteration of the cmnpo
nents of incident light. Pigments and structure often operate together. 

Bioch rome Pigments 

The three major categories of feather pigrnents are t11elanins, carotenoids, 
and porphyrins. Melanins produce earth tones-grays and blacks, browns. 
and buff colors. Carotenoids produce bright yelk)\VS, oranges, reds, and 
certain blues and greens, except in parrots (see page 9A). Porphyrins are 
responsible for particular bright brown and green feather colors and a 
unique magenta. 

With the exception of albinos, almost all birds have some melanin pig
Inent in their feathers. Melanin pigtnent is synthesized from the amino 
acid tyrosine by n1obile pigment cells called melanoblasts. which creep 
about in the inner (dennis) layer of the skin. Under the direction of genes 
that encode the Inelanocortin receptor, melanocytes manut~1Cture and in
sert tnelanin granules into specific cells that are destined to become par
ticular barbs and barbules. Periodic deposition into the embryonic feather 
structures during development produces subtle color p;ltterns such as bar
ring or speckling (see Prum and Williams 2002 for advanced models of 
this process). The density of 1nelanin deposition defines shades of brown 
or gray. 

T\vo kinds of 1nelanin prevail in bird teathers. Eumelanins are large, 
regularly shaped, blackisb granules that produce dark brown, gray, and 
black. Phaeomelanins are irregularly shaped, reddish or light bro\vn gran
ules that produce tans, reddish browns, and some yello\vs. Color patterns 
often correspond to the predmninance of either etm1elanins or phaemnel
anins. In the plumage of the Gray Catbird, tor ex~unple. eumelanins pro
duce the lead-gray color of rnost of the plumage, but phaeomelanins 
produce the rusty color of the undertail coverts. 

Melanins perf(xnl 1nany functions. The extra keratin associated with 
rnebnin makes the teather more resistant to \Vear (Burtt 1979). Dense 
melanin concentrations in the black wing tips of high-speed aerial species, 



such as gulls and gam1ets, reduce the ti·aying of those teathl'rs. Melanins 
help protect the te~1thers of desert species tl-om sand abrasion. 

Melanins also increase a feather's resistance to degrac.btion by bacteria 
that reside in feathers (Goldstein et al. :2004). The ubiquitous soil bac
terimn Bacillus lic/Jcn[f(lnnis secretes an enzyme that erodes the beta
keratin matrix of the feather. Black feathLTS with melanin sutTer less ero
sion than do white feathers. which lack melanin. This t1nding helps to 
explain why birds of wet climatl's tend to be dark colored (Uurtt and 
lchida 2004: Shawkey and Hill 2004). Better c1moutlagc in darker, wet
ter habitats is the traditional explanation. But birds in wetter climates also 
bear higher densities of bacteria in their plumage, which would favor 
higher levels of feather melanin to increase resistance to destructive bac
terial enzymes. In ;1ddirion, melanins <lbsorb radiant energy, which aids 
thermoregulation (see Chapter 6). There is speculation that melanin gran
ules promote the drying of damp feathers by absorbing and concentrat
ing radiant heat in the feather microstructure (Wunder1e 1 (J81). If true, 
this activity \Votlld supplement the advantages of resistance to bacteria and 
of camouflage-reasons favoring increased melanin deposition in wetter 
climates. 

Carotenoid pigments are responsible not only tc1r most bright red, or
ange, and yello\v colors but also t(x some purple and ultraviolet colors. 
They are detived t}·om a bird's diet and signal its individual qualities (Box 
4-4). After their assirnilation, they can bt' moditled and used as pigtnenrs 
in many \Vays. Carotenoid pigments mt'tabolized in the follicle itself accu
mulate in dropkts of lipid in the cells of growing teathers and are then left 

BOX 4-4-

BRIGHT RED MARKS THE BEST MALE HOUSE FINCHES 
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The male House Finch varies in 

plumage color from bright to 

pale red or even yellow orange. 

stored in advance of the molt to achieve a brighter 

plumage. 

With a series of elegant experiments, Geoffrey Hill 
(2002) demonstrated not only that the plumage 
color of the male House Finch is related to diet, 

but also that females prefer brightly colored 

males to dull-colored males. 
High-quality males apparently have i ntrinsi

cally superior foraging ability and better access to 
carotenoid-rich foods that brighten their colored 
badges. Both the intensity and the extent of red 
carotenoid pigmentation in the plumage are due 
to the carotenoid pigments that they eat while 
they are replacing their feathers during the an
nual molt; these finches cannot use carotenoids 

Because bright red pigmentation serves as an 
accurate badge of male quality, the female House 
Finch uses the red color badge to pair preferen
tially with the best males. Brightly colored males 

are better providers for their families: they bring 

more food to their females during incubation 
and to their nestlings. Females paired with dull
colored males more often abandon the breeding 
effort, apparently because of inadequate provi
sioning by their mates. Bright red males also sur
vive the winter better than dull-colored males do 
and thus are available for more than one breed
ing season. 
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Fresh pink 
feather 

Red Crossbill 

White-winged Crossbill 

Worn red 
feather 

FIGURE 4-10 Red carotenoid pigment (stippling) is deposited in both the barbs and 
the barbules of feathers of the Red Crossbill but in only the barbs of the feathers of 
the White-winged Crossbill, leaving the barbules clear. The feathers of the Red Crossbill 
are deep brick red, whereas those of the White-winged Crossbill are pink. The White
winged Crossbill plumage reddens as the unpigmented barbules wear off. 

embedded in the barbs and barbules (Figure 4-1 0) when the natural t:1t sol
vents disappear during the last stages ofkeratinization (JV1cGraw 2004). They 
also are often stored in egg yolk, body tat, and the secretions of oil glands. 

The bright red feathers of parrots are not colored by carotenoid pig
ments. Rather. parrots produce their rainbo·w of red, orange. and yellow 
colors ti·om a special sec of lipochrome pig111cnts called psittacofulvins, 
\vhich they manut:lcture in the gro\ving feather (McGraw and Nogare 
2005). 

Porphyrins arL· related chemically to iron-containing hemoglobin and 
liver bile pi~tnents. They sho\v intense red fluorescence under ultravio
let (UV) ilhmunation. Porphyrins arc present in the reddish or brown 
fe:1thers of ;1t least 13 orders of birds, not~1bly o\vls and bustards. These 
pigments, however, are found primarily in new feathers, because they are 
chemically unstable and c;1sily destroyed by sunlight. The best-known 
avian poq1hyrin pigmem contains copper instead of iron. This pigment-



called turacin or uroporphyrin III-produces the bright magenta in the 
wings of the crow-sized turacos of Atl·ican t(xests (see Figure I-16F). 

Chemically related to turacin is another unusual copper porphyrin pig
ment called turacoverdin, which produces the btight green colors of a 
few birds (Dyck 1992). Most of the green colors of birds result tl·om com
binations of )-'ellow pign1ents and structural blue, or iridescence (see next 
section). Olive green colors usually result tram combinations of melanins 
and carotenoids. one in the barbs and the other in the barbules. Tura
coverdin creates the true green colors of turacos. It is also responsible for 
the green back and wing teathers of the Crested Partridge and the Blood 
Pheasant and for the green wings of the Wattled Jacana. Potvhyrin pig
ments, however, are not responsible tor the green head feathers of the 
Conunon Eider, which await chemical analysis and perhaps the discov
ery of a new pigment. 

Structural Colors 

Many of the brightest teat her colors-rich parrot greens, shimmering blue
bird blues, and explosive hununingbird iridescences-are structural col
ors that result tl-om the physical alteration of incident light. Bright skin 
colors also may be structural (Box 4-5). In generaL white is a structural 
color produced by the backscattering of all light wavdengths. In contrast, 
the backscattering of a specific subset of visibk wavekngths produces 
structural colors of specific hues (e.g .. blue, green, or rL'd). This process, 
called coherent scattering or constructive interterencc, takes place by light 
\Vaves bouncing otT the interE1ces of nanometer-scale structures in the 
bird feathers. The spatial periodicity of the structures creates predictable 
ditierences in the distance traveled by the scattered light waves. Most 
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Structural colors are promi
nent not just in the feathers of 
birds, but also in the skin and 

eyes of many birds. Structurally colored blue or 
green skin is known in at least 50 families of birds 
(Prum and Torres 2003). The structural colors of 
bird skin are produced by coherent scattering, or 
constructive interference, of light waves from ar
rays of parallel collagen fibers in the skin. The size 
and spacing of the fibers produces colors of var
ious hues ranging from deep ultraviolet and blues 
to greens, yellows, and orange. 

near ultraviolet (Prum et al. 1999a). Ultraviolet 
structural colors are now known from the skin of 
the tragopans, Bulwer's Pheasant, Blue Coua, and 
Toea Toucan. 

Dark blue skin colors tucked in next to the 
fleshy green eyebrows of the Velvet Asity, a species 
found only on Madagascar, reflect strongly in the 

The colors of the irises of bird eyes are pro
duced by a very complex mixture of carotenoid 
and pteri n pigments and structu ra I colors pro
duced by iridophores (Oliphant 1987). lrido
phores are pigment cells that include arrays of 
pigment crystals, and they are responsible for the 
structural colors of amphibian and reptile skin. 
In birds, they remain only in the iris and may 
have been lost elsewhere with the evolution of 
feathers. 
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CHAPTER FOUR wavelengths are scattered out of phase-that is, the peaks and troughs of 
the waves do not line up-and the \vaves cancel each other. The te\V 
waves that travel a complete return cycle \vill be in phase; by lining up, 
the peaks and troughs of these \Vaves cmnbine to produce a bright light 
of that \Vavelength. Arrays with larger periodicities will produce longer
\Vavelength. or redder, colors: those with snul1er periodicities \Vill produce 
shorter-\vavelength, or bluer, colors. 

Three different classes of structural features produce the structural col
ors of teachers (Prum et al. 19<J9b). First is the incoherent rd1ectance of 
all visible wavelenbrths ti·om unpigmented feathers producing \Vhite when 
light scatters otT cellular air bubbles. The Rock Ptan11igan has evolved 
large, irregularly sized air bubbles in the barbuks that increase the mag
nitude of light scattering to match the brilliant white snow (Dyck 1979). 

Coherent light scattering ti·om arrays of melanin granules, called 
melanoson1es, in the teather barbules produces a second class of structural 
colors (Figure 4-11 ). Melanin granules arranged in regular layers create iri
descent colors that change hue \Vith angle of observation or illumination. 

Sotne birds have evolved air-t1lled melanin granules that make brighter 
colors than th;m do solid melanin granules. For exarnple, ti·om 7 to 15 
layers of hollow, air-tilled, pancake-shaped 1nelanin granules produce the 
brilliant colors of hummingbirds. The intense metallic green colors of tro
gons and quetzals are m;1de by hexagonal arrays of air-filled, capsule-shaped 
tnelanin structures. These structures n1ust be regularly and precisely spaced 
to within 1 0 nan01neters or the color produced \Viii be observably differ
ent to another bird. 

The third class of structurally colored feathers includes the nonirides
cent colors produced by air-filled cavities within the keratin of the medul
lary cells of the feather barb rami. Examples of these strucrural colors are 
found in the Blue Jay. the Eastern Bluebird, and the tropical Plum-throated 
Cotinga. These colors are produced by the same physical mechanism as 
that producing the iridescent barbuk colors-coherent scattering-but 
they lack iridescence because the air bubbles are not organized in any 
laminar or crystalline order. Thus, these arrays tend to backscatter the 
s~une hue regardless of the angle of observation. 

Pign1ents con1bine with structural colors to produce additional colors. 
The \\:ild Budgerigar, for example, is b'Teen because of an association of 
yellow (probably psitt;lcofulvin) pigment \Vith structural blue. Ivlutant 
parakeets are blue rather than green because a single recessive gene blocks 
yello\v pigment deposition. If the pigment is red rather than yellow, violet 
or purple results, as in the Pomp<1dour Cotinga (Brush 1969). Structural 
blue ti·om the barbs plus red pigtnent in the barbules is responsible for 
the purple head feathers of the Blossom-headed Parakeet. 

Ultraviolet Reflecta nee 

The feather colors of birds. especially blues and violets, are rich in UV 
rd1ectance. The powetful blue color of the male Eastern Bluebird and 
Western Bluebird (Si,1lia) includes strong UV components, produced by 
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FIGURE 4-11 Coherent light scattering. (A) Transmission electron micrographs of the 
spongy medullary keratin matrix from ( 1) green feather barbs of a Budgerigar parakeet; 
(2) blue back feather of a Spangled Cotinga; and (3) blue back feather of an Asian 
Fairy-bluebird. The white spaces are air; the gray spaces are the beta-keratin of the 
feather. (B) Reflectance spectra from the barbs of a Budgerigar. [From Prum eta/. 

1999b] 

coherent light scattering by the medullary nanostrucrures of the barb. The 
ditlerence bet,veen the bright color of male bluebirds and the more sub
dued color of females correspond~ directly to the thickness of the spongy 
layer of barbs responsible tor coherent light scattering and the details of 
its internal nanostructure . such as the size of the air spaces (Shawkey et 
al. 2003). Most, but not all. UV colors are structural: some carotenoid 
pigments also have significant UV reflectance. 
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CHAPTER FOUR Such UV retlectance, as well as ditlerences between sexes. appears to 
be a general and ancestral t(·ature of bird-feather coloration, not an occa
sional oddity. Almost ~lll of 311 species surveyed. bdonbring to 142 bird 
families, have signit]canr amounts of UV in their color spectra (Eaton and 
Lanyon 2003). All-white birds, such as the sheathbills of Antarctica 
(Chionidae), Llck UV retkctance. The only other taxonomic group in 
this survey that lacks UV coloration is the l~hea of South Atnerica. 

The importance of UV reflectance to bird biology and behavior has 
been overlooked until recently, largely because humans can't see UV 
·wavelengths. I3ut birds can; the·y have a fourth, UV -sensitive cone in their 
retinas, \vhich humans lack. For example, the brilliant carotenoid color 
of the Scarlet lbis looks red to humans. but it also has a substantial UV 
reflectance that is visible to birds. So, to birds, this color resembles a type 
of purple that cotnbines red and ultraviolet and appears very different fl-om 
the pure red hue that humans see. 

Sexes of birds that appear the same in colors visible to us may differ dra
nlatically in the UV patches that int1uence mate choice, with consequences. 
Brighter rnale bluebirds are bettLT tnates. They pair earlier. feed young more 
often, and fledge more young than do males with weaker ultraviolet sheens 
(Sietiennan and Hill 2003). Previously unrecognized ditTerences between 
species are being discovered. Two extremely similar species of mountain 
tanagers (Black-chinned and Blue-winged) of the Andes of South Amer
ica difkr in the presence versus the absence of a strong ultraviolet band 
on their backs (Blei\veiss 2004). The ditlerence is accurately related to 
\Vhich populations are reproductively isolated and \Vhich are not. 

Genetic Control of Feather Color 

Except tor those of chickens, little is known about the genetic control 
and inheritance of feather colors (Buckley 1987). The presence, absence, 
and pattern of deposition of particular pigments is often controlled by 
genes that segregate and recombine in predictable cmnbinations, just as 
the genes that control bluL· eyes versus brown eyes in hurnans do. Anal
ogous to lnnnan eye colors are alternative plumage colorations, called 
color phases, in birds. The Gouldian Finch, a brightly colored Australian 
species conunonly kept as a cage bird, comes in red-taced, black-t~tced, 
and yellow-f1eed color phases. Genetic color tnorphs are widespread 
a1nong bird species. They include dark-colored versus vvhite phases of 
herons, seabirds, and geese; rusty versus gray phases of ovvls and night
jars; black versus pied phases of oystercatchers and passerine songbirds: 
and buff)r versus grayish downy chick colors of s\vans, geese, and ten1s. 

The Feather Coat 
The feather coats of most birds consist of thousands of feathers. A Tun
dra Swan has roughly 25.000 feathers. of v\.rhich 2( I,OUO (8( l percent) are 
on its head and neck (Wetmore 1936). Songbirds typically hav~ fTon1 20()() 
to 4()( )() t't·athers, of which 30 to 40 percent are on the head and neck. 



The lightness of a single feather belies the total weight of a bird's 
ft'ather coat. In general, on the basis of comparisons of weights of feath
ers and prepared skeletons of 142 birds of 57 species. the feather coat-; of 
birds weigh about twice ,\s much or more than their dried bones, with a 
\Vide range of values (R. C. Banks, pers. comm.). The plumage of a Bald 
Eagle weighs about 700 gran1s, more than twice as much as its skeleton 
(272 grams) (Brodkorb 1 955), and between 17 and 20 percent of its total 
adult body mass. 

Although ft.·athcrs cover the entire body of a bird, they are not at
tached to the skin evenly or uniformly in most birds. Rather, feather 
attachments are grouped in dense concentrations called teather tracts or 
pterylaL', which arc separated by regions of skin with te\V or no feathL·rs, 
c11led apteria. The teather tracts themselves are not evident \vithout close 
exan1ination, because the teathers spread out fi·om rhcn1 to cover the en
tire body. The nine major feather tracts (Figure 4-12) are subdividni into 
as many as 100 separate groupings. which distinguish avian taxa. The study 
of these arrangements is called pterylosis. 

The t"Lmctional signitlcance of feather tr~1cts and apteria has not yet been 
established. For years. ornithologists doubted that they h;ld functional 

(A) 

Capital tract 

Femoral tract { 

Crural tract 

(C) 

(B) 

}caudal tract Caudal tract { 

Capital tract 

Spinal tract 

l Ventral tract 

} Crura I tract 

Femoral tract 

FIGURE 4-12 The nine major feather tracts, or pterylae, of a Loggerhead Shrike. 
Bare or nearly featherless areas between the tracts are called apteria. (A) Dorsal view. 
(B) Ventral view. (C) Lateral view. [After Von Tyne and Berger 1976] 
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CHAPTER FOUR significance and hence were good taxonomic characters (P. Stcttenheim, 

pers. comm.). The.· apteria probably t:u~ilitate the movement of skin and 
fe.tthers. They also flCilitate heat loss during Hight, perh;1ps tht·ir most im
portant function (see Chapter 6): penguins lack them. The bases of adja
cent fcJllicles are linked by an elaborate nct\\'ork of tiny muscles. The 
muscks not only raise and lo\VlT the feathers but also. in some Cl'les, twist 
them or pull then1 closer together. In short. they are capable of quite <1 

range of movetnent. Temperature regulation and dispby arc probably 
among the most common reasons why feathers arc tnovt'd, but they are 
not the only ones. Other reasons include to adjust buoyancy, wing sur
face, or tactile sensations. 

Feather Care 
Daily care of teathers is essential. Ft·athcrs are inert and do not have an 
internal sy'ltem of nourishment and maintenance. They would become 
brittle \vith age and exposure were it not for regular applications of the 
w~1xy secretions of the uropyt,rial gland, or preen gland, located on the 
rump at the b;1se of the tail. This gland, vv·hich is found in most birds, 
evol-ved as an essential ;lCcessory to feathers. f\tlost preen glands are bilobed 
structures with a small tuft of downlike feathers encircling the glandular 
orifices of a well-differentiated papilla (Figure -1--13). 

The preen gland secretes a rich oil of waxes, f1tty acids, EH, and 
water. which, \:V'hen applied t'xternally with the bill, cleans feathers and 
preserves feather moistness and tlexibility. ltegubr applicatiom of the 
secretion to the plumage sustain its tl.mctions as an insulating and \Vater
proofing layer. The largest preen gl:mds are found in birds that S\vim, 
dive, or rest on water, such as petrels. pelicans, ducks, and grebes Qohn
ston 1988). Whether their secretions are essential for keeping feathers dry 
and pliable and for maintaining buoyancy remains to be verified. The w,l

ter repellency of penguin teatlwrs depends chidly on the tlne structure of 
the barbs, not on the uropygial secretion (Kostina et a!. l 996). 

The waxy' secretions of the preen gland also help to regulate tht' 
bacterial and tl.mgal t1oras of feathers. Certain preen-gland lipids protect 
feathers against fungi and bacteria that digest keratin, thus influencing both 
insulation and color (Sha\vkey et <ll. 2003). ()thers may promote the grm:vth 
of nonpathogenic tl.mgi and discourage feather lice. Such chemical hy~riene 
is among the most important functions ofpreen-gland secretions. The foul
sme11ing preen-gland secretions of hoopoes and wood hoopoes of Atiica 
may also repel nuimnalian predators. 

Living among the feathers themselves are unique and diverse bird para
sites, including clwwing lice, louse t1ics, and feather mites (Proctor and 
Owens 2UOO; Figure 4-14). These parasites have been with birds for a 
long tiine: the fossil record includes a 44-million-ycar-old bird louse -vvith 
teathers in its gut (Wapplcr ct al. 2004). Chewing lice, or mallophaga, 
feed on the feathers themselves as wdl as on blood or tissue tluids. As 
many as 12 species may inhabit the plunugc of one bird, with each spec1es 
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FIGURE 4-13 At the base of the tail on the lower back of most birds is the preen 
gland, which produces oily secretions that are essential for feather care. (A) Dorsal 
view of the gland and its environment on a White Leghorn Chicken. (B) Details of 
papilla: (1) delicate type; (2) compact type; (3) unique passerine type. [(A) After Lucas 
and Stettenheim 1912. (B) Adapted from jacob and Ziswiler 7982] 

specializing on different kinds of feathers or parts of the body. LousL t1ies 
are thr. tough. clawed, bloodsucking flies specialized for living in the 
feathers of birds and the tl.1r of mammals. More than 15U species are knovv·n 
to parasitize birds. LousL' flies arc the principal vectors of blood parasites 
and aid the transport of chewing lice and feather mites fi-om one host to 
another. Feather mites live their entire life cycles on their avian hosts and 
include many species specialized for particular feather microbabittts. Some 
live on the feather surt;tees; others live inside the feather shaft. 

Feather-chewing parasites danuge the structural integrity of feathers, re
ducing both vvinter survival and the attractiveness of male pigeons, for ex
;nnpk, to fetnaks (Clayton 1990, 1991; sec Figure 4-14). Feather damage 
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FIGURE 4-14 (A) Scanning 
electron micrograph of a 
chewing louse (Philopterus 
sp.) on a host's feather. 
(B) Damage to abdominal 
contour feathers done by 
feeding lice: (left to right) no 
damage, average damage, 
and severe damage. Only the 
basal downy region and the 
barbules of the basal and 
medial regions of a feather 
are consumed, never the 
d ista I region. The barbs and 
shaft are not d<Jmaged, 
apparently because they are 
too large to ingest. [From 
Clayton 1990, courtesy of 
D. Clayton and 1<. Hamann] 
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reduces the insulating quality of feathers and thereby causes metabolic heat 
production to increase by as much as H.5 percellt (Booth et al. 1994). 

Birds may preen their tl:-athers ;ts often as once an hour whik resting. 
They systematically rearrange their plumage with their bills and reposi
tiotl out-of-pbce teathers. They also draw the long tlight f\:athers indi
vidually and tirmly through the bill to restore the vane's integrity and to 
remove parasites. Birds groom and delouse head and neck feathns by vig-
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FIGURE 4-15 Head-scratching techniques. (A) Tennessee Warbler scratching directly, 
with foot under the wing. (B) Golden-winged Warbler scratching indirectly, with foot 
over the wing. [From Burtt and Hailman 1918] 

orous scratching. Herons, nightjars, and barn owls have miniature combs 
on their middle toe claws that are used in grooming. Most birds scratch 
their heads directly, reaching up under the wing with a foot, although 
some scratch indirectly. over the wing (Figure 4-15). The advantage of 
one method over the other is not apparent but may be due to phyloge
netic relationships. Crippled and one-legged birds cannot scratch their 
heads properly and, as a result, accumulate brgL\ uncontrolled popula
tions of lice on their heads. 

Until recently. birds were thought to lack poisonous chetnical defenses, 
such as those of some brightly colored t!·ogs and insects. However, cer
tain New Guinea forest birds-the three species of shrike-thrushes called 
pitohuis-are toxic. Jack Dmnbacher and his colleagues (1992) discov
ered that the skin and feathers of pitohui shrike-thrushes contain a deadly 
alkaloid neurotoxin. The Hooded Pitohui, in particular, carries large 
amounts of poison. Indigenous New Guinea peoples kne\v that pitohuis 
nude then1 sick if eaten ·without special preparations. The feather poisons 
of pitohuis, some species of which ;ue bright rusty orange and black in 
color, are similar in chemical structure to the batrachotoxins of the deadly 
arTO\V poison f1·ogs of South Atncrica. Still needed are the ans\vers to sev
eral key questions. Do birds produce this poison or acquire it in their 
diet, perhaps frmn small beetles known to have high concentrations of 
this toxin (Dutnbacher et al. 2004)? Either vvay, ho'\v do they keep tl·om 
poisoning themselves when they preen? What are the benefits, if any, of 
canying these potent toxins? 

Plumage Color Patterns 
Plmnage colors. the great composite of individual feather colors, vary in 
hue fi·mn drab to bright and in pattern from cryptic (concealing) to bold. 
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CHAPTER FOUR Concealment is the tlrst role of bird color patterns, not just of those that 

are obviously cryptic , but also of many bold or b1ight patterns that match 
a bini's usual environment. Ptarmigan are nearly pure white in winter. 
when they blend with the mountain snows. In spring, when patches of 
snow remain on the alpine meadows, the birds are white and brown (Fig
ure 4-16A). In summer. when herbs and lichen cover the rocks, ptarmi
gan :1rc finely barred black and brown . Woodcocks and Whip-poor-wills 
resting on a forest tloor of dead leaves an: invisible to us. Parrots disap
pear among the greens of tropical kavcs and the reds of tropical tlO\vers . 
The American Bittern points its bill sk~\vard. aligning its body contours 
and the stripes on its breast with the smTounding vertical marsh grasses. 
The \Vood-colored Common Potoo of tropical America conceals itself by 
assuming the posture of a dead stump (Figure 4-1613). 

Some bold color patterns reduce the contrast between a binfs shape 
or outline and its background. The double breast bands of the Killdeer, 
a small plover, are a classic example of a disruptive pattern. The bands vi
sually scp;1rare the outline of its head ti·om chat of ics body. To be most 
dt(xcive, the comrast between disruptive patches on a bini's body should 
be as greac as that between the bird and its background. The finely pat
terned summer plumage of a ptarmigan blends with the tlnely pattemed 
alpine grasses and lichens, and the boldly patterned plumages of the 
arboreal wood warblers of North America blend with the small leaves, 
branches, and lighting of- trees . 

Abbott Thayer and his son Gerald ( 1909) were the tlrsr w identity 
the principle of countershading in concealment. Lower reflectivity of the 
dark dorsal suli;1ce of a bird intnacts visually with contr:Jsting light un-

(A) (B) 

FIGURE 4-16 Plumage coloration provides excellent camouflage. (A) The White-tailed 
Ptarmigan blends into an alpine meadow. (B) The Common Potoo looks like a dead 
stump. [(A) Co11rtesy of A. Cmici<shanli/VIREO. (B) Co11rtesy of} Remsen/VIREO] 
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FIGURE 4-17 (A) The plumage pattern of a Killdeer (a plover) combines 
countershading, the achromatic reflectance of substrate by white underparts, disruptive 
head and breast markings, and breast bands that help match horizontal breaks in the 
shoreline or horizon. (B) The breeding plumage of a Gray Plover is an example of 
reverse countershading. [(A) Courtesy of A. Morris/VIREO. (B) Co11rtesy of Doug 
Wechsler !VIREO I 

dersides to disguise its outline. helping it to match its background. The 
value of comrast increases with the intensity of illumination from above. 
Open-country birds. such :1s plovers . have strongly contLlsting colors on 
their upper and lower sm+:1ces (Figure 4-17 A). White underparts work 
particularly well as a neutral (achromatic) reflector that takes on the hue 
of the nearest sur6ce. 

The advantages of bold color patterns for visual display during the 
breeding se;lson can suppkmem or take precedence over the need for 
concealment. Whereas countershading enhances concealment, reverse 
countershading (white upperparts and dark unde1varts) renders the breed
ing male Spectacled Eider, l3obolink, and Gray Plover strikingly conspic
uous (Figure 4-17B). 

The signal values of plunuge pattems Jre lll:lll)' (Figure 4-1 ~). The 
uniform coloration of the all-red m:~k Northern Cardinal enhances its 
outline and renders it more conspicuous than would a mixed color pat
tern; the crest prob:~bly enhances this effect. Contrasting edges enhance 
striking signal parches, such as the white crest of a Hooded Merganser, 
the orange crown stripe of a Golden-crowned Kinglet. or a Mallard's blue 
wing patch. Unusual shapes. especially those that are gcomet1ically rc:gu
lar, such as the triangular \vhitc wing patches of an adult Sabine"s Gull or 
the rectangular wing patches of ducks. are highly visible because they do 
not nonnally match the elements in a natural background. Regular rep
etition, such as in the tail spots of a Yellow-billed Cuckoo or the he:~d 
stripes of a Whitc-crmvned Sparrow, achieve similar conspicuous results. 
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FIGURE 4-18 Conspicuous plumage signal patterns: (A) triangular wing pattern of an 
adult Sabine's Gull ; (B) repeated white tail spots of a Yellow-billed Cuckoo; (C) outlined 
crest of a male Hooded Merganser. 

Molts and Plumages 
Every bird goes rhrou~h a series of plumages. or teacher coats, in its life
time. Accidental fi:athcr loss triggers the grO\vth of replacement feathers, 
but t(:;lthers are typically rL·pbccd in a compre hensive \vay, both season
ally and ·with age. The ti.rst natal down plumage rnay consist of a few scat
tered dow11 feathers-the psilopaedic teather coat t(Hmd on most hatchling 
land birds-or it may be a dense, fuzzy covering, termed ptilopaedic, like 
that of ducklings and chicks. The tl-agile down te athers rarely last more 
than a week or two. A more substantial set of downy or vaned feathers 
then replaces them . In loons and penguins, the seco nd generation ofdown 
grows ti.·o1n the follicles of the first generation. pushing the old ones out. 
In hawks and waterfowL the second coat of down grows ti·om a ditTer
ent set of follicl es. 

Most birds have only one coat of natal down. which is pushed om of 
its tollicles by incoming juvenal pennaceous fi:athers in the first w eeks of 
lific·. Wisps of down may remain attached t(Jr a tinll· to the new fe;Jthers. 
/\ lx1by bird's first se t of wins and rail fe athers appears at this time and 
grows rapidly in prepar;Hion tor tlighr. As the young bird-now called a 



juvenile-approachL·s indepcndencc. it exchanges parts of its ju venal leath
ers fix new plumage. 

lnunature or adult plumage replaces rhe juvenal plumage of most of 
the leather coat, although not always that of the wings or tail. The young 
American Robin, tor exarnple, begins in midsummer to replace its spot
ted juvenal plumage vvith unspotted adult plumage (Figure 4-19). The 
lirst wing leathers remain. A tew months latcr, its original tlight feathers 
will propel the young robin 011 its first migratory tlight. The bird will not 
molt again until it is just over one year old. 

An adult bird typically molts after breeding. replacing its entire 
plumage. It may b:ep its JWW set of feathers to r 12 months or it may re
place some plunuge bef()re nesting thL· following year, converting somber 
camout1age plumage into brightly colored plumage f(x territorial display. 
Feathers of species that ret;Jin their plumage a full year may change in ap
pearance because of wear. The Common Starling, which is spotted in the 
winter, loses its spots as the feather tips wear off; by spring, it is sleek and 
glossy. Meadowlarks also wear off the butt)' feather tips of their winter 
plumage, exposing bold black and yeiiO\v underparts in the spring. 

FIGURE 4-19 The spotted plumage of a juvenile American Robin , with residual tufts 
of down still attached to incoming head feathers. 

109 

FEATHERS 



110 

CHAPTER FOUR Terminology 

The tLTI11inology of molts ;111d plumages relates ~l particular molt to the 
incoming generation of teathers, because teather loss is a passive result of 
the gro\vth of ne\V feathers (Hmnphrey and Parkes 1959). Additionally, 
the plumage that is renewed after breeding is considered the main com
ponent, or the ··Basic'' plumagL', of the annual cycle of plumages, and 
breeding adornments are considered temporary additions. or ··Alternate'' 

plumages. Some ornithologists prefer other tcn11s for molts ~md plumages 
(Howell et al. 2003; Jenni and Winkler 2004). 

Consider the plumages of a male Scarlet Tanager, which \~ie~us an 
olive green Basic plumage in f11l and winter and a bright red Alternate 
plumage in spring and summer. The phunage of a male Scarlet Tanager 
at any given time actually comprises a series of feather generations that 
bear testitnony to the hird's age and the tirne of its last 1nolt (Table 4-1). 
In its first month, a juvenile nule Scarlet Tanager is olive green with 
olive brown \ving feathers and streaked undeq1arts. The first Prebasic 
n1olt in July and August produces the Basic l phnnage, which resembles 
that of its unstreaked, olive green mother, except tor black wing coverts 
that identifY it as a n1ale. In less than a year, this male tanager will un
dergo the Prealternate l molt, which replaces n1ost of its olive green 
body plumage with red orange. Molting tnales appear \Vith peculiar mo
saics of diHerently colored old and new feathers: green, yellow, and or
ange. Even \vhen fully red orange in May, the young tanager still has 
the olive bro\vn \Vings that signal its t1rst-year status; adult males have 
black \Ving feathers. 

In its second f1l1, the male tanager undergoes the Prebasic molt of its 
entire plunuge, replacing red orange body feathers with olive green win
ter, or I3asic 2. plumage and replacing its olive brown wing feathers \Vith 
jet black feathers. In the t()llO\Ving spring, the Prealtcrnatc molt replaces 
\Vinter plurnage with a bright red breeding plumage. The maturing tan
ager no\v resembles other adult n1ales and proceeds through regular cy
cles of Prebasic molt into can1ouflaged Basic plumage atter breeding and 

Age Molt Plumage Color* 
------

0-1 month Prejuvcnal molt 

1-3 months First Prebasic molt 

8-1 (I months First Pre~dtcrnate molt 

J uvenal plumage Green and 
brown 

Basic I Green and 
brown 

Alternate Red and 
brown 

1 + years Second Prebasic molt Basic 2 CrL'en and 
black 

Red and 
black 

1 + years Second Prealternatc molt Alternate 2 

*Body and wings. 



Prealtemate molts into brightly colored AJternate display plumage before 
breeding. 

The comparative study of molts and plmnages reveals that some species, 
such as the Ame1ican Robin and Common Starling, undergo only a sin
gle annual molt, whereas othns, such as the Scarlet Tanager, have extra 
seasonal molts (Pyle 1 <J97). One complete molt J year \Vas probably the 
primitive pattern ti·om which more complex molt parterns evolved. and 
it continues to be the typical pattern. Cradual teather replacement im
poses the least metaboli c stress on a11 individual bird, and a yearly molt is 
sufl:lcienr to offSet nonnal rates of ti:·athn we,1r. 

Multiple molts have proved adv;mtageous t(x some birds as aids to sea
sonal dispLly or as adaptations to severe feath er wear or inf<:·s tation by par
asite'i. For example, in deserts, where \Vind and sand rapidly destroy 
feathers. some African larks molt completely twice a year. European larks. 
\\·hich sutler kss abrasion, molt only once a year. Species that live in coarse 
grass habitats, such as the Bobolink (Figure 4-:~0) and Saltmarsh Sparrow. 
also may molt twice a year. Shedding parasites is one apparent result of 
the double molt in the Saltmarsh Spanow. It has fewer t(:arher parasites 
than the Seaside Sparrow, which lives in the same marshes but molts only 
once a year. 

A few birds molt three or t(mr times a yt.'ar, but the extra molts are 
only partial one's. The ltufl~ a large shorebird with an unusual lck mating 
system (see Figure 12-17). produces a v;1riety of striking male breeding 

FIGURE 4-20 Bobolinks molt completely twice a year. The male changes from a 
brown streaky plumage like that of the female in the winter (left). to a bold black
and-white plumage (right) in the spring. 
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CHAPTER FOUR plmnage in stages. l-tuHs undergo a st;mdard Prebasic molt in the f1ll to 

assume a brown camouflaged winter plumage; a Prealternate molt in the 
spring, which produces most of its breeding plumage; and then a third 
supplemental n10lt, which produces the ··rutl ,. \vhich varies in color trorn 
white to rust to black and m;my cmnbinations of these colors. The same 
set of t()llicles generates feathers of dit1erent types in the successive molts. 
To match their camouflage to the seasonal changes in the tundra, ptanni
gan have three partial molts a year, and son1L' populations of the Willo\V 
Ptarmigan have four. 

Whereas geese have simple annual molt and plumage cycles, many 
ducks of the northern temperate regions have more unusual sequencl's in 
vvhich the Prealternate molt starts bef(xe the £1ll Prebasic molt finishes. 
After they breed, drakes undergo a rapid Prebasic molt that often includes 
sirnultaneous loss of all flight leathers, rendering thern tlighdess and vul
nerable t(w several weeks. The Basic plumage that t()llows is a camou
flaged, hen-colored ''eclipse" plmnage. Then an early Prealternate molt 
produces the drake's handsome breeding (Alternate) plumage in time tor 
courtship and pair tormation during the early \Vinter. 

Sequences of Feather Replacement 

J\.1olts of most birds tallow a regular sequence within each feather tract. 
The usual sequence for the prinury flight tl.·athers. t()r example, is from 
the innermost primary outward to the hst feather of the wing tip. In con
trast with groups such as the ducks that become flightless because they 
molt all their flight feathers at the same tin1e. regular and symmetrical se
quences of flight-feather replacement help to Inaintain tlight ability. The 
staggered replacement of the primaries ;md secondaries of the wings pro
dueL'S only small, temporary gaps in the wing surflce and only a small 
reduction in flight power. 

Like the tlight feathers of the wing. tail feathers typically molt cetl
trifugally trmn the innen11ost pair to the outermost pair, with some ex
ceptions. Large Asian part1idges called snowcocks use the 20 rectrices of 
their enormous tails t()r additional aerodynamic lift in sailing across steep 
ravines. Sno\vcocks have :1 pattern of tail molt that diHers from that of 
other partridges: it starts in the middle of each side of the tail and pro
ceeds slov.:ly in both directions, a process that aids flight across deep moun
tain valleys. The extended display prinuries of tnale Standard-\vinged 
Nightjars, mentioned on page 84, e1nerge last, out of normal sequence, 
apparently because they are a liability in flight. 

The t1ight of birds, il·om the roles of feathers on the wings to the 
specialized flight abilities of ditterent species. is the topic of the next 
chapter. 

Summary 
The avian feather is a unique structure that is versatile in form and tunc
tion. Feathers provide insulation, \vhich enables birds to maintain a high 



body temperature; they are essential for flight and serve in visual com
munication ~md camoutlage. Moditled t~·athers aid in swinuning, sound 
production, protection, cleanliness, water repellency, water transport, tac
tile sensation. hearing, and support of a bifli's body. 

The basic structure of a body, or contour, feather consists of a stitl-, 
central rachis with side branches c1l1ed barbs and secondary side branches 
called barbules. The interlocking systetn of barbs and barbules fon11s a 
flexible but cohesive f1at surf;1ce called the vane. Loose barbs and barbules 
at the base of the feather enhance insulation. Other major kinds of feath
ers include the flight feathers, down fe;1thers, semiplumes, tlloplumes, bris
tles, and po\vderdo\vn. The tough, inert molecules that f(wm the feather 
are a unique tonn of beta-keratin. 

Feather coloration is controlled by carotenoid and melanin pigments. 
\Vhich are deposited in the barbs and barbules, and by the interactions of 
light \Vith nanostn1ctures in the feathers. Coherent light scattL·ting by 
nanostructures of the barb is responsible for most of the blue and t,'Teen 
colors of bird feathers. Iridescent colors result tl·om reinforcement of CLT
tain wavelengths of light reflected by special byers of pigment granules. 
Ultraviolet reflectance by feathers, which is proving to be ubiquitous, en
ables birds to see plumage color dif1erences that humans cannot see. 

The entire featlwr coat consists of thousands of individual feathers, 
which are arranged in groups called tracts. Linking the bases of adjacent 
teathcrs is a system of tiny muscles that control feather position. The 
feather coat of a bird typically vveighs two to three times as tnuch as its 
skeleton. The entire feather coat is replaced at least once a year in regu
lar rnolts. Partial tnolts may supplement the main annual molt to produce 
composite plumages. 
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CHAPTER 5 

Flight 
The pure acrobaric ability t~f birds j~1r exceeds th1ll tlCliicPcd 
hy the JlltlSt sophisticdtcd aircr~!ft. [Dial 199-t, p . .)Oil 

F light is the central ;nrian adaptation. Yet birds do not merely 
fly. They are masters of the Huid that is air, just as fishes arc 
masters of the fluid that is water. Birds can hover in one place, 

dive at breathtaking speeds. tly upside down and backward, and soar for 
days on end. Birds are one of nature's tlnest locomotor experiments (Dial 
1994). Our best aircraft arc interior by a large margin. 

Basic bird tlight has many components-taking of{ 1naneuvering, sta
bilizing positions, and landing-each of \Vhich is complex in its own right. 
Flight requires rapid ~1nd const~mt adjusnnents of the wings and tail. The 
sensory systen1 sends information fi·om thousands of individual feathers in 
a bifli's plun1age (see page 87) to the- flight-control center in the brain 
and neural receptors throughout the body (Dial 1 994; see page 200). 

Flight is expensive in regard to short-tenll enert,'Y output but makes 
up for that investment in regard to cost per unit distance covered. Flight 
is the most economical form of locomotion: it costs less energy to tly 
1 kilometer than to \valk, run, or swim the san1c distance. A 1 0-gram 
bird in tlight. t()l- exarnple, expends less than I percent of the total en
ergy required by a 1 0-gratn mouse to run the same distance. The high 
short-term costs of tlight, however. t:lVor dlicicnt designs oL1 birci's \vings 
as well as its skeleton. 

This chaptL'r tlrst considers the elemL'ntary aerodynamic principles of 
flight, including the role of wings <1S airfi:)ils, the phcnmnenon of litt. and 
the countering t<.xces of thrust and drag. DitTerent modes of tlight-the 
gliding flight of soaring birds and the hovering of hununingbirds-help 
to illustrate these principles. The tl.mdan1cntals of flapping tligh t follow, 
including the rok of leading-edge vortices in generating lift. Then vve re
view the anatomy of avian tlight, particularly the skckton and the highly 
developed breast muscles that power tlight. Flightless birds also highlight 
the adaptations and tradeot1s required t()r tlight. Some diving birds (such 
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FIGURE 5-1 Aerodynamic 
forces on two cross sections 

of the wing of a gull. The 
upward force of lift 
counteracts gravity. The 
forward force of thrust 
counteracts the slowing force 

of drag created by friction 

and by air turbulence. The 
airfoil of the inner wing 

(A) generates mostly lift. The 
different orientation (angle 
of attack) of the outer wing 
(B) generates both thrust 
and lift. [After Burton 1990] 

as penguins) have traded aerial tlight t()l· underwater t1ight with the use 
of highly modified tlipperlike wings. 

Elementary Aerodynamics 
To st~1y alot'i:, birds must overcomL· the t-(wcc" of gravity and drag by gen
erating equal and opposite t()rces-lift and thrust. Lift is the upward air
pressure force that counters the downward t(xce of gravity, expressed as 
a bird's \Veight. Thrust is a f()rward force that counteracts the slowing in
fluence of the forces of turbulence and ti-iction, collectively called drag. 
When these four forces-weight, lift, drag, and thrust-are in dynamic 
balance. a bird nuintains level tlight at a constant speed. Unlike airplanes, 
which generate lift with wings and thrust with engtnes, birds use their 
wings to do both (Figure 5-I). 

\ 

Lift Resultant force 

(A) Inner wing 

Airflow 

(B) Outer wing 

Gravity 



(A) (B) 

Lift Resultant force 

FIGURE 5-2 Functional anatomy of the airfoil. (A) Dimensions and their 
terminology. (B) The streamlined, asymmetrical shape of an airfoil produces lift by 
reducing pressure on the upper curved surface relative to that on the lower surface. 
Faster and more complicated airflow patterns on the upper surface reduce pressure 
there and contribute to the production of lift. Downward deflections of the airstream 
produce an opposite, upward-directed physical force. [After Burton 1990; Long 1999] 

The wings of birds produce lift by the passage of the airstreatn across 
their surf1ees, usually by fonvard movement into the airstrearn. Even a 
stationary \Ving, however, generates litt in a wind: l·(w example, an alba
tross ·with outstretched \Vings will rise gently into a strong wind. In the 
sitnplest sense, the winhrs tlmction as airfoils with propcrtits like those of 
the winsrs of airplanes. The upper surf:tccs of an airfoil are curved more 
strongly tlun the loWl.'r surt:1ces, producing a curved structure rhat c1pers 
posteriorly. The orientation, or angll' of attack. of the airfoil with respect 
to the passing airstream, called ''relative \~/ind," produces the net u~nvard 
force calll'd lift. The angk of attack is defined as the angle bet\veen the 
direction of the airstream and the straight chord line connecting the lead
ing and trailing edges of the aitioil (Figure 5-2A). The arnount of lift 
gener~1ted must balance a bini's weight to sustain level tlight. 

Airfoils produce lil·t by altering the circulation of air ~1round them, de
tlecting some of it downward. and by increasing the speed of airflow at 
the upper surflce relative to its speed at the lower surt:1ce of the airf()il 
(Anderson and Eberhardt 20CH; Kunzig 2001; see Figure 5-2B). Several 
c01nponents of the alter;1tion of air circulation by the airt()il contribute to 
the production of lift. 

DitTcrcntial airspeeds <H.Toss the ~lirt()il produce lift, in part, as an ex
pression of the Bernoulli principle. In briet~ t1st-moving air itnparts less 
pressure against an ;H .. tiacent sudace than does slower-rnoving air, causing 
a net force upward in regard to the paired smiaces of an aitioil. The air 
detlected upward by the leading edge of the ;1itioil and then by its own 
inertia straight back\vard produces a space of lower pressure ;1bovc the 
upper surtace. Air rushes, or accelerates. ti·om the high-pressure area ahead 
of the airfoil, and below it, into the low-pressure space being swept out 
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CHAPTER F lYE above and behind thL' airtoil. The direction of this ~novement is toward 
the trailing edge of the aitioil. As a result. air t1ows faster over the top of 
the airfoil than below it, creating a net upward force. If you vvere to blow 
gently over the upper Slll{lCe of a piece of tissue paper, the tissue would 
rise or straighten out because of the net upward pressure on the lower side. 
The unequal pressures that develop as air t1ov.,rs over the sw·bces of a bird's 
wing have the sarne et1ect. This effect is the classic explanation of lift. But 
the l3en1otdli effect is just a small part of the circulation pattern gener
ated by the airtoil and of the creuion of the net upward force called lift. 

Ne\v analyses of the aerodynamics of avian tlight suggest that thl' pri
mary function of the wing as an airft1il is to move air downward (Long 
l9lJ(J: Videkr 2005). First. the leading edge of the aidoil and its tilted 
undersur£1ce push into the air ahead of thern. creating high pressure ahead 
of the wing and below it. The asyrnmetrically curved shape of the airfoil 
directs the ~1irstream as a whole downward. Elenw1Hary physics (Newton ·s 
third Lnv) tells us that. tc)l· every action, there is an equal but opposite re
action. The down\vard detkction of air by the airfc)il, theretc)re, produces 
opposite upward forces of lift. In addition, the curved upper suti~lCe of the 
airfoil deflects son1e air particles upward at tlrst, then backward, and finally 
down\vard in a slo,ving spiral motion toward the trailing edge of the wing. 
Their final do\vnward tr~liectory adds more upward lift. 

The amount of lift increases with airspeed and with the volume of air 
deflected. which in turn is a fi.mction of wing area. When a large bird, 
such as a gull or albatross. stands on the edge of a clifF flcing into the 
wind, the tlow of air across its outstretched \Vings generates lift. The 
atnount of litt increases by the square of the velocity of the airstream. If 
the wind is strong enough, the bird rises etTortlessly into the air. In still 
air. the seabird n1ust jump otT the clitT with \vings outstretched. As the 
bird drops. airspeed increases, producing lift and. with it. tlight. I3irds that 
do not launch themselves f]·om clit1s or trees rnay generate the initial tor
\vard thntst by running as they take oti Loons and some ducks run over 
the water until they become airbon1e. 

The orientation, or angle of attack, of a \Ving in a current of air 
affects the generation oflift (Figure 5-3). More lift is gcneLlted as the pitch 
of the \.Ving rotates clockv.risc, increasing the angle of attack and conse
quently the dowrnvard detkction of air. lf the angle of attack is too great, 
however, the airstream no longer follows the streanilined smiaces of the 
aitfoil. Instead, the air separates tl·om the surftcc, then s\virls up\vard and 
f(1nvard from the rear edge of the \ving. The negative force callt·d drag 
increases \Vith the disrupt1on of the airt1ovv. Increased drag blocks the 
backward tlo\v of air over the upper surf1ce and causes a loss of lift, or a 
stall. When landing, a pilot purposely stalls an airplane by increasing the 
angle of att~1ck of the \Vint,:rs just before the wheels touch the runway. 
Birds, too, adjust the angle of their \Vings to stall just bct()l·e landing. 

Slots bet\veen adjacent flight feathers aid in the fine control of the air 
moving over the \Ving stu{Kc and thLTcby aid in the extraction of lift
producing encTt,'Y· Slots are cracks or holes through \Vhich air squeezes. 
Air t()rced tl·om beneath the \Ving through a slot expands on the upper 
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FIGURE 5-3 The angle of attack affects the balance of aerodynamic forces on the 
wing. The angles of attack illustrated are (A) 0, (B) 5, and (C) 15 degrees. Increasing 
the angle of attack by 5 degrees from a horizontal position increases lift, but increasing 
the angle by only 15 degrees causes the airstream to separate from the upper surface 
of the airfoil. which increases turbulent airflow, or drag. and severely reduces lift. 
Higher angles of attack will cause a loss of lift and the bird or airplane to stall. [After 
Burton 1990] 

side, reducing the pressure there and intTt'asing lift. The wing tips of many 
soat;ng birds include slots bet\veen the ends of the primary feathers (Fig
ure 5-4). In effect, the slots permit the pt;maries to act as individual 
''winglets," reducing drag at the wing tip by redistributing the air turbu
lence horizont~1lly and vertically. Some slots also control the t1o\v o( air 
over the airtt1il to maintain sotne lift at slo\V speeds or ;1t high angles of 
attack \Vhen a bird is stalling. The extended alula, or bJstard wing. crc
att'S ,1 slot at the leading edge of the wing that keeps airtlow bound to 
the \ving (Figure 5-5). This adjustment helps especially during landing 
and takeotl~ when t(lrvvard thn1st is minimal and extra lift is essential to 
prevent stalls. Modern ~1ircratt have these same sorts of slots in the front 
of the ,,:ing, \vhich you can sometimes see opening on landing. 
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FIGURE 5-4 Slots reduce induced drag at the wing tip, aid fine control of airflow 
over the wing surface, and prevent stalling at slow airspeeds. Soaring birds such as the 
Turkey Vulture shown here have well-developed slots between the tips of the primary 
wing feathers. Slight adjustment of the primaries and their associated slots control a 
vulture's speed, lift, and aerial position as it searches the terrain for carcasses. [A. Morris/ 
VIREO] 

Any slight air turbulence or ti-iction between the air and a bird's body 
and wing surf;1ces reduces lift through the opposing torce of drag. The 
thin leading edges of the vvings minimize ti-iction, or profile drag. Simi
larly. the thin leading edge of a Frisbee makes it is easier to throw than 
a soccer ball. Friction, and therefore profile drag. increases with airspeed. 
Thus , it is harder to throw a Frisbee or a soccer ball or to Hy into a strong 
wind with high airspeeds than it is to throw or tly into a light wind. Con
versely, turbulence, or indun·d drag, decreases at taster airspeeds as air 
t1o\vs more smoothly over the wings. 

Forward thrust provides the power to overcome the slowing etYects of 
drag on airspeed. Propellers and jet engines provide thrust tor airplanes. 
The downbeat of the wing stroke provides thrust fi.>r most birds_ In keep
ing with Newton's second law of motion, thrust torce equals mass (amount 
of air moved) times velocity (rapidity of the wingbeat). Similarly, a canoe 
paddle generates tonvard thrust by pushing water, instead of air. back
ward. The total thmst required to overcome the diects of drag is the sum 
of the thrusts required to overcome profile drag and induced drag. These 
two components of thrust are therefore called profile power and induced 
pmver, respectively. 

Total flight-power requirements vary in a parabolic relation to tlight 
speed , because induced power decreases as profile power increases (Fig
ure 5-6). The eneq.,ry cost of tlying is least at intermediate speeds and 
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FIGURE 5-5 The slot created by the extended alula 
keeps the airflow close to the vving during takeoff and landing. [After Able 2004] 
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FIGURE 5-6 Total flight
power requirements are the 
sum of profile power (which 
increases with speed) and 
induced power (which 
decreases with speed). This 
sum bears a parabolic, or u
shaped, relation to airspeed. 
The total is least at 
minimum power speed, or 
the bottom of the parabola. 
The power required to fly a 
unit distance is least at the 
maximum range speed, 
which is defined by the 
lowest-value intersection of 
the (broken) line drawn 
from the origin (zero speed, 
zero power). [After Alexander 
/992] 



The Peregrine Falcon (see Fig
ure 21-9) achieves breath

taking speeds when diving, 
called stooping, on its aeria I prey. Stoops are ex
ecuted at angles ranging from 30 to 60 degrees, 
sometimes starting at more than 1500 meters 
from the prey and dropping from 450 to 1080 
meters in altitude (White et al. 2002). Calcula
tions of their airspeed by stationary observers 

range from 160 to 440 kilometers per hour 
(96-264 miles/hour). Arguably, the most direct 

measurements are those by a free-falling para
chutist who accompanied his trained falcons in 
dives from 3670 meters, or 12,000 feet (Franklin 
1999). At 240 kilometers per hour (144 miles/ 

extended its shoulders to assume a diamond 

shape. At higher speeds (320 kilometers/hour, or 
200 miles/hour), the falcon elongated and 
streamlined its shape to the maximum by pulling 
its wings in close to its body and extending its 
head. l<eeping an eye fixed on the target prey 
while diving at such speeds is challenging, in part 
because the falcon's acute vision is to the side, 
not straight ahead. Turning the head would in

crease drag and slow the bird down. So the fal
con instead adopts a spiral path that keeps its 
head straight and the prey in sight slightly to the 
side. Better aerodynamics of the body orientation 
more than compensate for the longer stoop path 
(Tucker et al. 2000). 

~ " hour), the stooping falcon tucked in its wings and 
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greatest at lo\V and high speeds. Hovering in one place with no airspeed 
is an energetically expensive mode of tlight; flying very tast also is expen
sive. Birds tend to tly at their minimum power speeds (3()-60 kilometers 
per hour), which 111inimize the rate of ftJci use and maximize tl1e tirne 
airborne (Rayner l9R5~1). 

Birds do not ahvays strictly adhere to tlight speeds that minimize po\ver 
costs (McLaughlln and l\!lontgomerie 1990; Bruderer and Boldt 2CJ01). 
Hununingbirds, for CX<lmple, hover expensively in fi·ont of tlo\vers to ex
tract llL'ctar, and they fly E1st to beat competitors to nectar-t111ed flovvers 
(Gill 1985). Peregr;ne Falcons dive on prey at breath-taking speeds (Box 
5-1). Additionally, a bird should tly faster than its minimum power speed 
to achieve the tnaximum flight range \Vith a given amount of fttd be
cause the added n1omcntum carries it farther f()r the same total power in
vesunent. Flight at this maximum range velocity is most characteristic of 
long-distance rnigrants, such as geese (l3ox 5-2). Migrating Common 
Swifts travel at about 40 kilometers per hour, close to their predicted 
maxinwm range velocity. In contrast, \vhile feeding, Common Svvifi:s 
cn1ise slowly at only 23 kilon1eters per hour, close to their predicted min
irnum po\ver speed. 

Kinds of Flight 
13eyond the basics, birds have exploited an extraordinary range of special
ized modes of tlight. Simple aerodynamic models and compat;sons with 
airplanes do not always accurately apply to the dynamics of actual flight. 
Small birds, particularly, use varied fonns of tlapping Hight that reduce 



BOX 5:....2 

FLYING IN FORMATION 
Flying in formation helps to 
save energy, especially in large 
or heavy birds, such as geese. 

with small wings relative to their mass (Badgerow 
1988; Alexander 1992). By flying just off the wing 
tip of the preceding bird, each goose cancels some 
of the air turbulence at its own wing tips, which 
reduces induced drag and saves energy. In the fa
miliar "Vee" formations of migrating geese, each 
individual bird flies off and behind the wing tip 
of the bird in front of it (see illustration). 

"Vee" formation of migrating geese. Proper positioning 
relative to the air currents from the wing tips of the 
preceding bird saves energy. [After Alexander 1992] 

The energetic advantage of formation flight 
could be as high as 50 percent. Direct measures 

of the energy output of pelicans trained to fly in 
formation proved that they use from 1 0 to 14 

percent less energy in flight formation, partly be
cause the group's airstream allows those in back 
to glide more than the leaders can (Weimerskirch 
et al. 2001). 

{) 
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FIGURE 5-7 Use of 
thermals by a gliding vulture 
to counteract sinking. [After 
Pennycuicl< 1973] 

profile drag and that level povver costs in relation to airspeed. In this sec
tion, \Ve start \Vith simple forms of flight-soaring and gliding-and pro
ceed to features of cornplex t1apping flight. 

Soaring, or Gliding, Flight 

The so~u;ng flight of vultures and rnany other birds illustrates how the 
t"l1rces of weight, lift. and drag work in this simplest form of flight. With
out flapping their \Vings to ~1pply forward thrust, so~ning vultures gradu
ally lose altitude in still air-that is, they "sink "-because of drag. Glider 
airplanes also sink at predictable rates that take into account their airspeed 
and wing di1nensions. Sink rates are lowest when drag is lowest. at inter
mediate tlight speeds. Soaring birds and gliders both counter their in
evitable descent by taking advantage of rising air. The two princip:1l w·ays 
of doing so are called thermal soaring and slope soaring. 

Thennal soaring exploits columns of warm air that rise when the 
ground is ht>ated by the sun (Figure 5-7). The soaring bird circles up
ward vvithin the column of rising air and then glides to the base of an 
acljacent thennal. The bird continues to E1ll relative to the air. bur air rises 
in thermals at the rate of approxin1ately 4 meters per second, which eas
ily offsets a sink rate of 1 to 2 n1eters per second. Colin Pennycuick (1972) 
pioneered thc study of the gliding t1ight of birds by t(Jllowing vultures 
that comn1uted tl-om their roosts to feeding grounds out on the Serengeti 
Plain of East Afi·ica. He did so tl·mn his own plane, a motmized glider 
that could simulate the tlight of the vultures but that could also generate 
thrust \Vhen necessary. The vultures could travel 75 kilometers by using 
only six thennals that rose to heights of 1500 rneters. Migrating hawks, 
such as the Broad-winged H;nvk in eastern North An1erica, also usc ther
mals, a practice that allows tht>m to cover long distances with maximum 
economy. Flocks of Uroad-\vinged Hawks, c:1lled "kettles,., nsmg 111 a1r 



thennals as \veil as wind deflected up\vard by the ridge. are a special 
attraction at Eunous hcnvk-w~1tching locations, such as Ha\vk J\.1ountain 
in eastern Pennsylvania. 

Slope soaring exploits a di±Terent kind of rising air-narnely, the air 
that is deflected up\:vard \vhen it hits a terrestrial ridge or ocean wave. 
Migrating hawks soar along ridges and gulls hang efi(xtlessly' behind boats 
or above the ocean beach by riding the deflected air currents. Seabirds, 
such as the long-winged albatrosses, can cruise expertly along to the \Vind
ward sides of large wave crests. If the line of the -vvave crest is not in the 
intended direction of traveL the albatross can fly into a head wind by al
ternately rising off the crest of a \Vave and gliding at an angle to an 
adjacent wave. This so-called dyn~unic so~uing takes advantage of the layers 
of dif1erent \Vind speeds above the ocean. The albatross accelerates do,:vn
\Varci trorn the t~1st-1noving, upper air layers into the slo\ver-moving, lo·wer 
air layers: then, they swing up-vvind. As they lose speed and lift, they bank 
again into the fast-n1oving, upper air layers. 

Flapping Flight 

Gliding Hight rninimizes the use of powered thrust to overcome the neg
ative et1ects of dr~lg. Flapping flight, on the other hand, adds thrust to the 
controlling t(xces. Each primary Hight feather fi.mctions as an airfoil, as 
can the \:\,ring itself When these airfoils change their orientations down
ward tl-01n the horizontal, a part of the upward lift that they generate 
changes into forward thrust. This principle is illustrated by the perform
ance of the rotating blades of a helicopter. Each blade is an airfoil posi
tioned at the best angle of attack relative to the s\veep of the rotor. When 
the blades rotate in a horizontal plane, air is deflected directly dovv'll\Vard 
to generate lifi: that oflsets the weight of a hovering helicopter. By tilting 
the rotor tonvard. the blades drive air backward as well as do\vnward, 
thereby i1nparting forvvard thrust and causing the helicopter to 1nove t(1r
·ward (Figure 5-8). 

Lift on rotor 

Drag on -------' rust 

fuselage 

Weight Weight 

FIGURE 5-8 Hovering (left) and forward (right) flight of a helicopter. When the 
blades of the rotor rotate in a position that is horizontal to the ground, the lift that 
they generate balances the downward pull of gravitation, called weight. Tilting the 
rotor directs some of the lift in a forward direction, called thrust, and generates 
negative forces, called drag. 
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propellers in the \ving tip and \Vith smne distinction bet\veen the contri
bution of the inner \Ving and that of the outer wing (see Figure 5-1). In 
the outer half of the \ving. each primary tl.1nctions as a snuller, separate 
aidoil; together they can produce forward thrust. as does the propeller of 
an airplane. To produce fonvard thrust, the aitfoils of propellers and of 
pritnaries n1ove vertically rather than horizontally through the air. As the 
leading edge of the primary slices the air cohnnn during the downstroke. 
the net pressure on the b;Jck sur£1ce pushes the feather tonvard. Control 
of the angle of attack of each prinury hy tendons and nlL!scles, as \Veil as 
by the natural responses of the flexible vanes to air pressure. results in a 
continuously integrated systern of feather positions through the \Ving 
stroke. The tonvard forces of thrust produced by the propeller-like pri
nuries are transferred to the inner wing. the horizontal movement of 
which generates lift. The result is forward tlight. 

The san1e principles apply to the \Ving action ofhun1mingbirds. vv·hich 
an1ong vertebrates sustain the highest kno\:vn levels of oxygen consump
tion and n1uscle-power output \:vhile hovering (Cbai and Dudley 1995). 
In his pioneering analyses of bird flight, Cr~nvford Greenevv·alt (1 960a) 
took high-speed movies of hun1n1ingbird flight and then studied them at 
slo-vv speeds to discover hovv hmnrningbirds achieve their remarkable con
trol. He concluded that hummingbird flight resernbles that of a helicop
ter or, more precisely, a novel cmnbination of airplane and helicopter ]n 
\vhich the propellers rotate about a horizontal axis to produce various 
cmnbinations of lift and ftJrward thn1st. Greene\valt describes the action 
thus: 

In hovering flight the \vings tnove backvv'ard and torward in a 
horizontal plane. On the down (or tonvard) stroke the wing 
n1oves -vvith the long leading edge t't1rward, the feathers trailing 
up\:vard to produce a smalL positive angle of attack. On the back 
stroke the leading edge rotates nearly a hundred and eighty 
degrees and rnoves back\vard, the underside of the feathers now 
uppennost and trailing the leading edge in such a \:vay that the 
angle of attack varies fi-mn wing tip to shoulder. producing 
substantial twist in the protlle of the -vving. [Greenewalt 1960a, 
p. 233J 

A hummingbird can move t()n:vard or backvv'ard fi-orn stationary hov
ering, just by changing the direction of the \VingbeaL because every an
gle produces a dit1erent con1bination of lifi:: and thrust. Forward veloci
ties increase as the wings beat in an increasingly vertical plane. This 
rotation of the wing is rnade possible by the unusual structure of the 
hurnerus and its articulation \Vith the pectoral girdle. The secondaries of 
a hurnmingbird's inner \ving are short, and the outer pritnaries arc elon
gated to form a single, specialized propeller. The cornplete stroke of the 
wing tip describes a figure-eight pattern, \Vhich includes a powered up-



Forward 26 m iles per hour 
(top speed) 

Hovering 

Forward 8 .6 miles per hour 

Backward fligh t 

FIGURE 5-9 Hummingbird wing motions. In forward flight, the wings beat vertically 
to generate forward thrust . In hovering flight, the wings beat horizontally in the 
pattern of a flattened figure eight. To fly backward, the hummingbird tilts the angle of 
wing action to create rear-directed thrust. [After Cremewnlt 196011] 

stroke as \veil as dO\vnstroke (Figure 5-9). The upstroke generates only 
one-third of the power generakd by the downstroke, not the same 
amount , as was believed for many years (Warrick et al. 2005). 

Like th e wings ofimL·cts, the wings ofbird~ and their controlling mus
culature oscilbte ITlL'Cha11ically with intrinsic elasticity (Grcenewalt 1960b). 
The winhrs of a Ruby-throated Hummingbird, for example, beat at an es
sentially constant rate of 53 strokes per second. The durations of the up
stroke and dovvnstroke are equal. The wingbeat rates of various species 
of hummingbirds and most other birds decrease predictably \Vith increas
ing wing lengtlL as oscillation theory predicts. Thest• observations have 
important implications for the neuromuscular basis of avian tJight. After 
the wingbeat rate has rcKhc.·d its nan1ral oscillating ti-equency, the nerves 
and muscle fibers respomibk tor sustaining the rhythm need to fire per
haps only once every t(ll!r beats, like a child on a swing \Vith only an 
occasional push by the parent. 

l3irds in ~light control \itt and thrust in complex. rapid. and cominu
ous pattems (Wanick et aL 199X). No aircraft approaches the average 
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TABLE 5;;_1 

Statistic Plane (type) Bird (species) 
~----- --·-~------ ~-----·------

Travel speed (body lengths/second) 32 (supersonic srt-1) 75 (Common Pigeon) 
120 (Common Starling) 
141 l (swifts) 

Roll rate (degrees/second) 
G f(Jrces allowed 

From Dial l(N-1-. 

Downstroke 
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720 (A-4 Skyhawk) 
4-5 (general aircraft) 
8-10 (select military aircraft) 

50()() (Barn Sw;1llow) 
10-14 (many species) 
Note: Hundreds of times per day 

bird's acrobatic maneuverability (Table 5-1). Slow-Inotion photographs 
of birds during takeotl <lerial maneuvers, chases, and landint,rs reveal the 
precise changes in \Ving position that control body orientation and air
speed (Figure 5-1 0). Birds rarely crash. Even more important than the 
integration of lit1: and thrust is the independent control of each \Ving. 
Asymmetrical \:ving actions enable a bird to steer, turn. and t\vist. By tlap
ping \Vith one wing oriented t(n·ward and the other \Ving oriented back
ward, the bird can execute an abrupt tun1. Setting the wings in a partly 
t()lded position reduces the amount of lifi:. controlling the loss of altitude 
gradually while gliding. By setting one \Ving back t:u·ther than the· other. 
the bird adds curvature to its glide path. 

About 50 ditTerent 1nuscles control the \Ving move1nents. Some mus
cles t()ld the wing; others unf()]d it. Some pull the wing upward. others 

(~-=~:-
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FIGURE 5-10 Complete wing stroke of the duck. Black arrow sections trace the 
movement of the wing tip through the wing stroke. [After Burton 1990] 



(A) 

(B) 

FIGURE 5-11 Wingbeats leaving trailing currents of swirling air. (A) The powered 
downstroke of slow-flying pigeons produces doughnut-shaped patterns of air currents 
called vortex rings. (B) The pattern of vortices trailing behind a fast-flying kestrel with 
continuously integrated powered downstrokes and recovery upstrokes. [After Alexander 
1992] 

pull it down, and still others adjust its orientation. In 1nost small birds, 
only the do\vnstrokc is the power stroke. Little lift is achieved on the re
covery stroke. during \vhich the prinnries are sep;1rated to minimize air 
resistance. Powered do\vnstrokcs t(J11owed by simple recovery strokes pro
duce doughnut-sh~1ped rings of turbulent, swirling air, called vortex rings. 
in the wake of the tlying bird (R.ayner 1 ()88; Figure 5-11 ). The t()rces of 
lift and thrust on the \Ving arL· continuously integrated during the normal 
wingbeat. The conversion of the trailing vortices from doughnut-shaped 
rings into continuous streams in E"l.st tlight is due to the integration of 
forces fi·om the wings· downstrokes and upstrokes. These trailing vortices, 
ho"\vever, n1ust be lett behind in a controlled t~1shion: tlapping too slowly 
causes the turbulence to backl;1sh; flapping too fast causes intertc·rence of 
the turbulence with the next upstroke. As a rule, birds increase their air
S~)L'C<l not by beating their wings t~1ster, but, instead, by increasing the 
atnplitudt: and orientation of their wingbeats to achieve greater thrust 
(Tobalske and Dial 1<J<J6). 

One nmnber, the Strouhalnumber, ddines optimum rates of wing (or 
tail) motions to etTect tlight etlicicncy (T;1ylor et al. 2003; Whitfield 2003). 
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FIGURE 5-12 Conical 
leading-edge vortices create 
lih on the tapered wings of 
swifts by deflecting the 
oncoming airstream 
downward. The expanded 
area indicates the downwash 
that generates lift. Leading
edge vortices first appear off 
the wrist and continue to be 
generated along most of the 
length of the narrow wings 
but move inside and upward 
and then behind the wing 
tip itself. [After Vide/er et a/. 
2004] 

Simply multiply wing-stroke speed times body size. and divide by for
ward speed. Birds, as \Vell as bumblebees , bats , and locusts, all operate 
most efliciendy at the predicted Strouhal numbers fi·om 0.2 to 0.4. So do 
swirmning animals from fish to v:hales. 

Adding to the acrobatic abilities of aerial birds such as swifts and hurn
rningbirds are recently discovered sources oflift on the outer vvings , called 
leading-edge vortices (Videler et al. 2004; Muller and Lenti11k 2004; War
rick et al. 2005). Already known as a tl.mdamental of insect flight, leading
edge vorcices may also play a major <lerodynarnic role in bird ilight. The 
sharp leading edges of the wings of swifts, for example , spawn a swirl of 
air that can aid flight if it is stabilized and channeled to best etfect. By 
sweeping their \vings backward in gliding tlight . birds can convert the 
leading-edge vortex into a tiny tornado at the wing tip (Figure 5-12). 
Lmv pressures in the core of the vortex tornado suck the wing tip up
ward or forward, depending on its orientation. The small, swept-back 
wings of supersonic fighter jets exploit the same aerodynamic etTects. The 
leading-edge vortices add lift in variable wind speeds and even at low an
gles of attack . Changing wing positions changes their immediate effect, 
\".:hich enables S\>..:itts to turn quickly to catch insects. 

Landing on elevated or arboreal perches, particularly, requires excep
tional control of flight trajectory. Birds are unique among flying verte
brates in the way that they land (Caple et al. 1983, 1984). Aerial species 
such as bats, flying squirrels, and certain lizards make contact with their 
forelimbs and then rotate their bodies downward until the hind feet touch 
the landing surC1ce (Figure 5-13). Variations exist, but only birds rotate 
their centers of mass upward to stall directly over the landing site. 

FIGURE 5-13 Varied Thrush landing on a tree stub. Note the for.\'ard extension of 
the feet as the thrush controls the final touchdown . [After Able 2004] 



Supplementing the wings are the rail's co11tributions to Hight, which 
may be minimal in species with small tails bur substantial in other species. 
Tails hdp to control t1ight position and stability ~1s vvell as aid steering and 
braking. Tails also add lift by improving ;Jililow over the \Vings, especially 
at slow speeds. and by reducing turbulence as air passes over the body. 
This contribution may be more important in young birds that are learn
ing to t1y than in skilled adults. Immature rapcors. in particubr, tend to 
have longer tails than those of adults. The size difference (as much as 15 
percent) is most pronounced in short-tailed eagles such as the I3ateleur of 
East Ati·ica, as well as in the Euniliar Red-tailed Ha\vk of North AmL·rica. 
Corresponding to the increased lift, immature raptors have a more buoy
ant Hight than do adults. Extra lit( apparencly reduces the chance of in
jury when they strike prey and f1cilitates their mastery of early tlight and 
hunting skil1s (Amadon 19HO). 

Intermittent Flight 

Many birds alternate regular bouts of Happing tlight with short periods of 
nontlapping tlight. Cooper's Hawks and Black Vultures, t(x exan1ple, t1ap 
several times and then glide, appropriately called tlap gliding. Finches and 
woodpeckers rise and 611 as they alternate Happing and nontbpping 
sequences in their characteristic t1ap-bounding flight. These t\vo 1nain cat
egories of so-called intermittent Hight both reduce a bini's power costs. 
They are distinguished by wing positions-v.,rings extended in gliding 
versus wings folded, or Hexed, in bounding-and by their advantages at 
diHerent tlight speeds. Flap gliding reduces predicted costs at slower air
speeds, especially those below minimum power speed (Rayner 1985b). 
Conversely, t1ap bounding reduces predicted costs at f:tst speeds, especially 
at or above maximum range velocity. Experiments in wind tunnels sup
port these predictions. Mid-sized species such as the Conunon Starling 
shift tl-om tlap gliding at slow airspeeds to t1ap bounding at high airspeeds 
(Tobalske 1995). The two modes of intermittent flight also scale differ
ently \:Vith respect to body size. Flap gliding i' t~nrorcd in large birds, 
whc..Tcas tbp bounding works best in small and mid-sized birds. The 
European GrL'cn Woodpecker is the largest species (176 grams) known 
to employ tlap bounding (Tobalske 1996). 

Wing Sizes and Shapes 
Hight spc·c..·ds, gliding ~lbility, aerial agility, and energy consumption all de
pc..·nd on the <.;ize and shape of a bird's wings (Figure 5-14). The costs of 
Hight arc determined by the relation between a binfs total wing area and 
its body mass-that is, how much mass, in gran1s, must he c1rried by each 
unit area of wing sur£JCe. The relation between wing area and body mass, 
called wing loading, is given in grams per square centimeter of wing
surface area. Some birds have small wings relative to their body nuss, 
and thus high \Ving lo;ldings. ()thL'r birds have proportionately large wing 
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(B) 

(C) (D) 

FIGURE 5-14 Flight abilities vary with the shape of bird wings. (A) Long, narrow 
wings, such as those of an albatross, are best for high-speed gliding in high winds. 
(B) Short, rounded wings, such as those of a grouse, permit fast takeoffs and rapid 
maneuvers. (C) The slim, unslotted wings of falcons permit fast , efficient flight in open 
habitat. (D) Slots in wings of intermediate dimensions increase the lift and gliding 
ability of buteos. 

areas, and thus low vving loadings. The Thick-billed Murre , a species of 
auk that spends much of its time S\vimming and diving, has small wings 
and high w·ing loadint,TS (2.(, grams/square centimeter). The murre and 
other diving birds-loons, grebes, and diving ducks-with high wing 
loadings must run over the water, tbpping their wings to gain enough lift 
for tJight. In contrast, the large-area wings of similar-sized raptors, such 
as the R ed-tailed Hawk, translate into low wing loadings that allm:v pro
longed soaring. Songbirds tend to have· large wings for their bndy mass 
and , consequently, low wing lo;Jdillt,'"S of about 0.1 to 0.2 gram per square 
cemimeter, ;11lowing ti·equent laun ches and xtive maneuverable tlight at 
rebtively low cost. 

Wing dimensions also affect liti: and drag forces and . as a consequence. 
mode of flight. The long, narrow, pointed \Vings of albatrosses, Ellcons. 
and S\vallows have a high lift-to-drag, or so-called aspect, ratio. They are 
adapted to eHicient soaring and open-country tlying at r;1st speeds. The 
long, narrow \vings of albatrosses, t(n· example. produce more liti: than do 
shorter, broad \vings of equal total area because the leading edge of a wing 
produces the most lift; the rear half of a wing produces the least Thus, 
long, high-lift wings enable Turkey Vultures to begin soaring early in the 
day. In contrast, their short, rounded wings force Bbck Vultures to wait 
tor the assistance of rising warm-air currents until they can soar without 
expensive flapping. In addition, induced dr:1g, or turbulence, declines as 
wing length incre<1ses. Long. narrow wings separate the wing tips where 
turbulence is greatest. Although long. n:1rrow wings are best for g\iding 
and f1st open-country tlying, they sacrifice maneuverability . Thus aerial 
birds typically have long, pointed wings, whereas species living in dense 
vegetation have short, rounded wings. A t1lcon's pointed wings serve it 



well in high-speed chases in open country, whereas a Sharp-shinned 
Hawk's short. rounded wings enable it to chase small birds through dense 
vegetation. 

Short. rounded wings have a low aspect Lltio. They are best tor 
maneuvering tlight and explosive· takeoffs tint require f;1st wingbL·ats. 
Wrens have short. rounded wings. Their rapid wingbeats enable them to 
maneuver anud seemingly impenetrable networks of branches and vines. 
The short. rounded wings of quail and pheasants permit short bursts of 
npid acceleration. enhancing their chances of escaping predators. 

The Skeleton 
The skeleton of a bird is uniquely structured for t1ight (Figure 5-15; see 
also Figure 1-3). Fusions and reinfi.)rcements ot- lightweight bones make 
the avian skeleton both powerful ;md delicate. Unusual joints not only 
make Hight motions possible but also brace the body against the atten
dant stresses. The skeleton strategically supports the large muscles that pro
vide the power for flight. 

In cross section, many bird bmws are light. air-tllled structures unlike 
the dense. solid bones of many terrestrial animals. The hollow, long bones 

Digit 3 
Digit 2 Humerus Hyoid 

Digit 4 -:;:-----l!!-... 
Carpometacarpus ___; _____ --"'1\i""':-J 

Ear 

Clavicle or furcula 

Pygostyle Uncinate process 

Tibiotarsus 

Tarsometatarsus 
Digits 

FIGURE 5-15 Major features of a hummingbird skeleton. [After Tyrrell and Tyrrell 
1985] 
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heavy, bony ja\v filled \vith dense teeth. birds h~1ve ;1 light\veight, toothless 
bill. The huge bills oftoucms, being hollow, are not the burden they seem. 

-BOXS--3 

Despite these adaptations tor reduced mass, the bird skeleton with
stands the strains imposed by flight. The thorax is more rigid and better 
reinforced than that of a reptile. The hinged, bony ribs tl·ame a strong 
bridge bet\veen the backbone and the breastbone but allo\V expansion tor 
breathing. H01;zontal bony tlaps, called uncinatL· processes. extend posteri
orly tl-on1 the vertical upper t;bs to overlap the a(.~acent J;bs and reinforce 
tlw rib cage. The sternum, or breastbone. typically has a large ked, or 
Cll;na, that anchors the m~~ior flight muscles. A bird\ tlying ability incrL·ases 
with thL' size of its keel: some llightless birds lack the keel completely. 

The flight muscles act in concert \Vith the bones of the pectoral gir
dle, \vhich include, on each side, the coracoid, scapub, and furcula (Fig
ure 5-16). On top of the rib cage are the long, saberlike scapulae. each 
of \vhich joins to the coracoid and ftircula (Box S-3). This triangular sys
tem of struts resists the chest-crushing pressures created by the wing strokes 
during flight. An acute angle between the scapula and the coracoid in
creases the potential exertion torce of the dorsal elevator muscles. which 
help to pull the humerus, or upper \:Ving bone, up,vard. This angle is 
oblique in tlightless birds. 

Tlw avian wing is a moditled t(Helinlb. The hmnerus, ulna, and radius 
are hmnologous to the limb bones of other vertebrates. Large sur£1ees at 
the joints bet\·Vcen the limb bones allow the resting '"ling to t()ld neatly 
against the body. These elaborate joints also pen11it the wing to change 
positions and angles dw;ng takeoff Hight. and landing. When outstretched, 
these joints arc strong enough to withstand the \Vrcnching forces created 
during w·ing strokes. 

The fused hand and tlnger bones help to provide strength and rigid
ity in the outer wing skeleton. IVlost of the \Vrist bones-the c~1rpals and 
metacat-p~1ls-are ti1sed into a single skeletal element called the carpo-

THE FURCULA IS A FLEXIBLE, ELASTIC SPRING 
In most birds, the furcula, or 
wishbone of the holiday dinner 
turkey, is a fused pair of clavi-

cles, or "collar bones:· and serves as a strut, or 
spacer, between a bi rd's shoulders. X-ray movies 
of flying Common Starlings reveal that, in flight, 
the furcula can act as an elastic spring Uenkins 
et al. 1988; Pool 1988). With each beat of the 
wing, the upper ends of the furcula spread widely, 
becoming as much as 50 percent wider than the 

1 
, normal resting width, and then contract. The fur-

cula repeats this cycle of wide elastic expansion 
and contraction from 14 to 16 times a second in 
synchrony with the starling's wingbeats. Exactly 
how the spring action of the furcula aids flight is 
unclear, but it may enhance respiratory perform
ance by pumping air through the air sacs (see 
Chapter 6). Because it functions as a rapidly 
vibrating spring, the wishbone "may be one of the 
most dynamic skeletal units in the vertebrate 
world" (1<. Dial, in Pool 1988). 
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FIGURE 5-16 Right front view of the pectoral girdle and sternum of a pigeon. The 
ventrally located supracoracoideus muscle raises the wing by means of a pulleylike 
tendon that passes to the dorsal surface of the humerus through the triosseal canal 
between the furcula and the coracoid bones, plus the scapula (illustrated in Closer 
Look). The curved arrow indicates the action of this tendon. The pectoralis muscle, 
which has been removed in this drawing but is shown in the Closer Look, inserts onto 
the lower side of the humerus and pulls the humerus downward, as indicated. [From 
George and Berger 7966; "C/o5er Lool<" after AlJ!e 2004] 

Inetacarpus. There are only .2 ti-ee carpals in the avian \Vrist, t~1r tewer than 
the 1 () or more in most vertebrate wrists. The hand itself includes t!1reL' 

digits, rather than the five t(nmd in most tetrapods. The alula. or bastard 
\Ving. orit,rinates ti·om the t1rst digit, the thumb. and 1noves independently 
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and compact packages of tiny rnuscles that control the subtle details of 
vving position. 

Flight Muscles 
The two great tlight rnuscles-pectoralis and supracoracoideus-originate 
on the keeled sternmn and insert onto the expanded base of the humerus. 
Their ventral positions help to lo,:ver a bird·s center of gravity in flight. 

The pectoralis muscle con1plex accounts tor as much as 35 percent of 
a binfs total body ·weight. Contraction of this muscle pulls the \Ving do\vn 
in the power stroke. DitTerent sections of this architecturally complex 
muscle enable takeotl level tlight .. and landing. The pectoralis muscle at
taches to the furcula and to the strong membrane between the coracoids 
and the furcula. It also attaches to the peripheral parts of the sternum, 
including the outer part of the keel. In tree-trunk-climbing birds with 
shallow keels, such as v..roodcreepers, the pectoralis n1uscle spreads thinly 
over the rib cage tor attachment. 

The supracoracoideus muscles lift the wings on the recove1y stroke 
(see Figure 5-16). The supracoracoideus nmscles are typically smaller than 
the pectoralis n1uscles. From each of these 1nuscles positioned ventrally in 
the sternum, a strong tendon passes upwJrd and forward through the 
triosscal canal (tanned by the junction of the coracoid. scapula, and fur
cula) and inserts onto the dorsal side of the base of the humerus. The dor
sal insertion of this tendon enables the ventrally located supracoracoideus 
nll!scles to raise the \Ving .. as if by a pulley. The supracoracoideus mus
cles po\ver the rapid initial wingbeats that are essential for clearing the 
ground quickly upon takeoff and achieving a minimal airspeed. A pigeon 
is unable to take otT fi-mn the ground if its supracoracoideus tendons are 
cut experimentally (Sy 1936). Once launched and airborne .. however, 
pigeons can tly withotlt functional supracoracoideus nmscles because the 
smaller dorsal elevator muscles can handle the less demanding recovery 
strokes of the \Vings during sustained flight. 

H ununingbirds use the upstroke of the wing as a propelling power 
stroke rather than as a recovery stroke. Lot,rically, the supracor<Icoideus of 
hummingbirds is five times as large relative to body size as that of most 
other birds. It is half the size of the pectoralis muscle and constitutes 11.5 
percent of total body mass, ntore than in any other bird. The supracora
coideus muscle is also Lmusually large in pcnt.,ruins, whose tlippet-s propel 
then1 fonvard with a po\vered upstroke as well as downstroke. 

Muscle-Fiber Metabolism 
The power for t1ight derives ti·om the metabolic actiVIty in the cellular 
fibers of flight nwscles .. some of \Vhich have an extraordinary capacity t(x 

atTobic metabolism. Certain 1nuscle t1bers are suited to specitlc modes of 



tlight. R.ed and white tibers arc the extren1es of the variation, but inter
mediate tlber types exist. 

Sustained tlight power derives ti·om a high conCL'ntration of red nnls
cle tlbers in the t1ight muscles. The sustained contraction power of red 
muscle tl.bers results fi·om the oxidative metabolism of t~H and sugar, \Vhich 
is tenned aerobic respiration. These narrow fibers have high stn{tce-to
vohm1e ratios ~md short dit1l.1sion distances, which aid the uptake of the 
oxygen required t(w aerobic 111etabolisn1. They also contain abundant 
myoglobin, mitochondria, Elt, and enzymes th~u catalyze the chain of 
metabolic reactions known as the Krebs cycle. Experirnental studies of 
extracts from pigeon breast muscle, which is rich in red fibers and the 
associated enzymes. have contributed to our present knowledge of aero
bic metabolism. The aerobic capacity of thL' t1ight muscles of sma11 song
birds and small bats is at thL' highest level knll\Vll for vertcbratL's. 

Few birds have muscle that consists entirely of red tlbers. 1-lathcr, 
blends of different fibers that combine long-term L·ndnrancc in tlight \Vith 
short-term power are typical of 1nost birds. White muscle fibers provide 
this short-tenn power through anaerobic metabolism. which does not 
require oxygen. Unlike red tl.bers, they contain little myoglobin, few mi
tochondria, and a dit1l:rent set of enzymL'S. The white fibers arc capable 
of a tew rapid and powertl.1l contractions, bur they fatigue quickly as lac
tic ~lCid-;1 product of anaerobic 1netabolism-accumulates. The light 
rneat of the breast tnuscles of dmnestic fowl and grouse consists }-n-ima
r1ly of narrovv, -vvhite muscle fibers, the source of po\ver tor explosive 
takeotr The short-term power of white rnuscle fibers is useful as we11 
t(w f~lst turns and evasive actions in tlight, but the birds tire easily and 
cannot tly long or t:n·. 

Flightless Birds 
Not all birds fly. Besides the ratites (e.g., ostriches and c1sso-vvarics), there 
arc tlightless grebes. pigL'Ons. parrots, pL'nguins, watetiowl. connorants, 
auks, and rails. The original faunas of ren1ote predator-tl-ee islands, such 
as the Hawaiian Islands in the Pacific Oce-an and the Mascarene Isbnds 
in the Indi;m ()cean, included a host of tlightless birds: geese, ibises, rails, 
parrots, and the extinct Dodo (see Box 21-1 ). If Hight and n1obility arc 
so clearly advantageous to the n1ajority ofbirds, why are some birds flight
less? The answer lies largely in the costly development and maintenance 
of thL· anatomical apparatus required t(x tJight. An enlarged, keeled, cal
cified stc.'TIHim and large pectoralis muscles, for example, are expensive to 
produce. Their rnaintenance also requires much energy. In the absence 
of ~H .. ivantageous uses, such as the need to tly fi.-om predators, natural se
lection f1vors reduced investment in the material and energy tc)r tlight 
(McNab 1994). l-lails often evolve tlightkss forms on islands where pred
ators are absent (()}son 1973). Itails also typically delay until they are 
nearly full gro\vn the addition of calciun1 to the (cartilaginous) sternum, 
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FIGURE 5-1 7 Skeletons of the l<ing Rail. a flying rail, at (A) 17 days and (B) 47 days 
after hatching (size reduced so that femur lengths in the two drawings are equal). 
Stippled areas represent cartilage. Note the obtuse angle formed by the articulation of 
the scapula and coracoid in the younger form and the acute angle in the older form. 
[From Olson 1973] 

strengthening it into a bony structure that supports Hight (Figure 5-17). 
Simple postponement of this conversion vvould lead to Hightlessness. In 
the fossil record, cvolution:try reduction of the sternal keel and the mass 
of flight n1uscles is, in t~lct, a first sign of reduced flying ability. The angle 
between the scapula and the coracoid also becmnes n1ore obtuse, and ul
timately the wing bones become smaller. The flightless kiwis of New 
Zealand. for example, have only vestigial wings. 

Other routes to the evolution of ilightlessness are seen in specialized 
diving birds. Foot-propelled divers, such as loons. ~ebes, and cormorants, 
have evolved povverful legs and feet that function as paddles. If evolution 
trvors hindlin1bs tor locornotion, ·wings and associated pectoral develop
tnent tnay regress and render a diving bird nearly or cmnpletcly tlight
kss. Extn:1nc cases arc those of the tlightless Titicaca Grebe of Lake 
Titicaca. Peru, and the Flightless Cormorant of the Galapagos Islands (Fig
ure 5-18). Reduced-sized vvings trap less air, thereby reducing buoyancy 
that interferes w-ith diving. 

Penguins, which are vving-propellcd divers. represent another roure to 
flightlessness in specialized diving birds. Their wings propel thun through 
\Vater rather than through the air; their teet act as rudders rather than as 
paddles. The evolution of such forms has occurred not only in penguins 
but also among the auks in the Northern Hemisphere. 

The evolution of wing-propelled divers fi·om t1ying birds proceeds 
through an intermediate state in which \Vings are used for both under
\Vater propulsion and aerial tlight. Diving petrels represent the inter-



FIGURE 5-18 Flightless Cormorant drying its little wings after swimming. This species 
retains an ancestral behavior that is typical of other, flighted species of cormorants, 
which must dry their water-soaked flight feathers after a swim in order to fly (see page 
81 ). [Michael Gore/Fran!< La11c Picture Aqency/CORBIS] 

mediate stage in the evolution tiom flying petrels to tlightless penguins. 
Auks, such as the R.azorbill, \Vith dual-purpose wings, represent the in
termediate stage in the evolution of specialized divers ti·om tlying ances
tors to the flightless Great Auk of the North Atlantic. The progressive 
specialization of wing skeletal structure is evidem in the changes ti-om the 
slim wing bones of a gull through shorter and heavier bone structures to 
the broad. tlat wing skeleton of a penguin's flipper (Figure 3-J()). 

Summary 
Structural adaptations for tlight dominate avtan anatomy. Fusions and 
reinforcements of lightweight bones are among the adaptations of the 
avian skeleron for flight. Of particular importance are the keeled sternum , 
which supports the powerful pectoralis and supracoracoideus flight mus
cles, and the strut-like arrangement of the pectoral girdle. The tendons 
of the ventrally located supracoracoideus muscles pass through the triosseal 
canal to dorsal insertions on the humerus_ The red fibers of avian flight 
muscles have an extraordinary capacity for aerobic metabolism and sus
tained work. 

The form of the wing and of the individual tlight feathers is that of 
an airfoil , which generates a t(Jrce called lift as air passes over and is 
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FIGURE 5-1 9 
Modifications of the wing 
skeleton in wing-propelled 
diving birds: (bottom to 
top) an aerial gull, an auk, 
the flightless Great Auk, an 
extinct penguinlike auk, and 
a penguin. [From Storer 
1960] 
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CHAPTER FIVE detlected dovnnvard by the asymtnetrical surfaces. Control of flight is 
achieved through changes in wing and \Ving feather positions and through 
the use of slots between feathers. Gliding birds exploit rising air currents. 
both heated thermals and slope-detlected air, to gain altitude without the 
exertion of Happing. Hummingbirds achieve extraordinary maneuverabil
ity in tlight by beating their wings at different angles in a figure-eight pat
tern that includes a po\vered upstroke as well as a powered downstroke. 
Flight povver requirements are least at intermediate tlight speeds. but birds 
often tly t~1ster or slower than this speed to maximize distances traveled 
or to teed. Particular wing shapes adapt birds to specific modes of flight 
because they intluence the penalties of induced and profile drag relative 
to the wing's ability to generate lift and thrust. Long. narrow \Vings sac
rifice maneuverability for high-speed flight with low drag. Birds are the 
only vertebrates that can land with precision on elevated or arboreal 
perches. 

S01ne birds have bccmne tlightless, particularly on remote islands that 
lack tnanunalian predators. Delayed ossitlcation of the sternum in rails 
predisposes them to the evolution of tlightlessness. Specialized diving birds 
rely either on hindlimb locomotion or wing-propelled undenvater loco
Inotion. Extremes of both kinds of diving birds have lost the po\ver of 
flight. Penguins, for example, have tlipper-like vvings. 



Physiology 
ff.lCI:(!ftt j{>r ti'C(~Zht, birds cat more j(1od, C<liiSIIIIIC llltlrC 

OX)~RCII, 1/lOilC 11/<li'C rt~pidfy, and ,lZCII£'/"li{C IIIMC /iedt tflil/1 

any (1{/icr f!Crtchratcs. !Wdry l 'Jf\1, p. 1311j 

F L'athers and t1ight are conspicuous features of birds. Less con-
spicuous, but just as ttmdamental, are the internal systerns of 
metabolisrn and excretion-collectively called physiology. These 

systems sustain daily activities and adapt individual birds to their particu
lar environments, hot or cold. wet or dry. 

The advanced physiology of birds provides both power and endurance. 
Po\ver and endurance derive ~!·om the maintenance of high body ternpera
tures. One advantage of high bod)· temperatures is that activity is uncon
strained by low ambient ternper;ltures. Birds are fi11ly active in the early 
rnon1ing cold. in rnichvinter, and in the high mountains. In turn, high body 
ternperatures demand rnuch cneq . .,ry and w~lter, two resources that often are 
in short supply. Adaptations t(w heat loss and water economy, as well as heat 
conservation. enable birds to live in cxtrerne ;md seasonal enviromnent'>. 

This chapter focuses on the fundamentals of avian physiology
metabolism, temperature regulation, feeding and digestion, and water 
economy. Birds maintain a delicate physiological balance of the conflict
ing needs t()r temperature regulation, activity, and water economy. Sup
porting the demands of sustained aerobic metabolism is a unique and 
highly d11cient respiratory system coupled to a povverful heart and circu
latory system. The high body ten1peratures of birds require active control 
of he;1t exchange with the L·nvironmcnt to consL·rve CllL'l'gy in cold en
vironments and to lose heat in hot environments and in flight. Special
ized bills and digestive systems garner the required L'ner~'Y ~1nd nutrition 
ti·om the environment. Also essL'ntial arc water reserves required tor heat 
loss through evaporative cooling as well as the excretion of electrolytes. 
Iv1ctabolic water is an important sout"CL' of these reserves. 

Physio1ogical constraints influence all aspects of a bini's life. Later chap
ters treat additional features of avian physiolc)b')' reb ted to migntion, repro
duction, stress, disease resistance, and the hormonal control of behavior. 
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FIGURE 6-1 Birds and 
mammals regulate their 
body temperatures to be just 
below temperatures that 
destroy body proteins. 
Shown here are the body 
temperatures of many bird 
and mammal species. The 
curved line represents the 
rate of protein replacement 
as a function of body 
temperature. 

The High Body Temperatures of Birds 
The physiolot,ry of birds, specifically thL'ir n1etabolism, relates directly to 
the maintenance of a high body tetnperature through the production of 
metabolic heat, or endothermy. Most birds, large and smalL in the trigid 
Arctic and in the hottest deserts. keep their core body temperature higher 
than the suiTOlllH.iing air, at about 40°C. High body ternperatures enhance 
intrinsic reflexes and powers. They enable birds to be active, tast-moving 
creatures. In animals gener~1lly, the rates of physiological processes increase 
with body temperature. For example. the trans1nission speed of nerve im
pulses increases 1.8 times with every l 0°C increase in temperature. The 
speed and strength of muscle-fiber contractions triple \Vith each 1 0°C rise 
in temperature. 

The rnaintenance of high body temperatures through endothermy, 
however. is energetically expensive; birds consume tron1 20 to 30 times 
n1ore energy than do similar-sized reptiles. The maintenance ofhigh body 
temperatures also risks lethal overheating. Above 46°C, n1ost proteins in 
living cells are destroyed more rapidly th;m they arc replaced (Figure 6-1). 
causing potentially fiual changes in the chetuistry of the brain. 

Even rnore irnportant than the benefits of endothermy t()r speed or 
strength are those tor endurance (Rubin 1995). Wann amphibians and 
reptiles can escape or strike \Vith lightning speed but are quickly exh~1usted. 
Smne birds tly for hours or days. Increased aerobic n1etabolism and insu
lation were among the major changes that accompanied the evolution of 
reptiles into birds. These changes made possible regulated high body tem
peratures and the 1nany advantages of dependable rates of muscle tl.mc
tion. Higher activity levels coupled \Vith greater endurance opened a ne\v 
range of ecological opportunities tor birds. However, challenges accom
pany the be11efits. The high metabolic demands of tcmper<lture regula
tion and of the daily activities of birds require extraordinary delivery rates 
of energy and oxygen to the body's cells as \Vell as the rapid removal of 
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poisonous metabolic waste products. Etllcient respir;Jtory and circulatory 
systems help to meet these demands and to keep a bird's body chemistry 
in balance. 

The Respiratory System 
The respiratory system of birds is difterent in both structure and ti.mction 
trom the respiratory system of mammals. Avian lungs are small. compact, 
spongy structures molded among the ribs on either side of the spine in 
the chest caviry. The dense tissues of avian lungs weigh as much as the 
lungs of mammals of equal body vveight but occupy only about half the 
volume. Healthy bird lungs are well v;Jscularized and light pink in color. 

Avian lungs are unique in that the air tlows in only one direction. 
rather than in and out as in other vertebrates. How do birds control the 
air so that it tlO\vs through their lungs when they em only inhale and ex
hale through one trachea? The solution is a surprising combination of 
unique anatomical features and the manipulation of airtlov,.·. Supplement
ing the lungs is an elaborate system of interconnected air sacs. not pres
ent in mammals (Figure 6-2). Conversely. birds lack a diaphragm, the 
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FIGURE 6-2 Positions of 
the air sacs and lung in a 

bird's body. [After Tyrrell 
and Tyrrell 1985] 
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FIGURE 6-3 Cross sections of the nasal cavities of (A) a Northern Fulmar and (B) a 
Turkey Vulture, showing the elaborate folds, called conchae, that cleanse and heat 
inhaled air. remove water from exhaled air, and provide lots of surface area for 
olfactory receptors in some species. [Adopted from Portmann 79611 

muscle between chest ~md abdomen that causes mammalian lun~rs to in
tbte (inhale) and deflate (exhale). Instead, birds inhale by lowering the 
sternum, which enlarges the chest cavity and expands the air sacs. Con
traction of the sternum and ribs cotnpresscs the air sacs, pushes fiTsh air 
fi·orn the111 through the lungs, and exhales the air (sec below t()r com
plete sequence of air movements). 

J\llost birds inhale air through nostrils. or nares, at the base of the bill. 
A flap, or operculum, covers ~md protects the nostrils in son1e birds, such 
as diving birds that must keep water tl·om entering their nostrils and 
tlo\ver-teeding birds that must keep pollen out. Inhaled air passes into 
paired chambers (Figure 6-3). Each nasal charnber has elaborate folds, 
called conchae (sing. conch~1), that inCl·east' the sud~lCe area over \vhich 
air flows. The surt~1ces of the conchae cleanse and heat the air bd()re it 
enters the respiratory tract. (_)lf~Ktory tubercles s~unple (smell) its chem
istry. The conchae are also well supplied with nerves and a network of 
blood vessels-rete mirabile-that help to control the rate of heat loss 
t1·mn the body. 

Inhaled air moves next down the trachea, or ·windpipe, which divides 
into two bronchi and in turn into rnany subdividing stems and branches 
in each lung (Figure ()-4). Most of the lung tissue comprises roughly 1800 
smaller interconnecting tertiary bronchi. These bronchi lead into tiny air 
capillaries that intertwine with blood capillarit·s, where gases are exchanged. 

Inhaled air procenls through two respiratory cycles that, together, con
sist of four steps. J\llost of the air inhaled in step 1 passes through the pri
mary bronchi to the posterior air sacs (Figure 6-5). In step 2, the exha
lation phase of this first breath, the inhaled air n1oves t]·orn the posterior 
air sacs into the lun~rs. There, oxygen and carbon dioxiLk (CO~) exchange 
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FIGURE 6-4 Interconnecting bronchial tubules form the internal structure of a bird's 
lung. Tertia~ bronchi, or parabronchi, and fine air capillaries constitute most of the 
lung tissue. [After Lasiewsl<i 7 972; "Closer Lool<" Evans and Heiser 2004] 

takes place as inhaled air tlows through the air-capillary system. The next 
time that the bird inhales, step 3, the oA.-ygen-depleted air moves tr01n 
the lungs into the anterior air sacs. The second and final exhalation. step 
4. expels C02-rich air frorn the anterior air sacs, bronchi, and trachea 
back into the atmosphere. 

This series of four steps rnaxin1izes contact of ti-esh air with the respi
ratory surEKes of the lung. Most in1portantly, J bird replaces nearly all the 
air in its lungs with each breath. No residual air is left in the lungs dur
ing the ventilation cycle ofbirds, as it is in mammals. By transferring n1ore 
air and air higher in O:.\.ygen content during each breath, birds ~Khieve a 
more efficient rate of gas exchange than do nun11nals. 
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The air-sac systern is an inconspicuous, but integral, part of the avian 
respiratory system (see Figure 6-2). The nurnber of air sacs varies from 6 
in \Veavcrs and 7 in loons and turkeys to at least 12 in shorebirds and 
storks; most birds have 9. The paired cervical sacs located in the neck are 
perhaps the most visible: they inflate :1s the large red sacs on the necks of 
displaying male frigatebirds and the yello\v neck sacs of strutting Sage 
Grouse (sec Figure 3-1 ~). 

Air sacs ;1n: thin-walled (only one or two cell layers thick) structures 
that extend throughout the body cavity ;md into the wing and leg bones. 
Supporting their ancestral relationship to birds, theropod dinosaurs also 
had pnn11natized ann and leg bones (Prum 2002). The air sacs connect 
directly to the primary and secondary bronchi and, in some species, con
nect indirectly ro parabronchi. The air sacs make possible the continu
ous, unidirectionaL eH1cient tlow of air through the lungs. They not only 
help to deliver the huge quantities of oxygen needed, but also help to re
rnove the potentially lethal body heat produced during t1ight. lnthted air 
sacs also help protect the delicate internal organs during flight. Air pres
sure trom the single interclavicular sacs is essential t(H vocal sound pro
duction (sec Chapter H). 

During flight, expansions and contractions of the furcula, or \Vishbonc, 
cornplement the rnovements of the sternum that help to pump air through 
the respiratory system (Jenkins et al. 19H~). High-speed x-ray n1ovies of 
Common Starlings tlying in a "\Vinci tunnel revealed that the wishbone 
bends outward during the wings' downstroke and then recoils inward on 
the upstroke. It expands outward to almost 50 percent more than its rest
ing \vidth and does so \Vith each \Vingbe;lt (see Box 5-3). 

The wingbeat cycle itself has a major etTect on respiration. It affects 
the breathing patterns and internal air pressures of Black-bil1ed Magpies 
flying in a wind tunnel (Boggs et al. 1t)97). Specitlcally, changes in air 
pressure in the air sacs and in tracheal airflow correspond directly to the 
three \Vingbcat cycles that accompany e~1ch respiratory cycle (Figure 6-6). 
Coordination of the phases of wingbeat and respiratory cycles rninimizes 
interference and actually assists respiration. 

Rates of breathing vary with activity and size: they decrease in larger 
birds. A resting 2-gram humrningbird breathes about 143 times a minute, 

BIRDS HYPERVENTILATE WITHOUT SEVERE PENALTY 
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Rapid breathing during exer
cise or at high. oxygen-poor al
titudes expels large amounts of 

carbon dioxide. Loss of carbon dioxide increases 
the alkalinity of the blood (normally the pH lies 
between 7.3 and 7.4), which causes blood vessels 
to constrict, severely reducing the flow of oxygen
rich blood to the brain. In mammals, blood flow 

to the brain may drop from 50 to 75 percent dur
ing such hyperventilation, an effect that causes 
fainting and, sometimes, death. Remarkably, for 
reasons that remain unknown, blood flow does 
not drop in birds even at pH 8, which would kill 
a mammal (Grubb et al. 1978, 1979). Without 
this safeguard, birds would be unable to fly at high 
altitudes. 
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FIGURE 6-6 Air-sac pressures and tracheal airflow during flight of a Black-billed 
Magpie. There are three cycles of wingbeats in each respiratory cycle of inhalation and 
exhalation . Electrical activity in the pectoralis muscle indicates flapping versus gliding 
wing actions. In flapping flight . the upstroke of the wing coincides with increases 
in air-sac pressure and decreases in tracheal airflow. Abbreviations: U, upstroke; 
D. downstroke; EMG, electromyogram. [After Boggs eta/. 1997] 

whereJs a I 0-kilogram turkey breathes only 7 times a minute. In flight, 
birds meet the increased oxygen demand by increasing their ventilation 
rates to 12 to 25 times their normal resting rJtes (Box 6-1). 

The Circulatory System 
The high metabolic rates of birds require rapid circulation of high vol
lllllL~S of blood bet\veen sites of pickup and delivery of metabolic mate
rials. The circulatory system delivers oxygen to the body tissues at rates 
that n1atch use and simultaneously removes carbon dioxide tor exhala
tion. It also delivers tl.Jel in the tonn of glucose and elementary tatty acids 
and removes toxic waste products f(x excretion. The demands on the 
avian circulatory system are tJr greater than those on the systems of rep
tilL-s and exceed those of most mammals. 

Like mammals, birds have a double circulatory system and a four
chambned heart (Figure 6-7). Avian hearts are on average 41 percent 
larger than those of mammals of the corresponding body size, the ditfer-
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FIGURE 6-7 The large, four-chambered bird heart supports efficient oxygenation of 
blood. [From jones and johanse11 1912] 

ences being n1ost pronounced between small birds ~1nd stnall mammals 
(Bishop 1997). The heart accounts t(:n- 2 to 4 percent of the total mass of 
a hununingbird; tew small mammals have heart nusses greater than 1 per
cent of their n1ass. Normal resting heart rates in tnedium-sized birds range 
fl·om 150 to 350 beats per minute: they average about 220. Heart rates 
of small birds are higher than those of large birds and exceed 1200 beats 
per nlinute in small hummingbirds. 

The peti(xmance of the heart is measured in tenns of cardiac output
or the rate at which the heart pumps blood into the arterial system. I )e
fined as "heart rate times stroke volume (the volume of blood pumped 
with each contraction) ti·om one ventricle," cardiac output averages ti·om 
100 to 200 milliliters of blood per kilogran1 of mass per nlinute in birds. 
Major organs-the heart, liver, kidneys, and intestines-receive large per
centages of the cardiac output, averabring ti·om 8 to 10 percent each. The 
brain and eyes are next in line, receiving 3 and 4 percent, respectively. 
When a bird tlies or swims. cardiac output c.lllocations to the flight and 
leg rnuscles. respectively. increase dramatically. 

Although bird hearts beat more slowly at rest than do the hearts of 
sirnilarly sized m~mm1ak their larger stroke volumes create comparable 
cardiac outputs. Not only is the avian heart larger. but its ventricles empty 
tnore completely than do those of mammals on each contraction. At high 
heart rates. ventricles fillmore completely betvveen contractions. The ~1vi~m 
ventricles are also made up of more nlllscle fibers than is the nummalian 
ventricle. Each tiber (cell) is thinner than n1an1n1alian heart-muscle tl.bers 
and contains more mitochondria-energy-producing organelles that de
pend on the supply of oxygen. The thinness of avian heart-muscle tlbers 
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speeds the transfer of ox-ygen and increases the capacity t(x aerobic work 
and endurance at high activity levels. 

The high-performance features of the avian heart have their costs. The 
high tension of avian heart rnuscles and the strength of the ventricular 
contr<lctions lead to high arterial blood pressures. Extrernes as high as 300 
to 400 millimeters of rnercury are kno\vn in sorne strains of domestic 
turkeys-the rnaxin1um k.:tlO\vn for any vertebrate. A blood pressure of 
150 tnillinlcters of rnercury is high t()r a hmnan. Not surprisingly, aortic 
rupture is a common cause of death in these turkeys, \V"hich are raised on 
high-Elt diets for \Veight gain. 

Metabolism 
JV1etabolic rates change npidly \Vith difierent levels of activity, dropping 
to a minimum when a bird sleeps or rests and rising to a maximum dur
ing flight. Intermediate rates of n1etabolis1n support the regulation of body 
ternperatures during periods of cold or heat stress. The total daily energy 
budget of a bird is the sun1 of these varied expenditures (Fit,'ure 6-8A). 

Basal metabolism 

M A M J J A s 0 N D 
Month 

(B) 

FIGURE 6-8 (A) Model of seasonal variation of energy expenditure (in kilocalories) of 
a small temperate-zone bird. The total daily energy budget varies monthly as the sum 
of different expenditures. Abbreviations: EM, existence metabolism; R, reproduction; 
M, migration. (B) Metabolism and daily energy expenditures typically increase with 
body size. The slope of this fundamental physiological relation-the increase in basal 
metabolism with increased mass-is predictably from 0.72 to 0.73 for different-sized 
birds, as well as for different-sized mammals. Large birds expend less energy per gram 
of mass than do small birds. Total daily energy expenditures (fwt. in kilojoules) do not 
increase as fast with increasing body size as does basal metabolism, possibly because 
small birds are more active than large birds. Energy expenditures of birds during 
flight-flight metabolism-vary from 2 to 25 times as high as basal metabolic rate. 
[(A) After Blem 2000; (B) after Walsberg 19831 



The following discussions proceed tl-om the minimum, or basal, metab
olism to the \\rays in which birds regubtc their body ternperatures dur
ing cold and heat stress. 

Basal Metabolism 

Even resting birds use eneq.,ry. Caretl.Illy controlled measurements of the 
minimal metabolic requirements of resting birds tasting at nonstrcssful, or 
thennoneutral, temperatures give estimates of what is called basal metab
olism or, sornetimes, standard metabolism to acknowledge experin1enral 
controls of this measuren1ent. All birds have high basal n1et;1bolic rates 
(BM Rs) relative to most vertebrates. Basal rnetabolism relates directly to 
mass. but not in a 1: I relation (Figure 6-HI3). An H-kilogram bustard is 
100 times as large as an 80-gram fllcon. but it expends only 31l tirnes as 
much energy per unit of time. Just as the surElce arL·a of a sphere relates 
to its volume, large birds h;1ve less surt;tce area per unit of volume than 
do sn1all birds. Thus, a large bird cannot lose heat as flst as a small bird, 
because it has less smi;Ke area per gram of heat-generating tissue. If an 
ostrich's tissues produced heat at the same rate as a sparrow's tissues, the 
ostrich would not be able to dissipate he~H t:1st enough t!·orn its body sur
faces and would boil inside. 

Activity Metabolism 

A bird usually spends only a traction of its day at its basal1netabolic level
that is, when resting and E1sting. l'\1ost of its time is spent, instead, in 
activities that require the expt:'JH.iiture of more energy and the usc of n1ore 
o::x..-ygen. The simple digestion of a n1eal. the slight muscle actions associ
ated with awareness and attention, or the powering of a strenuous sprint 
or vertical takeofT all increase energy expenditures. Just being awake and 
resting increases nH.'tlbolic rate b-y 25 to HU percent ;1bove the basal rate. 
Metabolic costs increase n1ore with exertion. Swimming Mallards. for ex
atnple, increase their metabolism 3.2 times l3I\1R at their nwst d1icient 
(and preferred) speed and 5.7 times BIV1R when they S\vim as 6st as they 
can (Prange and Schmidt-Nielsen 1970). 

Matthl'\v Bundd and his colleagues (I tJ99) trained Greater Rheas
large, tlightless, South American relatives of the ostrich-to run on an 
inclined tread1nill while wearing clear plastic hoods to measure their O::X..)''

gen conslllnption. It took two years to train them to run just as t~1st as 
they could to stay in the same place. which would have pleased the lted 
Queen of Throz15!h the Lookin,~?-Gia.'ls. Their aerobic metabolism peaked at 
36 ti1nes 1ninimum resting rates (not BM R) at an uphill running speed 
of 4.0 meters per second ( 14.4 km/s). At t;1ster paces. they rdied increas
ingly on lactate-producing anaerobic met<lbolism f()r running eneq.,'y. The 
rhea's increase in aerobic n1etabolisn1, or aerobic scope, exceeded that re
ported for most mammals, including powerli1l running 1nammals such as 
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FIGURE 6-9 Increases in activity metabolism above resting minima for rheas and 
athletic mammals at the aerobic maximum and for other birds at the highest rates 
available. Metabolic rates are expressed as the ratio of activity metabolism to resting 
metabolism, or the factorial increase of activity metabolism. Triangles, flying birds; 
squares, running birds; circles, swimming birds; diamonds, running mammals. [After 
Bunde/ et a/. 1999] 

wolves and horses (Figure 6-9). More broadly. birds appear to have dou
ble the aerobic scope of n1a1ntnals. 

Birds in tlight sustain high levels of aerobic metabolisn1. Stnall birds in 
flight can operate at 10 to 25 times their BM Rs t()r m;my hours, whereas 
small mammals can sustain an activity level of metabolism of only 5 to 6 
times their BMRs (Bartholonle\v 1 982). Estimates of flight metabolis1n 
range from 2.7 to 23 tin1es BMR, with variations due to flight mode, 
flight speeds. wing shape, laboratory constraints, or a combination of them 
(l3lem 2000). Low values of flight tnetabolism are obtained for swallows 
and swifts in partly soaring t1ight, and high values are obtained for finches 
and hovering hun1n1ingbirds. 

Temperature Regulation 
A bird's then11al relations with its enviromnent are critical to its survival. En
dothenny itself is part of a dynarnic relation between internal heat production 
and heat lost to the exten1al environrnent. Heat is an inevitable result of the 
indficiency of biochemical reactio!l<; and so is a direct product of metabolism. 
Rates of heat production or loss are expressed in \Vatt<; or joules per hour-the 
average student at rest produces heat at the same rate as does a 100-watt hunp. 

In special situations (e.g., in a nest hole or a bunovv tree of wind, in 
which \Va11 temperature equals air temperature). :1mbient air temperature 
provides an accurate index to the rate of heat loss or heat gain; but, in 
more realistic environments, in which the sun shines and the wind blo·ws. 
a bini's thermal relation \Vith its environment becomes a complex tl.mc
tion of the intensity of radiation and convection. 



Bird-feather coats are among the best natural. lighnveiglu insulations . 
Reduced leather insulation incre;1ses metabolism. The abnormal feathers 
of ti;zzled chickens (Figure 6-1 U). for example, provide little insulation. 
Their resting metabolism and the rate of heat loss are t\vice those of nor
mal chickens at l7°C (Benedict et al. 1932). Contour teathers in the 
plumage contiibute to a bird 's insulation. but the down feathers under
neath the contour feathers are the primary sources of insulation. Thus, 
arctic finches have dense down. \.vhcreas tropical finches do not. 

Insulation increases \virh the amount of plunuge. Some birds L'nhance 
their insulation during cold seasons by molting into ti-esh , thick plumage. 
Nonmigratory House SpatTows, for example. increase plumage weight 70 
percent, tl·om 0.9 gram ofworn plumage per bird in August to 1.5 grams 

FIGURE 6-10 "Frizzled" chickens have high metabolism rates because their abnormal 
plumage does not provide as much insulation as that of normal chickens. The 
following description appeared in Omamenta/ and Domestic Poultry (Edmund Saul 
Dixon 1848, p. 344): "It is difficult to say whether this be an aboriginal variety, or 
merely a peculiar instance of the morphology of feathers: the circumstance that there 
are also Frizzled Bantams would seem to indicate the latter case to be the fact. School
boys used to account for the up-curled feathers of the Frizzled Fowl , by supposing that 
they had come the wrong way out of the shell ." 
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FIGURE 6-11 The Sooty Tern, a bird that is subject to great heat stress at the nest. 
On a hot day, the bird uses a variety of heat-dissipating mechanisms: (1) exposing the 
bend of the wing, (2) panting, (3) ruffling crown feathers, (4) ruffling back feathers, 
(5) wetting abdomen periodically, and (6) exposing the legs. [From Orent 7972] 

of fresh plumage in Septe1nber (Lo\vther and Cink 1992). Seasonal 
al-ljustinents in insulation arc less pronounced in tropical birds and in 
migratory species that esope n1ajor shifts in environmental temperatures. 

Birds adjust the positions of their feathers to enhance either heat loss 
or heat conservation. Flutling the feathers in response to cold creates more 
air pockets and increases the insulation value of the plumage. Additional 
heat savings come tram tucking the bill under the scapula feather tract 
and reducing exposure of the legs. Holding the ·wings out fi·om the body 
and extreme elevation of the back, or scapular, feathers enhance heat loss 
by exposing the bare apterial skin to convection. Tropical seabirds that 
nest in the open sun often elevate their plumage to avoid overheating 
(Figure 6-11). 

Dark pigmentation aids temperature regulation by absorbing the energy
rich short wavelengths of the solar spectrum. Light-colored plumage re
flects, rather than absorbs, more of the itnpinging radiant energy than does 
dark plumage. The Greater Roadrunner erects its scapular feathers and 
orients its body so th~1t the early-n1orning sun heats strips of black
pigtnented skin on its dorsal apteria (Hughes 199()). 

The net thennal et1(xt oC plurnage is influenced by the wind. Wind, 
or windchill, increases the rate of heat loss and compensatory heat pro
duc6on. The thick plumage of the Snowy Chvl provides excellent insu
lation, but the rate of heat loss triples in winds of only 2.7 kilometers per 
hour co1npared with the rate of heat loss in still air (Parmelee 1992). The 
use of \vind-sheltercd sites, including holes or burrows fcx roosting and 
nesting, can protect birds fi·on1 such heat loss. 

1 'he cooling etTects of \vind are 1nost pronounced on black feathers, 
\Vhich concentrate solar heat near the surt~Ke of the phnnage. Black feath-



ers can mcrcase the amount of heat that a bird's body absorbs fi·om the 
enviromnent when there is no breeze. A light breeze, however, removes 
the accurnulating surfKe heat and reduces further penetration of the 
radiant heat. The black pllllnage of desert ravens increases convective heat 
loss. as do the black robes and tents of Bedouin tribes in the Sahara. 

A Model of Endothermy 

The n1odel of endothenny developed by Per Fredrik Scholander and his 
colleagues (1950) provides a way of understanding the dynamics of tem
perature regulation. Their model is one of the toundations of avian phys
iology (Dawson and Whitto\v 2000; Figure 6-12). This model projects 
that birds expend the least enerb'Y on temperature regulation in the ther
moneutral zone-the range in \Vhich the ainotmt of o)o;.·ygen consumed 
by resting birds does not change with temperature. Most birds do not 
have to change their rates of heat production to maintain an average body 
ternperature of 40°C in the thermoneutral zone. Instead. birds can con
trol the rates of heat loss by changing teathL'r positions, by varying rates 
of the retun1 of venous blood flow from the skin, by manipulating blood 
circulation in their teet. and by changing the exposure of their extremi
ties, all of \vhich require little direct energy expenditure. Ternperature 
regulation by shivering or panting increases metabolism at lower and 
higher temperatures outside the thennoneutral zone. 

The Gambel's Quail-a medium-sized species \Vith ~l cute dangling 
topknot-is active during sumn1er days in the seasonally hot and dry 

40 

30 
:2 -g 
E 
-~ 20 
0 
..n 
!3 
Q) 

~ 
10 

0 10 20 

Thermoneutral 
zone 

30 
Ambient temperature ("C) 

40 

Evaporative 
cooling 

50 

FIGURE 6-12 Scholander's model of endothermy. Metabolism increases below the 
lower critical temperature (LCT) primarily as a result of heat production due to 
shivering. Metabolism increases above the upper critical temperature (UCT) due to 
active loss of heat through panting and evaporative cooling. as well as to the direct 
effects of higher temperatures on cellular functions. Metabolism is relatively insensitive 
to changing ambient temperature in the zone of thermoneutrality. [After Calder and 
l<ing 19741 
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(A) Time 

46% 

100% = 24 hou rs 

-Nighttime inactivity 
c:::::l Foraging 
c:::J Daytime inact ivity 
[=::JRun ning and flyi ng 

(B) Energy 

100% = 81 81 kj/day 

FIGURE 6-13 Time and energy budgets of Gambel's Quail in summer. (A) Fractions 
(percentages) of the 24-hour day spent foraging, resting, and running and flying. 
(B) Time budgets are multiplied by metabolic rates appropriate to each activity to 
estimate total daytime energy expenditures. Note that feeding, a costly activity, makes 
up a larger part of the energy budget than of rhe rime budget . [From Goldstein and 
Nagy 1985] 

Colorado Desert. These quail divide their time each day between f(xag
ing (6.2 hours/day) and resting ((>.7 hours/day) : they sleep or rest 
ovemight (Figure (>-13). They run only to rnove quickly across hot. sun
lit areas to another bush . and they tly short distances only two or three 
times a day: the time and energy costs of these activities arc minor. The 
costs of thermoregulati on also are minor. Nighttime temperatures stay 
within the zone of thcrmoneutrali ry and the quail avoid heat stress dur
ing the lwat of the day by resting in the shade and reducing their meta
bolic heat production (Brown et al. 199~). 

Responses to Cold Stress 

WhL' n cold. a bird tenses its muscles and begins to shiver. This response 
increases n~-ygen consumption. The temperature at \:vhich shiveting be
gins is called the lower critical tL·mpcrature (LCT). The pectoralis mus
cles are the lllJjor source of heat produced by shivering, supplemented 
by the leg muscles in some species. M amm;Jls can produce heat by non
shivering thermogenesis (heat production) in a particular kind of fat called 
brown adipose tissue. Birds probably lack such capability for nonshiver
ing thermogenesis (S;1arda L' t al. 19lJ 1). 

The temperatures included in the rhcnnoneutral zone of bird species 
are partly a result of adaptations to the average environmental tempera
tures in which th~.·y liw (Weathers 1 (J79). Birds living in colder northern 



clin1ates start to shiver at lower air temperatures than do species of warmer 
southenl clinutes. Snow Buntings, tor example, do not shiver until air 
temperature drops below 1 U°C (Lyon and Montgornerie llJ95); North
enl Cardinals start shivering at I8°C (Halkin and Linville 1 999). The 
LCTs of large birds arc lower than those of small birds, a pattern seen 
also in n1a1nmals. In the absence of special adaptations, small birds lose 
heat Elster and are thus more sensitive to cold than ;1re large birds: small 
birds start to shiver at a higher temperature. 

Energy constraints govern the distributions and abundances of species 
(Root 1988). Three species of titmice and chickadees (Paridae). tor ex
ample. divide local h~1bitats and climates in the western United States 
(Weathers and Creene 1998; Cooper and Gessamen 2004). The Juniper 
Titmouse occupies the lo\vest. hottest. and driest semidesert habitats. The 
s1naller Bridled Titrnouse occupies slightly higher, cooler, and moister 
habitats. The Mountain Chickadee occupies still cooler conifer habitats at 
higher altitudes. Their physiologies correspond to tllL' temperatures that 
prevail in their respective habitats. The Juniper Tinnousc of the \Vannest 
lowland habitats has higher upper critical temperatures. greater heat tol
erance, and lower rates of metabolic heat production than those of the 
other two species of higher elevations. Conversely, the thcrnul neutral 
zone of the Mountain Chickadee extends to cooler, lower critical tem
peratures than those of the other species. The distributions of these and 
other species of North An1crica are predicted to change with global wann
ing (Box 6-2). 

Natural adjustments to seasonal changes in temperature are called 
acclimatization. Winter-acclimatized American Goldfinches (see Figure 
3-4). tor example. can maintain normal body temperature t(x () to X hours 
\Vhen subjected to extremely cold tL'Inperatures of -70°C (Carey et al. 
1983). SummLT-acclimatized goldfinches, however, cannot maintain nor
lll~ll body temperature t<._)r more than 1 hour when exposed to such frigid 
temperatures. The ability of goldfinches to withstand winter cold stress 
stems trom an upscaling of their n1etabolism, including increases both in 
basal 1netabolic rates and in short-term heat production. Goldfinches 
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The geographical distributions 

of birds are directly related to 
their temperature tolerances, 

water requirements, and other physiological con
straints. Changes in the Earth's climate, therefore, 
have long regulated the distributions of birds. 

Now, the projected pace of global warming will 

likely subject birds to unprecedented changes in 
the location of optimal habitats and climate 
spaces. Models of how climate changes will affect 

the distributions of North American bird species 
suggest major reallocations of bird species from 
state to state (Price and Glick 2002). Painted 
Buntings and Great-tailed Grackles of the south 
will replace Bobolinks and Evening Grosbeaks in 

parts of southern Minnesota. Savannah Sparrows 

and Sage Thrashers may leave the southwestern 
states of Arizona and New Mexico. And some 
states may lose their official state birds, such as 
the Baltimore Oriole of Maryland. 
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energy substrates. especi~llly Eltty acids (Oa\vson er al. 1992; Likenes et al. 
2002). 

Birds also select microdimates-snull places where weather condi
tions ditTer t}·om the general climate-that reducc their rate of he;1t loss. 
H.oosting in holes or protected sitL'S, such as evergreen trees, greatly re
duces heat loss, \Vhich is important during cold winter nights for srnall 
passerine birds. Grouse and ptannigan burrow into the snow to insulate 
themselves fi·om cold air temperatures; so do Willow Tits, Gray-headed 
Chickadees, and Common Redpolls (Korhonen 1981). 

Huddling together also reduces heat loss, but someti1nes birds go to 
extremes: about 1 OU Pygmy Nuthatches roosted together in one pine
tree cavity, so densely huddled that sotne suHocated (Knorr 1957). On 
cold days. Inca Doves sit on top of one another between t1ock feeding 
forays, forming two- or three-ro\v "pyramids" of as many as 12 birds 
(Mue1ler 1992). With te<lthers tlut1ed, pyra1niding doves face downwind 
in a sheltered sunny place. In large pyr~unids, doves exposed on outside 
positions try tor better positions in the top row and cause the \Vhole pyra
rnid to readjust. Huddling is also critical to the life style of Emperor 
Penguins (Ancel et al. llJ97). Males of these largest of all penguins incubate 
their mates' eggs in total darkness in the dead of the Antarctic winter. 
enduring frigid air temperatures do\vn to -50°C and winds as high as 
180 kilometers per hour. Their LCT is a relatively \Nann -1 0°C. By hud
dling together in a giant side-by-side assetnblage. thousands of egg
attentive penguins each cur their rates of energy expenditure and weight 
loss in half. This reduction buys an extra three weeks of incubation ef
fort and prevents triggeting the need to go to sea to feed, abandoning the 
egg, betore the female returns and takes over. 

Hypothermia and Torpor 

As an energy-saving measure, avian body tetnperatures t1uctuate a few de
grees during the day and n1ay drop significantly at night (McKechnie and 
Lovegrove 2002). The physiological condition in which the body tem
perature drops below normal is called [Kultative hypothermia. Many birds, 
ranging fi-01n Black-capped Chickadees to Turkey Vultures can lower 
their body tetnperatures by 6°C at night and by even more on extremely 
cold nights. They become mildly hypothermic. 

Smne birds lower their actual body temperatures: hummingbirds to 
just bet\:veen 8° and 20°C and the Common Poorwill, a desert nightjar, 
to an extrerne 4.3°C (Brigham 1 <J92; Figure 6-14). These birds enter a 
state of torpor-pronounced hypothennia-in which they are unrespon
sive to n1ost stitnuli and are incapable of non11al activity. However. a tor
pid bird docs not abandon control of its body temperature and let it drop 
to air tetnpcrature. lnstead, a bird in torpor regulates a lower body tein
perature. increasing oxygen consumption as needed at lovv air tempera
tures (Figure (}-15). 
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FIGURE 6-14 Minimum body temperatures during hypothermia of 28 species of 
hummingbirds and swifts, 8 species of nightjars and relatives, and 28 passerines. 
[After McKechnie and Lovegrove 2002] 
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FIGURE 6-15 Metabolism 
of the Purple-throated Carib, 
a tropical hummingbird, 
during torpor and 
nontorpor. Nontorpid birds 
increase their metabolism 
(measured here in terms of 
oxygen consumption) as 
temperature decreases below 
the LCT of about 30°C. 
Torpid birds regulate their 
body temperatures to about 
I 7.5"C. [After Hainsworth 
and Wolf 7970] 
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CHAPTER SIX Torpor is characteristic of bird species in only six funilies: todies 
(Todidae); mousebirds (Coliidae); humtningbirds (Trochilidae); swifts 
(Apodidae), nightjars (C~1primulgidae), and pigeons (Columbidae). Passer
ine birds typically do not exhibit a c1pacity for torpor. 

Facultative hypothermia saves critical energy supplies. Daily cycles of 
hypotherrnia-mild or pronounced-n1ay be tied to internal clocks. but 
t~Kultative hypothennia is also triggered on a day-to-day basis by food 
deprivation and low energy stores. Fruit-eating, nectar-feeding, and aerial 
insect-eating species in the t:m1ilies just named are able to respond to un
predictable food supplies by saving energy through overnight hypother
mia or to111or as needed. Hummingbirds save as tnuch as 27 percent of 
their total daily energy expenditures by allo,ving their nighttime body 
temperatures to drop fl·om 20° to 32°C below norn1al. Beyond saving 
energy \Vhen hungry, hypothennia is used proactively by both humming
birds and geese to increase the energy that they can allocate to building 
Elt supplies needed for migration (Hiebert 1993: Butler and Woakes 20()1 ). 

Warming up is the nuin challenge of hypothermia, especially torpor. 
Birds \\faking timn torpor begin to show good muscuhr coordina6on at 
26° to 27°C but require body te1nperatures of at least 34° ro 35°C for 
normal activity. A snull hun11ningbird requires about an hour to arouse 
fimn torpor at 20°C, but a medium-sized bird such as an American Kestrel 
requires 12 hours to \\rann up t1·om the satne reduced body temperature. 

Full torpor is usually neither practical nor economical for short peri
ods in larger birds. Nightjars and their relatives (Order Caprimulgitonnes) 
are an exception. As a group, the nigh~jars h~1ve lo\V basal metabolic rates. 
59 percent lo·wer than those of other birds \Vhen corrected tor body size 
(Lane et al. 2004). Low metabolism combined with torpor enables them 
to exploit an unpredictable t()od source-temperature-dependent aetial 
insects at twilight. In addition to the daily use of torpor, the Common 
Poorvvill (55 grams) actually "hibenutes'' t(lr two to three months dur
ing the winter (Csada and Brigha1n 1992). Its body temperature drops to 
a (regulated) 4.3°C. This habit \Vas long kno\vn to Native Americans; the 
Hopi people ret'l:r to the poorwill as 1-J()Jchoko, ''the sleeping one." Tor
por reduces a poorwill's oxygen consumption by more than 90 percent. 
Poorwills are capable of spontaneous arousal at low ambient temperatures 
but require about 7 hours to \Vann up fully. Poon:vills also save energy 
by using torpor regularly during the sumnlLT and spring, especially when 
faced \Vith cold, \Vet weather; they even occasionally become torpid dur
ing incubation. 

Responses to Heat Stress 

Birds reduce heat loads through avoidance behaviors; through controlled 
elevation of body temperature, called hyperthermia; and through active 
heat loss by means of evaporative cooling. 

Reduced activity at midday, seeking shade. bathing, and soaring in 
cooler air are simple ways to reduce heat loads. More cleverly, domestic 
pigeons can be trained to turn on cooling 6ns. especially when thirsty 



(Schmidt and Rautenberg 1975). Desert birds generally tend to have lo\v 
metabolic rates and highly d11cient evaporative cooling systen1s. Poor
wills. tor exatnple, tolerate severe heat stress when baked by the desert 
sun by dissipating as tnuch as five titnes their metabolic heat production. 

Controlled hyperthennia has both advantages and risks. In heat-stressed 
birds. especially dehydrated ones, body temperatures may rise t]·om 4° to 
6°C above non1ul, approaching the near leth~1l threshold of 46°C. Such 
controlled hyperthennia reduces the rate of heat gain ti·om the environ
ment by bringing body temperature closer to air te1nperature. If body 
tetnperatures exceed air te1nperatures, the hyperthermic bird can lose heat 
without evaporative cooling and save \Vater. The body ten1peratures of 
osuiches increase 4.2°C during the daily cycle, a response that saves liters 
of water per day that would othenvise be lost in evaporative cooling. 
Controlled hyperthennia during the wann daylight hours ;1lso allows for 
the storage of extra heat needed to save fuel at cooler nighttime temper
atures. especially in large birds. 

Birds actively lose heat by evaporative cooling and other means above 
the UCT. Evaporative cooling is a highly et1ective method of heat loss 
that can dissipate ti·om 1 no to 20l I percent of heat production. Evapora
tive water loss, however, is the major source of water loss to the envi
ronment: small birds lose five times as nmch water in this way compared 
with their loss of water in feces or urine (Williams and Tideman 2000). 
Storks and New World vultures increase heat loss through evaporative 
cooling t1·om the legs by defecating directly onto their own legs. 

The body sizes of nonmigratory birds correspond to geographical gra
dients in ten1per;1ture and hmnidity. Climatic rules. such as Bergmann's 
}{._ule-the increase in body size \Vith cooler tetnperatures-reter to these 
correlations in a sitnplistic way (Zink and Remsen 1986). Widespread 
North Atnerican birds, such as the American Robin and the Downy 
Woodpecker, tend to be smallest in hot, humid climates and largest in 
cold. dry c1ilnates (Figure 6-16). The potential tor heat loss by evaporative 
cooling is lowest in hot, humid climates, which tlVor small birds with more 
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Geographical differences in 
body size as well as plumage 
color can evolve rapidly among 

versely, small size minimizes individual mainte
nance costs in equable and more predictable or 
aseasonal environments. 

populations-with in 100 years for House Spar
rows introduced to both North America and New 
Zealand (Lowther and Cink 1992). The body size 
of House Sparrows is positively correlated with 
seasonality and annual temperature range in 
both North America and Europe. Increased fast
ing ability appears to be the primary advantage 
of large size in seasonal environments. Con-

Studies of the effects of severe winter weather 
have documented the survival advantages of 
larger House Sparrows. Large-sized males, in par
ticular, survived best because they have superior 
thermoregulation efficiencies and fasting abili
ties-and greater access to well-protected roost 
sites (Buttemer 1992). 
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FIGURE 6-16 Size variation in Dovmy Woodpeckers. Body size (which is directly 
proportional to wing length) increases to the north, but individual birds in the warm, 
humid Mississippi Valley and coastal areas are small compared with those at other 
localities at similar latitudes. Numbers indicate average wing lengths in millimeters. 
[From james 7 970] 

heat-losing surface ;1rea relativt' to mass. Conversely, cooL dry air t~nrors 
larger bodies \Vith reduced surf:lCe areas that conserve he<lt (Bnx 6-3). 

Metabolism increases above the UCT because of panting and other 
etlorts that 6cilitate heat loss. In birds, as in dogs. panting incre~1ses evap
orative cooling f}·mn the upper respiratory tract. Birds typically ventilate 
t~1ster during heat stress, when body tetnperatures risL~ to 41° to 44°C and 
above. To suppkment panting \Vhen they are hot, some birds rapidly vi
brate the hyoid tnuscks and bones in their throats. This action, called gu
lar fluttering, increases the rate of evaporative \Vater loss tl-om the mouth 
lining and upper throat. Many seabirds, both adults and young, regulate 
body temperature hy means of gular t1uttering when baked by hot sun 
shining on their exposed nests. Desert species, including Comtnon Poor
\Vi11s. achieve more than half of their evaporative cooling in this way. 

Evaporative \Vater loss includes loss through the skin as well as in res
piration. Birds do not have sweat glands. Instead, they evaporate \Vater 
directly through the skin, a process called cutaneous water loss-a process 
that is especially well developed in certain pigeons and doves (Marder et 
al. 19H9). In larks (Alaudidae), cutaneous \Vater loss comprises fi·om 50 to 

70 percent of total evaporative water loss at moderate air temperatures. 
Larks rely increasingly on respirat01y water loss for evaporative cooling at 



high air temperatures. Desert-adapted Greater Hoopoe-Larks that are ac
climatized to high temperatures reduce their cutaneous water loss by 
changing the lipid composition of the epidem1is (Haugen eta!. 20in). 

When necessary . birds, especially large-footed water birds such as 
herons and gulls, can lose most of their metabolic heat through their let,rs 
and feet (Figure 6- 17) . Alternatively, when heat conservation is impor
tant , they control blood tJow to reduce this loss by more than 90 per
cent. The control of heat loss from the feet is made possible by a net
work of special blood vessels in the avian leg. which act to conserve or 
dissipate heat as needed. The arteries and veins intertwine at the base of 
th e legs in such ;l way that heat CliTied by arterial blood fi·om the body 
con: can be transterred directly to blood returning in the veins. This so
called countercurrent exchange conserves body heat at lo"v air tempera
tures. For cooling, the blood can completely bypass the network and go 
directly into the extremities. An overheated Southern Giant-Petrel can 
increase by 20-fold the rate of blood tJo w through its teet. 

l31ood vessels of the he;ld also enable countercurrent heat exchange 
there. Most birds maintain the temperanm· of their brains about I °C cooler 
than th<lt of their bodies. Helmeted Guineatowl take this lllaintcnance to 
an extreme. They have colorful, naked heads with large protrusions, or 
helmets, and wattles that \.'11 hance convective heat loss, as do the \Vattles 
of chickens and other fi1wl. Heat loss from these wattles may be so b'Teat 
that a guineat()\vl's head cools f1ster than its body, beyond the abilitv of 

32"C 

15"C 

s·c 

FIGURE 6-17 Gulls regulate the rate of heat loss from their feet by varying the 
amount of blood shunted from the base of the leg, where the temperature is roughly 
32°C, to veins at the base of the foot, where the temperature may be close to ooc. 
They can decrease circulation through the foot, where the rate of heat loss is high, by 
opening a shunt (S) and constricting the blood vessels in the feet. thereby providing a 
more direct return of the blood . In addition, heat from outgoing arterial blood can be 
transferred directly to incoming venous blood. Arrows indicate the direction of arterial 
(A) and venous (V) blood flow and dashed arrows the direction of heat transfer. 
[From Ric/defs 1990] 
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Withers 197lJ). Unlike those of most birds. the brain temperatures of 
guineatowl v;u·y as 1nuch as 6.5°C \Vithout serious consequence. 

The heat produced during tlight could cause lethal increases in body 
ternperature. Common Pigeons, tor exatnple, produce seven times as 
much heat in tlight as they do at rest, and their body temperatures quickly 
rise frorn I 0 to 2°C. Some birds apparently \Vill not tly at temperatures 
above 35°C, because of their inability to control hyperthermia. White
necked R.avens, for example, fly only short distances in the heat or fly in 
the cooler air at high altitudes (Hudson and Bernstein 1981 ). 

Flight itself increases convective heat loss. The airstreatn compresses 
the phnnage to the skin, and extension of the wings exposes the thinly 
feathered ventral base of the \Ving. As a result, the rate of heat loss by fly
ing parakeets increases to 3.1 times the resting value at 20°C and that of 
Laughing Gulls increases to 5.8 tin1es the resting value. 

Feeding and Digestion 
Because birds burn energy at high rates, they must teed fl-equently to re
fuel the1nselves. Adaptations tor feeding are a conspicuous feature of avian 
evolution (see Chapter I). These Jdaptations include not only the ways 
in \Vhich birds n1ove \Vhik feeding and capturing tood, but also many 
specializations of the entire digestive tract, starting ·with diverse tongue 
structures, ·which include the woodpecker's spear tip, the hmnmingbinfs 
tube tip, and the duck's fiinged filter (Figure 6-lR). Gizzards range from 
large, hard seed-crushing structures in fowl and finches to softer bags in 
fish-eating birds such as the Anhinga to miniscule pouches in the Hoatzin. 
which digests leaves in specialized cervical and thoracic crops. The diges
tive tract itself changes size and structure seasonally, especially in relation 
to migr:1tion (Karasov 1996; see Box 1 0-3). 

Several characters distinguish the digestive systen1s of birds fiom other 
those of other vertebrates (Figure 6-19, pages 166-167). The lack of teeth 
means th~1t the bill and mouth function tnainly in food getting. Food pro
cessing by the bill is limited to such activities as cracking and shucking 
seeds or tearing prey into bite-size pieces. l3irds have litde saliva and few 
taste buds cornpared \Vith tnammak which chew and physically process 
food as the first step and then subject it to chetnical processing as the sec
ond step. Birds reverse this sequence. They start chemical digestion in the 
proventriculus, a unique structure that handles food betore it undergoes 
physical digestion in the gizzard. Some birds also regurgitate undigestible 
parts of their toad-bones or seeds, for exatnple-as pellets. 

Food passes tiom the oral cavity to the stornach through the esopha
gus, a muscular strucwrc lined with lubticating mucous glands. In birds 
that s'\vallo\v large prey whole-fish-eating birds, tor exatnple-the esoph
agus expands as needed. No mere passageway, the esophagus \'5. ";1 ~~\S'dtil.e. 

organ. The esophagus of pigeons produces nutritious fluid, called pigeon 
milk, for their young. The esophagus of pigeons and many other species 
can also be intlated t()r display and sound resonance. Some birds have 
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FIGURE 6-18 Bird tongues (dorsal view): (A) generalized passerine tongue with 
terminal fringes (American Robin); (B) tubular, fringed nectar-feeding tongue 
(Bananaquit); (C) probing and spearing woodpecker tongue Fitted with barbs 
(White-headed Woodpecker); (D) short, broad tongue of a fruit eater (Diard's Trogon); 
(E) fish-eater tongue with rear-directed hooks that keep slippery fish from wriggling 
back to freedom (Sooty Shearvvater); (F) food-straining tongue (Northern Shoveler). 
[After Gardner 1925] 
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(A) 

Large intest ine 

Cloaca 

FIGURE 6-19 Bird digestive tracts. (A) The digestive tract of a hummingbird. 
(conri11ued) 

crops. which vary in size and structure (Figure 6-20) . The crop-an ex
panded esophageal section-stores and softens tt)od and regulates irs flow 
through the digestive tract. The chambers of the enlarged crop and esoph
agus of the Hoatzin , a leaf-eating bird o f South America . have evolved 
into a multichambered, glandular stomach that fennents and digests wugh 
leaves (Grajal 1995). 

Most birds have t\o\'O-chamberL·d stomachs composed of an anterior 
glandular part, or proventriculus. and a posterior muscular part. or giz
zard. Shapes and structures of the stomach ditler more than any other in
ternal organ, coiTesponding to the dietary habits of difterent species. The 
proventriculus. a structure not present in reptiles. is most developed in 
fish-eating birds and rap tors. It secretes acidic gastric juices (pH 0.2-1.2) 
fi·om its glandular vvalls. thereby creating a t:worable chemical environ
ment for digestion. Peptic enzymes in the proventriculus dissolve bones 
rapidly. The Bearded Vulture can digest a cow vertebra in two days. A 
shrike can digest a mouse in 3 hours. In addition to the usual functions. 
a petrel uses its well-developed proventriculus to store oil by-products of 
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FIGURE 6-19 (Continued) (B) Stomachs of (1) domestic chicken; (2) Anhinga; 
(3) Hoatzin. (All 66 percent of natural size.) l(A) After Tyrrell and Tyrrell 1985; 
(B) after McLelland 1975; Garrod 1876; Pemkopf and Lehner 1937] 

digestion, which it regurgitates as food fl1r its young-and sometimes 
spe\VS at predators and ornithologists. 

The length of a bird's intestinal tract averages 8.6 ti1nes its body length 
but varies from 3 times body length in the Con1mon S\vift to 20 times 
body length in the Common ()strich. The intestine tends to be short in 
species that teed on tt·uit. meat, and insects and long in species that teed 
on seeds, plants, and fish. 

Ncar the terminus of the digestive tract, small side sacs. called ceca. 
are present in many birds. The ceca (sing. cecum) attach to the posterior 
end of the large intestine, may be paired or singk. and vary ti-om stn~1ll 

or absent to prominent in fc)\vl and ostriches. The avian cecum is a multi
purpose. vitally important organ (Clench and Mathias I 995). Among their 
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FIGURE 6-20 The avian crop varies greatly in shape from a simple, expanded section 
of the esophagus, as found in cormorants, ducks, and shorebirds, to a lobed, saclike 
diverticulum, as found in vulrures, fowl, pigeons, parakeets, and certain northern 
finches, the redpolls: (A) cormorant, (B) vulture, (C) fowl, (D) pigeon, and 
(E) parakeet. !From Pernlwpf twd Lehner 7937] 

many functions, ceca aid digestion, especially of tlbrous plant f()Ods. Dac
tet-ia in the ceca further digest and tennent partly digested foods into 
usable compounds absorbed through the cecal walls. In addition, ceca pro
duce antibodies that tlght disease organisms, aid the absorption of water. 
and aid in the metabolism of uric acid into amino acids (Clench 1999). 

Linked to the development of flight and high tnetabolic rates. the 
digestive systems of birds extract nutrients and energy with high efi]cien
cies tiom small volumes of rapidly processed food (Place 1991). The pas
sage tin1e of food through the digestive tract-ti01n the esophagus through 
the glandular stomach and gizzard into the intestine and finally out the 
cloaca as feces-varies ti·om less than h~1lf an hour for fi·uit and berries 
ingested by thrushes and the Phainopepla (Figure 6-21) to half a day or 
more for less easily digested t()od. 

I\.1ammals typically absorb nutrients by active transport into cells that 
line the intestine. Most birds absorb glucose sugars and amino acids by 
active transport, but they take up other nutrients passively and nonspecif
ically into cells along -vvith fluid uptake. The passive absorption of nutri
ents requires little energ-y and is directly responsive to concentration, 
allowing quick uptake of needed energy. But toxins in tiuits and seeds 
also may be absorbed indiscrin1inatdy. 

Parrots eat seeds and bitter green tl·uits that are full of toxins that would 
be distasteful and even lethal to other anin1als. Parrots of several species, 
large ~md s1nalL also gather in large. colorfitl asse1nblages to eat dirt, long 
thought to be grit that aided food processing by the gizzard. It turns out 
that the dirt is acwally clay with nlinerals that serve as an antidote to tox
ins. Kaopectate, which consists partly of clay, soothes a person ·s upset 
stomach in sinulJr ways (Gilardi ct al. 1 Y99). The negatively charged sites 
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FIGURE 6-21 Specialized stomachs of fruit eaters: (A) unmodified gizzard of a 
primitive flowerpecker; (B) more specialized stomach of the Black-sided Flowerpecker, 
which allows fruit to bypass the gizzard and allows insects to enter the gizzard for 
grinding; (C) rudimentary gizzard of the Violaceous Euphonia; (D) gizzard of the 
Phainopepla, which can shuck the outer-layer skin (exocarp) from mistletoe berries 
and then defecate a pack of skins at intervals between the undigested parts of the 
berries. [After Desse/berger 1931; Walsberg 1975] 

of the clay minerals bind to the positively charged toxin 1nolecules in the 
acid enviromnent of the stomach. Mammals, including hunter-gatherer 
humans, eat soil selectively for the s~nne reasons (Diamond l99tJ). 

The assimilation of digested tcwd through the intestinal walls depends 
on the nature of the food ingested. Itaptors assi1nilate 66 to 8B percent 
of the energy contained in ingested meat and tlsh. Herbivores assimilate 
as much as 60 to 70 percent of the energy contained in the young plants 
that they ingest but only J(J to 40 percent of the energy in ingested 
m~1ture f<.1liage. At the lo\v end, Spruce Grouse assiinibte only 30 percent 
of the energy contained in the spruce leaves that they e;1t (Boag and 
Schroeder 1992). Assimilation et11ciencies ~md other digestive responses 
shift with seasonal changes in diet (Levey and Karasov 19H9). For exam
ple, American Itobins sho\v improved assimilation etliciency of lipids cou
pled to their increased use of lipid-rich berries in the t:111 (Lepczyk t't al. 
2000). 

Fruits provide ''predigested" nutrients in the fonn of fi·ee arnino acids 
rather than proteins and in the torm of simple sugars instead of complex 
carbohydrates (Levey and Tvlartinez del J{jo 200 I). This ''predigestion" 
allows rapid processing-as little as 20 nlinutes to pass through the gut
and the ingestion of large quantities within short tirne spans. Fruits and 
fruit-eating birds come in two rnajor categories: carbohydrate-rich and 
lipid-poor versus lipid-rich and carbohydrate-poor. 
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does the digestion of sugars: lipid digestion ~1nd sugar digestion also dif
fer in the enzymes required. CmTesponding to their digestive physiolo
gies, smne birds, such as North Alnerican thrushes, flVor lipid-rich berries, 
whereas others, such as Cedar Waxwings, £1vor sugar-rich berries. The 
6st passage of ben-ies through the gut means that lots of glucose is still in 
the semidigested fruit pulp just bef(we evacuation. The Cedar Wa:\.\Ving 
appears to be tmique among birds in that it absorbs glucose in its rectum 
through active transport at the same high rate as it was previously ab
sorbed in its intestines. 

Like junk food, sugar-rich ben-ies may require supplementary nutri
tion. Cedar Wax\vings, theret()re, eat the ripe fruits of J.7ilmrm1111 opulus 
only when protein-rich cottonwood (Popul11s deltoides) catkins are avail
~lble as a suppktnentary f()od source (Witmer 2001). In the laboratory. 
wa:\.\\rings lose '''eight when ted only tl·uit or only catkins. Together, ho\:v
ever, they provide a balanced and healthy diet. 

The nutrition requiren1ents of chickens are known in detail (Klas
ing 1998). Less is knov.rn about the degree to \Vhich the diets and tor
aging behaviors of wild birds are dirc..·cted specifically toward nutrition. 
Birds are usually assumed to passively obtain adequate nutrition to meet 
their energy needs in the course of their daily toraging and to rarely 
sutTer nulnutrition or nutritional stress. Among the knovv·n exceptions, 
the Willow Ptarmigan, an alpine grouse. prefers heather leaves that are 
rich in nitrogen and phosphorus (M.oss et al. 1972). In the laboratory, 
Whitc-cro\vned Sparrows are sensitive to concentrations of certain 
an1ino acids-narnely, valine and lysine-in synthetic diets: they \vere 
adept at selecting diets that satisfied their amino acid requirements (Mur
phy and King 1989). 

Many passerine songbirds cannot digest sucrose-a complex sugar that 
we hununs take f()r granted-because these songbirds lack the enzyrne 
sucrase, vvhich breaks sucrose into smaller sugars-glucose and fructose
that are amenable to assimilation (Martinez del ltio and Stevens 1989). 
The ingestion of sucrose at high concentrations em cmse sickness and di
arrhea. owing to nulabsorption. As a result. Conunon Starlings learn to 
shun sucrose in laboratory tests (Clark and Mason 1993). 

In contrast. hurmningbirds teed on sucrose-rich nectar. Hummingbirds 
assitnilate tl-Oin 9.S to 09 percent of the energy in nectar, \vhich consists 
prin1arily of sugars and \Vater. Their intestines exhibit 10 times as much 
sucrase activity as is evident in passerine intestines (Schondube and Mar
tinez del l:Z.io 2004). ThL·y also quickly absorb glucose trmn their fluid 
meals at the highest levels known arnong vertebrates. They achieve this 
record by means of unusually high densities of sites that actively bind sugar 
and transport it across cell 1nembranes (Karasov ct al. 1986). They appear 
to function normally at the maximum levels and are unable to absorb sug
ars taster when stressed by cold temperatures or extreme activity 
(McWhorter and Martinez dd Rio 2001l). 

Waxes, \vhich consist of saturated, long-chain E1tty acids, are among 
the least digestible of all t()ods. Several b1Toups of birds, however. use \Vax 



as a source of metabolic ener~'Y· Seabirds, including petrels and anklets, 
n1etabolize the rich \V~L-x compounds in the marine crustaceans that they 
eat (l{.oby L't al. 1986~ Place 1991 ). Wa:-..-y foods. togetl1c-r with bile and 
pancreatic digestive juices, recycle several times trmn the small intestine 
back to the churning actions of the gizzard and proventriculus to break 
the complex t~uty acids into smaller, usable elements. 

Atnong the fe\V land-bird species that eat wax are the Y ellow-rumped 
Warblers and the Tree Svvallo\vs of North America. They consume large 
quantities of wax-coated bayberries. Both warbler and swallovv are capa
ble of high assimilation etliciencies (8!l percent) of bayberry wax (Place 
and Stiles 199~). Their special gastrointestinal traits include elevated gall
bladder and intestinal bile-salt concentrations, sh)\V gastrointestinal transit 
of dietary lipids, ~md probably the return of the partly digested food to 
the gizz;lrd fi·om the small intestine. The ability to use an unusual f()od 
source such as bayberry wax allow·s these birds to occupy northern coastal 
regions during periods when insects arc not available. 

Honcyguides arc well kno\vn t(w their ability to e~1t and assi1uilate pure 
wax, usually trom the honeycmnbs of bees but occasionally ti·om candles 
on the altars of Christian 1nissions (Diamond and Place 198H). The Greater 
Honeyguide of Atrica leads anitnals ·with a S\Vl'et tooth, such as the ratel 
(honey badger), as well as people, to beehives that it has f()und. First, the 
honeyguide solicits attention by approaching closely and giving distinc
tive churring calls. If it gets its helper's attention, the honeyguide tlics a 
short distance in the direction of the beehive, returning ti·cquently to 
ensure prot,TITSS. In this manner, the honeyguide leads its assistant a kilo
meter or m.orc to the beehive, which it announces with a new set of 
excited vocalizations. The assistant then opens up the hive, takes the 
honey, which is prized by many Atiican peoples, and leaves the wax and 
the bee larvae tor the honeyguide. 

Energy Balance and Reserves 
Whether hungry or temporarily sated, all birds t:Ke the challenge of 
maintaining their energy balances. Energy balance is the dyn<unic re
lation between energy intake and energy expenditure. Ideally, intake 
and expenditure are roughly equal, and so the bird neither gains nor 
loses much \veight. Preceding migration or w·inter, howevt'r. a bird 
may eat more than it metabolizes each day so that the excess can be 
stored as Elt reserves. 

Foraging Time 

The ~unount of time that a bird must teed each day depends on its total 
energy requirements and its achieved rate of energy intake. Roughly 
speaking, a bird's toraging time must double when its rate of net energy 
gain is reduced by half 
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FIGURE 6-22 The amount of time spent feeding by a Golden-winged Sunbird 
depends on the average amount of nectar that it gets from a flower. The solid line is 
the predicted relation, assuming that the sunbird visits only as many flowers as it 
needs to replace total daily expenditures. The dashed line is fitted to the actual field 
measurements of foraging efforts. [After Gill and Wolf 1919] 

Sunbirds' daily foraging times, for exatnple. decline with an increase 
in floral nectar content (Figure 6-22). I3y providing supplemental food 
and \:Vater. Irene Tielenun and Joe Willian1s (2002) caused Greater 
Hoopoe-larks in the Arabian desert to decrease their foraging time by 13 
to 29 percent, resting instead and reducing exposure to the midday heat. 
Forat,ring times also vary with seasonal changes in food availability. Small 
tittnice and goldcrests in England 1nay forage 90 percent of the day in 
\Vinter \vhen food is scarce. their metabolism is high. and days are short 
(Gibb 1960). Gold crests in arctic Finland and Nonvay sometimes suffer 
high mortality rates in harsh winters because they are unable to balance 
their energy budgets ((>sterlof 1966: Hogstad 1967). At the other end of 
the spectrum. tropical ti·uit-eating birds meet their needs in miminum 
titne, less than l 0 percent of daylight hours. 

If a short foraging time is sutlicient for self-tnaintenance. individual 
birds can atiord to build up energy resen.Tes or undertake energy-expensive 
activities such as tnigration. n1olting, and breeding (see Chapter 9). Lo\V 
foraging times also allow birds more titne to hide trmn predators, select 
£rvorable microclimates, establish dmninance and property rights over 
other individual birds, court potential nutes. and rear young. l3irds rou
tinely act to increase foraging et11ciency and reduce required foraging time. 

Fat Reserves and Fasting 

Nlost birds maintain minimal tat (lipid) reserves. Excess nuss increases 
t1ight costs and reduces agility and the odds of escaping predators. SmalL 
te1nperate-zone passerincs typically have £1t reserves of no more than 
1 () percent of body m.ass to cover their f:1sting needs during midwinter. 
Y ello\v-vented Bulbuls in tropical Singapore nuintain £1t reserves of 
only 5 percent of body weight throughout the year. little more than is 
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FIGURE 6-23 Annual cycles of fat deposition in a temperate-zone migrant (White
crowned Sparrow), a temperate-zone nonmigrant (House Sparrow), and a tropical 
nonmigrant (Yellow-vented Bulbul). [From Blem 2000] 

needed to survive overnight and to begin feeding the next mornmg 
(Figure 6-23). 

In general, large birds can store more tat and can Elst longer than smaller 
birds can. At moderately low temperatures ( 1 °-9°C), a 1 0-gram warbler, 
t(x example, may not survive a day without food, whereas a 200-gram 
An1erican Kestrel can survive for five days (Calder 197 4). Male Emperor 
Penguins £1st tor 90 to 120 frigid days during their incubation vigils of 
the Antarctic winter and may lose 45 percent of their n1ass during this 
period (del Hoyo ct al. 1992). 

Hoarding food for ti.tture use is one \vay of preparing t<.x food short
ages (Vander Wall }C)()(J; K;lllander and Stnith 1990). Groups of Acorn 
Woodpeckers, t()r example, build large granaries of acorns f()r the winter 
(scL' Fit,rtlre 11-.1). l'V'leat eaters such as hawks, owls, and shrikes routinely 
set aside <l fl-action of their prey t(x future use. Sht;kes impale prey on 
thorns for later consumption. Crested Tits of Europe obtain ~1s much as 
()() percent of their winter t(1od ti·mn provisions ;mussed earlier in the 
year. These seed caches arL· more ditllcult to relocate than other stored 
toods, such as the acorn granaries of \voodpeckers and the impaled prey 
of shrikes. The recovery of widely dispersed, concealed seed caches re
quires extraordinary spatial memory, which is processed by an enlarged 
hippocatnpal complex of the fort•brain (see Chapter 7). 

Water Economy 
Balancing dai\y eneq..,')' expenditures is one side of t11L· physiological coin. 
The other side, water economy, is equally important, especial1y in arid 
environments. The potential for debilit~1ting water loss is a corolbry of 
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exposure to rnidday heat. Enhanced evaporative heat loss is essential to 

prevent heat stress during strenuous activity. For example, evaporative 
water loss in <1 desert finch-the California T owht.•e-quadruples vvhen 
~1mbient temperature increases fi·om 30° to 40°C, whereas ox.·ygen use 
only doubles (BartholomL'\V and Cade 1963). \Vater is used and replaced 
at high rates as a result of hi~h evaporative \Vater losses and the limited 
capacity of birds for concentrating electrolytes in the urine. 

Birds replace lost water fi·om several sources. w·ater present in food 
satisfies the fluid needs of many birds, particularly nL·ctar-eating or fruit
eating birds and meat-eating raptors such as Sooty Falcons, vvhich can nest 
in arid parts of the Sahara when: midcby shade temperatures exceed 49°C. 
Liknvise, insect-eating birds get most of the water that they need from 
the body Huids of cm1sumed insects; unlike seed-eating birds, they rarely 
visit water holes. Califim1ia Quail, a close relative of the aforementioned 
Gatnbel's Quail, and Rock Wrens obtain adequate water by supplement
ing their diets of seeds with insects. 

fVletabolic water is produced as a by-product of the oxidation of or
ganic compounds containing hydrogen. lVletabolic \V;lter supplements in
gested \Vater and, in some cases. is ~111 that a bird needs. Because of their 
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FIGURE 6-24 Evaporative water loss (as percentage of body mass lost per day) at 
nonstressful ambient temperatures (ne(]r 25"C) decreases sharply with increasing size 
(and therefore reduced surface area relative to mass) of small birds. Metabolic water 
production, the projected range of which is indicated by the cross-hatching, partly 
offsets evaporative loss. !After Bartholomew and Clldc 1963l 



high metabolism, birds produce more metabolic water in relation to body 
size than do most vertebratt:s. The rnetabolism of 1 gram of t1t yields 38 .5 
kilojoules of energy plus 1.07 grams of water. Metabolic water produc
tion increasl's directly with oxygen consumption and thus with increased 
metabolism at both colder and higher tcrnperatures. Large birds can re
place more of their evaporative water loss with metabolic water than can 
small birds (Figure 6-24). Certain exceptional seed-eating birds, such as 
Zebra Finches. can survive. drinking not a drop , on a diet of air-dried 
seeds containing less th;m I 0 percent \;vater; they supplement this with 
metabolic vvater. 

FIGURE 6-25 (Top) Huge 
flocks of birds regu Ia rly visit 
water holes in arid Australia. 
(Bottom) Budgerigars at a 
water hole. [Courtesy of 
C. D. Fisher] 

175 



176 

CHAPTER SIX Water potentially lost in exhaled air tnay be conserved by counter
current cooling in the nasal chambers and respiratory passages. This fonn 
of conservation is well established t()r nummals at lo\:v temperatures 
(Schmidt-Nielsen 1981). Studies of Ati·ican larks. however, do not sup
port the importance of this fo1n1 of water conservation in desert birds 
(Tielctnan et al. 1999). 

Drinking free water fi·om streams, \Vater holes, dew. raindrops. and 
even sno\v is a casual, incidental activity in most mesic habitats-those 
having a tnoderate amouut of moisture. In deserts, ho\vever, daily visits 
to isolated springs or \Vater holes, where predators \Vait. may be neces
sary. l3ecause their diets are litnited to dry foods. seed-eating birds expe
rience the greatest need for ft·eestanding \Vater and visit natural water 
sources in large nmnbers. Dean Fisher and his colleagues (1972) conducted 
dawn-to-dusk watches at vvater holes in the arid regions of \Vestern and 
central Australia. More than half of the 118 species of birds in the area 
appeared to be independent of sudace \Vater. Parrots, however. ,·vere not. 
Their visits to a \Vater bole to drink con-elated closely with maximum 
daily temperatures. Sometirnes, they appeared in spectacular numbers 
(Figure 6-25). ()ne day, during an unusually dry period, Fisher recorded 
6 7,000 bird visits to one water hole. 

Excretory Systems 

The excretion of water and nitrogenous \Vastes by birds takes place in the 
kidneys and the intestines and, in son1e species, by the action of salt
secreting glands. Avian kidneys-Hat structures sited against the ti1sed ver
tebrae on the dorsal vvall of the abdmninal cavity-dit±et in structure and 
function fl-mn those of reptiles or mammals. Urine produced by the kid
neys mixes with fecal cmnponents in the lo\vcr intestine, \Vhere addi
tional \Vater can be resorbed as needed. 

The most conspicuous physiological adaptation tor promoting water 
econmny in birds is the excretion of nitrogenous wastes in the form of 
uric acid-white crystals that give bird droppings their usual color. This 
ability is in accord \Vith the reptilian ancestry of birds: uric acid excretion 
evolved early in the history of archosaur reptiles. The tun1over of pro
tcins in the maintenance of body structures produces nitrogenous prod
ucts that v.,rould become toxic if allowed to accumulate. The excretion of 
nitrogen as urea in aqueous solution, as done by mammals, requires t1ush
ing by large quantities of \\-';lter. Uric acid can be excreted. instead, as a 
se1nisolid suspension in which each molecule of uric acid contains tw·ice 
as much nitrogen as a molecule of urea does. Therefore, birds require 
tl·om only 0.5 to 1.0 milliliter of water to excrete 370 millilitLTS of nitro
gen as uric acid, whereas 1namrnals require 20 n1illiliters of water to ex
crete the same ~unount of nitrogen as urea. Birds can concentrate uric acid 
in the cloaca, just before defecation, to <Unazing levds-as much as 3000 
times the acid level in their blood. Kangaroo rats. among the most d1i
cient mammalian water conservationists, can concentrate urea to levels 
t1·om only 20 to 30 times those in the blood. 
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FIGURE 6-26 The urogenital systems of a male hummingbird (left) and a female 
hummingbird (right). 

Hummingbirds t;Ke a dit1erent problc1n: too rnuch water (Beuchat et 

a!. 1990). Among the many physiolobrical records held by hummingbirds 
is their claim to the highest rates of water t1ux of any endothennic ver
tebrate. Their use of nectar as a primary energy source is the reason ft)r 
this achieven1ent. To get the energy fi·om the sugars in nectar. a hum
mingbird must also consun1e substantial volumes of liquid. When daily 
energy demands are high, the Anna's Hummingbird consumes and ex
cretes liquid about 3.3 times its body mass. Most of this v\.'ater passes 
through the body at rates that exceed the highest known urine produc
tion by fi-eslnvater <Unphibians. A hummingbird's kidneys are not special
ized for unusual levels of \Vater processing; they are essentially the same 
as a reptile's kidney (Figure 6-26). fZ.ather. hummingbirds lay clairn to 
the highest rates of evaporative water loss among birds. In addition, as al
ready mentioned, their digestive systems selectively absorb sugar and 
allovv much of the ingested water to pass through rapidly \\rithout absorp
tion and processing through the kidneys. 

Although avian kidneys can concentrate nitrogenous wastes, they usu
ally cannot concentrate salt or electrolytes much above normal blood 
levels. Man1nulian kidneys, especially those of the kangaroo rat, excel at 
conCL'ntrating salts and electrolytes because of their long loops of Henle
structures that help regulate salt levels and when necessary retain \Vater. 
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FIGURE 6-2 7 The salt glands of some marine birds are located on top of the head 
in shallow depressions above each eye. [After Schmidt-Nielsen 1983] 

In contrast, the loops of Henle in the avian kidney are short. This anatmn
ical shortcoming presents a problem, particularly for oceanic birds that 
drink sea\\.'ater. which is about 3 percent salt. The body t1uids ofbirds are 
1 percent salt. The high salt content of their nurine food" further in
creases their need to excrete electrolytes. For this reason, seabirds, as well 
as other birds \Vith water-conservation problen1s. rely on extrarenal stmc
tures called nasal salt glands (Figure 6-27). 

Salt glands are \videspread among birds subject to salty diets. Large. 
conspicuous structures located in special depressions in the skull just above 
the eyes, salt glands enable seabirds to drink sea\vater and to unload the 
newly ingested salt rapidly through concentrated salt solutions. For ex
ample, if a b'Llil drank one-tenth of its body \veight in senvater, it would 
excrete 9U percent of the new salt load within 3 hours (Schmidt-Nielsen 
1983). These amazing glands produce and excrete salt solutions that are 
as much as 5 percent salt, more concentrated than seawater. 

Salt gland" are special infoldings of the cellular lining of the nares. In
side the salt gland are many secretory tubules arranged in lobes. The tubules 
extract salt frmn blood in the capillaries of the ophthalamic arteries (\vhich 
also service the eyes). The tubules then etnpty directly into a central canal 
leading to the main duct. Each of the pairs of glands has a main duct that 
leads to the anterior nJsal cavity. The salt concentrate runs out of the nos
tril and clo\vn grooves to the bill tip before dripping oti Some birds. such 
as stonn petrels, eject the fluid forcibly. The activity of the salt gland is 
stin1ulated directly by the intake of salt or. sometin1es. just by an over
load of salt in the blood. These energy-dcrnanding, active-transport 



processes in the salt gland may increase the resting metabolic r~Hc by as 
n1uch as 7 percent (Peaker and Linzell 1 975). 

Salt glands are largest and best developed in oceanic birds such as al
batrosses, which must drink seawater. The size of the gland depends on 
the number of lobes in it and varies among bird species. Auks and gulls 
have particularly large gbnds, with as 1nany as .2(! lobes. \Vhen individ
ual birds, such as I\11al1ards, drink salt water instead of tl-esh \Vater, their 
salt glands increase in size accordingly. Surprisingly. no passerines have 
salt gbnds, not even those that live in salt marshes or teed 011 intertidal 
invertebrates on the seacoast. 

Summary 
Birds have high metabolism. Flight and the maintenance of high body 
ten1peratures use large amounts of eneq..,'y. Both the circulatory and the 
respiratory systems have evolved exceptional c1pacities tor the delivery of 
fuel and the removal of metabolic products. Water loss linked to high 
1netabolic rates poses ditJiculties f(Jr some birds. 

Birds regulate their body te1npcratures at 4t! 0 to -I-2°C by adjusting 
phnnage insulation, by increasing heat production through shivering when 
cold, and by evaporative water loss through panting and gular tluttering 
\Vhen hot. The rq..,'ulation of blood tlow through the feet aids heat loss 
or retention. To save energy·, some birds-notably, hummingbirds, S\Vitts. 
and nightjars-can lower body temperature and becmnc torpid. Birds can 
also elevate body temperature a few degrees to reduce the need tor evap
orative water loss and to store body heat tor cold nights. Heat produced 
during tlight can be lost quickly with little loss of water. However. birds 
have little latitude for higher body temperatures: 46°C is lethal. 

The digestive tracts of birds are specialized tor particular diets and may 
change with seasonal changes in diet. Assimilation crllciencies range fi·om 
less than 30 percent f()r spruce needles by Spruce Grouse to <)9 percent 
t()r sugars tJ·om nectar t()r humn1ingbirds. The ceca-srnall side sacs on 
the large intestine-aid the digestion of plant foods. Smne birds digest 
\Vaxcs, particularly the honeyguidcs of Afi·ic1 and seabirds, but most birds 
cannot. Parrots dctoxity bitter ti·uits and seeds by e;1ting clay minerals. 

Birds adjust their foraging etTorts in relation to tood availability and 
build up reserves or cache t()ods t()r usc in periods of food shortage or 
exceptional expenditures of energy. 

Birds depend on metabolic water as well as on that ingested in their 
t()od or drunk as tree wata. Some species get ~lll the water that they need 
fi·om food and metabolic \Vater. Most species require some fi·ce water; 
thus, desert water holes attract huge aggregations of thirsty birds. 

The excretion of nitrogenous \Vastes as uric acid r~1 ther than as urea 
prmnotcs water economy in birds. Seabirds have well-developed salt glands 
embedded in their skulls over their eyes. These glands void concentrated 
salt solutions and thereby enable the birds to drink seawater and to eat 
prey having high salt content. 
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PART 3 

BEHAVIOR AND 
COMMUNICATION 



Senses, Brains, 
and Intelligence 
If tnen had 11'in/:zs and bore h1.1ck feathers. felt' (~f them would 
be clever eno11,gli to be crows. 

[Reverend Henry Ward Beecher, 

mid-180Cts, in Savage l <JIJS, p. I] 

rnithologists once assmned that birds perceive the world 
in the same \.vay as people do. They don't. Their daily 
sensory experience is substantially ditTerent and extends 

beyond the sensory experience of hmnans. Their highly developed color 
vision reaches strongly into the ultraviolet range of the spectn.1n1. Birds 
navigate by using rnagnetisrn, polarized light. and calibrated celestial com
passes. They are also sensitive to tninuscule shifts in gravity and baron1et
nc pressure. 

Birds have v"·cll-developcd brains and arc more intelligent than rnost 
1narnmals. Language, took and culture are all features of the life of birds. 
Substantial learning by birds guides the nustery of complex motor tasks. 
social behavior, and vocalizations. Advanced spatial mc1nory and naviga
tional abilities guide hemispheric migrations as well as the recovery of 
hidden food. Studies of the avian brain have helped to understand ho\:v 
the central nervous systen1 controls con1plex behavior and ho\:v neural 
connections restructure thetnselves. 

The sensory \vorld of birds is the initial focus of this chapter, follo\ved 
by the rnajor features of the avian brain and the scope of avian cognition 
and intelligence. Advanced behaviors illustrate the abilities of birds to 
solve, smnetin1es creatively, the daily and seasonal challenges of gather
ing food by using their cognitive skills. The concluding sections of this 
chapter feature the intelligence teats of crovvs, jays, and their relatives, 
\Vhich challenge those of prinutes. 
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CHAPTER SEVEN Vision 
Birds are extre1nely visual aninuls. They use their large eyes to search for 
food and to detect predators at great distances. They also engage in com
plex, colorful courtship displays. an1plified by an exceptional system of 
color vision. Songbirds and raptors, believed to h~1vc the keenest sight of 
all birds, can resolve details at 2.5 to 3 times the distance that humans can. 
The American Kestrel, for example. can spot a 2-millimeter insect fi·om 
thl' top of an 18-meter-high tree (Fox et al. I 'J7()). Wide-angle vision 
combined w·ith double centers ofhigh resolution in the retina enable smne 
species to capture a \Vhole scene at a glance, rather than piecing it to
gether as we do. The visual field of the American Woodcock is one ex
treme of this ability. With eyes located at the midpoint of its head, the 
American Woodcock can monitor 360 degrees laterally and 180 degrees 
vertically (Waldvogel 1990). 

Avian eyes are large, prorninent structures. The Common Starling's 
eyes account tor 1 S percent of its head mass. The eyes of eagles and o\vls 
are as big as hmnan eyes. The eye of an ostrich is the largest of any land 
vertebrate (Marrin and Katzir 1995). Unlike the unifon11ly round. rotat
ing eyes of n1an11nals. the eyes of birds vary in shape fi-mn round to flat 
to tubular. They till the orbits fi.1lly but are capable of only linlited rota
tion, mostly toward the bill tip. 

Because birds· eyes are generally set on the sides of their heads, birds 
see better to the side than to the tl·ont. Penguins and passerines, for 
example, examine nearby objects \Vith one eye at ;1 time. The resulting 
image is rebtivd';l f1at, because 1nonocular vision does not achieve depth 
perception with the S<une accuracy as binocular vision does. To compensate, 
birds bob their heads quickly, viewing an object with one eye ti-om t\vo 
ditTcrent angles in rapid succession (Box 7-1 ). Some birds, such as swal
kn:vs, nightjars, ha\vks, and ovvls, restrict lateral monocular vision to close 
objects and use forward binocular vision tor distant vie·wing. Generally, 
binocular vision is atypical. A1nong ducks, only the Blue Duck of New 

HOW ROBINS FIND WORMS 
The familiar American Robin 
runs a few steps, cocks its 
head, and then suddenly tugs 

an earthworm out of the soil. Capture rates may 
be as high as 20 worms hiding in the lawn top
soil in an hour. How does a robin spot an earth
worm invisible to human eyes? The cocked-head 
position could enhance close vision in one eye or 
it could focus the robin's hearing toward the 
ground. The results of initial experiments sug-

gested that robins find the worms by sight (Hep
pner 1965). A more elaborate series of experi
ments conducted on the campus of Queen's Uni
versity in Ontario by Bob Montgomerie and Pat 
Weatherhead (1997) revealed that robins actually 
detect hidden worms by listening for the slight 
sounds made by the worms while moving through 
the soil. After the robin has detected a worm, the 
actual strike is likely guided visually. Both sound 
and sight would be aided by the cock of the head. 



Zealand can stare forward; other ducks use one eye at a time. Bitterns stare 
forward with binocular vision while poiming their bills skyward. Quite 
the opposite are woodcocks. already mentioned . Their huge eyes are set 
f:11· back on the head, allowing broad re:1rview binocular vision. 

Birds have not two but three eyelids. Supplementing the two normal 
eyelids is the nictitating membrane. a thin transparent membr;me that 
brushes otT and moistens the cornea with each blink. The nictating rnem
brane serves as a pair of goggles tor diving birds, complete with a central 
lens of high refi-active index ro help see underwater. Among the tew ex
ceptions. ov·:ls have thick, opague nictating membranes that protect their 
eyes and Eurasian Ivlagpies flash a white n1embrane with bright orange 
spots when they blink slowly, as in courtship or aggression . 

Eye Anatomy 

A cross section of the avian eye reveals a small anterior component, w·hich 
houses the cornea and lens, and a larger posterior component. \Vhich is 
the main body of th e eye (Figure 7-1 ). The two sections are separated 
by a scleral ring composed of 12 to 15 small bones, called ossiclcs. T\vo 
striated muscles-Crampton's muscle and Brucke 's muscle-attach to 

Co Aqueous humor 

Lens 

Corpus cil iare Crampton's muscle 

Pecten 

Optic nerve 

FIGURE 7-1 Cross section of the avian eye. (After Evans 1996] 

..,....--
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CHAPTER SEVEN these ossicles and are responsible for focusing on objects. The lens is large 
and conspicuous. The pecten, a distinctive and intriguing feature of the 
avian eye, projects ti-om the rear surtKe of the eye near the optic nerve 
into the large cavity filled vvith vitreous humor-the clear substance that 
fills the eye behind the lens. 

Cornea and Lens 

In birds, both the cornea and the lens change their curvature while fo
cusing; only the lens does so in n1an1nuls. Contraction of Cran1pton's 
n1uscle increases the corneal curvature and thus the con1ea 's refi-acrive 
power. A change in the cornea has little etiect underwater, however, be
cause the refractive index of the cornea is nearly the sarne as that of 
water. As we n1ight expect, diving birds, such as con11orants, have weakly 
developed Cr<:unpton's rnuscles: to cmnpensate, they have strong Brucke 's 
rnuscles, which control the shape of the soft, flexible lens. Plunge divers 
such as kingtlshers can even keep a target tish in focus as they dive. 

Lens shape varies n1ore an1ong bird species than in other vertebrates. 
The lenses of parrots, storm petrels, and hoopoes have Hat amerior sur
faces but strongly convex posterior surCKes. Ducks, O\vls, and nightjars 
have lenses that are strongly convex in both tl-ont and back, whereas. in 
passerines and raptors, the convex posterior curvature is noticeably greater 
than the anterior curvature. The reasons for these differences and their 
benet1ts are not yet known. 

The pupil opening is round in all birds except the gull-like skirnn1ers. 
The skimn1cr pupil constricts into a catlike, vertical slit to protect the 
retina fl-on1 bright (polarized) light; it expands to fonn a rounded shape 
in diru light (Zusi and Bridge 1981). Iris colors of birds vary tiom the 
con1n1on deep bro\vn to bright red, \Vhite or bright yellow, green (cor
rnorants), or pale blue (gannets) and rnay aid species recognition. At night, 
sorne birds' eyes shine bright red in the beam of a flashlight or automo
bile headlights. This "eyeshine'' is a reflection tl-orn the vascular mern
brane-the tapetmn lucidun1-\;vhich, like a nlirror. reflects light back 
through the retina and helps tlight birds in particular to see better. Kiwis. 
thick-knees, the Boat-billed Heron, the flightless Kakapo, many night
jars. o\vls, and other night birds have this distinctive trait in common. 

Retina and Fovea 

The highly developed anaton1y of the avian retina and its light-receptor 
cells suggest excellent vision. The large nmnber of cones-the daylight 
(color) receptors of the retina-enables birds to fonn sharp images. no 
n1atter \vhere light strikes their retina. The nun1ber of cones can be as 
high as 400JHJO per square rnillitneter in House SpatTO\VS and 1 million 
per square millirncter in the Common Buzzard. In comparison, the 
hurnan eye has at rnost 200,000 cones per square nlillitneter (Walls 1942). 
A\vay tl-orn the densest concentrations in the toveae, cone concentrations 
in the hurnan retina drop sharply to only one-tenth of those of birds. 



(A) 

(B) 

Central fovea 

FIGURE 7-2 (A) Cross section of a Least Tern retina. showing the visual-cell layer 
with rods and cones and the deep central fovea. (B) Some birds, such as raptors, have 
temporal foveae, which enhance forvvard binocular vision. [(A) From Rochon-Duvigneaud 
1950; (B) after Wilson 1980] 

Foveae-concave depressions of high cone density (Figure 7-2)-are 
k.J1o\vn to be the sites of :;rc;ltest visual sharpness in humans . Like hu
mans. most birds have one fovea in each eye, located in the center of the 
retina near the optic nerve. This central fovea is deeper and more com
plex in its cell structure in visually acute passerines, woodpeckers. and 
raptors than it is in pigeons and domestic chickens. 

Whether deep f(weae enhance avian visual acuity is not clear. They 
may. however, aid in the detection of the movements of smaiJ images. 
Fasr-tlying birds that must judge distances and speeds accurately, such as 
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CHAPTER SEVEN ha\vks, eagles, terns, hunu11ingbirds, kingtlshers, and swallovl'·s, have tem

poral as well as central foveae. These birds also have forward-directed eyes 
and, theretore, good binocular vision. vvhich projects images onto the 
temporal foveae. linages of their peripheraL or lateraL monocular vision 
t:111 on the central foveae. 

Although cones are n1ost abundant in the tove~1e. high cone densities 
are also found in horizontaL ribbonlike strips around the retina in alba
trosses. grebes, plovers. and other birds. These J;bbons apparently increase 
;1 bird\ ability to perceive the horizon and \Vork in concert with the semi
circubr can;1ls of the inner ear to achieve proper body orientation. 

The complex avian retinal structure confers a high sensitivity to mo
tion and the ability to detect both rapidly moving objects and slowly mov
ing ones (Waldvogel 1990). The hmnan eye cannot resolve movements 
t:1ster than 60 cycles per second, or 60 hertz, a measure of what is termed 
t1icker-fusion ti·equency. Birds have higher thresholds of more than 100 
hertz. Thus the 60-hertz oscillation of light in a fluorescent light bulb ap
pears as a steady light to the hun1an eye but as a series of individual Bashes 
to a bird. The same would be true tor a television screen: humans see the 
rapidly scanning signal as a single picture. but birds would see a little spot 
moving back and torth on the screen as the image ref!·eshes. The visual 
motion sensitivity of birds serves them well in all aspects of tlight. in prey 
and predator detection, and in potentially seeing navigation stars actually 
move through their arcs in the night sky. 

The Pecten 

The pecten, a remarkable feature of the avian eye, is a L1rge, black
pisTinented, pleated, and vascularized structure attached to the retina near 
the optic nerve (see Figure 7-1 ). Protruding conspicuously into the vit
reous humor and, in smne birds. ahnost touching the lens. the large, elab
orate avian pecten is unique among vertebrates. In most birds, the pecten 
has 20 or more accordion-pleated t1ns (Figure 7-3). Nocturnal bird-; have 
fewer tolds. The pectens of O\vls. nightjars. and the Kakapo have only 
t(ntr to eight t(Jlds, and the sitnple. n:ptilelike pectens of kiwis have no 
folds at all-probably representative of an evolutionarily degenerate con
dition (Sillman 1973). 

The avian pecten has flscinated scientists tor centuries. At least 30 
theories have been proposed to explain its existence. Some researchers 
believe that the pecten participates in the regulation of internal eye tem
peLltures and hydrostatic pressures: others suggest that it reduces glare; 
still others hypothesize that it might be a sextant t()r navigation or a dark 
mirror t()r indirectly viewing objects near the sw1. Primarily, h()\Vever. 
the avian pecten serves as a source of nutrition and oxygen fc)r the retina 
(Giintiirkiin 2000). Unlike the rnanunalian retina. the avian rl'tina has no 
embedded blood vessels. Instead, the vascubr supply system is concen
trated in the pecten, which interferes less \Vith visual functions than would 
a complex net\vork of blood vessels. 



(A) (C) 

(B) (D) 

FIGURE 7-3 Structure of the pecten of (A) an ostrich and (B) most modern birds. 
(C) Basal cross section of the structure of part A. including central web and lateral 
vanes. (D) Dorsal view of the typical pleated structure of avian pectens. [After Walls 
7942] 

Color Vision 

Color vision is based on visual pigm ems, \vhich convert the elt'ctromag
netic energy of light into neural energy. In addition to their visual pig
ments , the cones of diurnal birds often contain colored oil droplets with 
carotl'noid pigmems. The pigments, which range fi·01n yellow to red, act 
as filters against damaging UV light, as they do in the yellowish lenses of 
th t.: eyes of mammals. They may also enhance the contrast of objects 
against diflerent b;Jckgrounds-yellow tor objects seen against the blue 
sky, and red for objects against green backgrounds, such as fields and trees. 

Primitive mammals, including the an cestors of primates. were night 
creatures that lost the retinal oil droplets associated with sensitive color 
vision. Once lost, these droplets did not evolve again in placental mam
mals. Instead , the color vision of hum;ms and other primates re-evolved 
on a diflcrent and more limited basis . Birds retained and enhanced the 
color vision systeins of their ancestors. The richness of avian color per
ception, therefore. is beyond that of human experience. Very likely, the 
avian retina-with its high cone densities including visual pigments. near
ultraviolet receptors, and colored oil droplets-is the most capable day
light retina of any animal. The color sensitivities of birds span color 
combinations fi·om near-ultraviolet to red (Chen and Goldsmith 1986). 
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CHAPTER SEVEN Unlike hwnans. birds are sensitive to light in the near-ultraviolet spec

trum. The lenses of the hmnan eye absorb UV light: in birds. the lenses 
transmit UV light to the retina, where an extra set of cones. lacking in 
humans, have peak sensitivity in the near-ultraviolet spectrum (Chen et 
al. 1984). The daily visual experience of birds is thus substantially differ
ent tl·om ours: birds do not see the \Vorld or themselves as \Ve do. or as 
we thought they did. 

The reality of widespread ultraviolet plumage coloration was intro
duced in Chapter 4. Dit1erences in ultraviolet intensity in plumage guide 
the choice of mates, dorninance relations, and reproductive success (Ben
nett et al. 1996: Chapter 12). Here's a selection of some of the roles of 
UV light in the lives of birds. Cormnon Starlings preferentially feed those 
nestlings having UV -reflective skin Qourdie et al. 2004). A thrush. the 
Re(hving of Europe. prefers Vilmmrm1 berries that reflect UV light to 
those that do not (Siitari et al. 1999). And Common Kestrels use UV light 
to tlnd concentrations of a favorite prey-voles. \vhich (unwittingly) il
luminate their Ineado\v trails \Vith urine and feces that shine in the ultra
violet (Vii tala et al. 1 995). 

tvlost diurnal birds operate in a rich color environment that not only 
includes ultraviolet but is tetrachrmnatic with tour types of cones, as is 
the color world of son1e fish and turtles and possibly lobe-tinned ances
tors of all land vertebrates (fZ.obinson 1994). The tetrachromatic color 
world of diurnal birds is not only bro~1d in the range of colors detected 
but oHl:·rs a qualitative change in color pLTCeption and the hues seen. In 
contrast. the retinas of nocturnal birds such as owls contain mostly rods. 
vvhich are simple light receptors itnportant in black-and-white (and hence 
night) vision. 

Detection of Magnetic Fields 
Birds use tnagnetic inton11ation to navigate both locally and globally. (See 
Chapter 10 for a detailed discussion of this topic.) They respond to nug
netic tl.elds as ·weak as SO nanoteslas and to fields as strong as those that 
prevail on the Earth's surt:Ke. roughly 60 microteslas. Exactly how they 
detect the strength and orientation of the Earth's natural magnetic tlelds 
is still unknown (Beason 2005). Likely participants are tiny particles of an 
iron compound called magnetite, \vhich can be polarized by even a hand
held magnet. Such crystals are the basis tor the magnetic orientation of 
bacteria and algae. 

Magnetite-like elernents are present in the heads of birds, especially in 
the ophthalmic branch of the cranial (trigeminal) nerve system and the 
thin (ethmoid) bones at the tl·ont of the orbits of the eyes. Adjacent nerve 
tissues or pressure receptors could detect subtle changes in the position of 
the magnetite particles. Migratory Bobolinks (see page 300) have magnetite 
in their ophthaltnic nerve cells. When tnagnetized with ditTerent polari
ties, the Bobolinks \viii orient in appropriately ditTerent directions (Beason 
ct al. 1995). 



An entirely ditierent reception rnechanisn1 called optical pmnping also 
may take part. The photopign1ent rhodopsin is theoretically capable of 
converting both light (electron1agnetic energy) and nugnetic fields into 
nerve impulses that are then processed by the central nervous systern (Leask 
1977). The avian retina does respond to n1agnetic stimulation. Circular 
arrays of specialized photoreceptors present in the avian eye could theo
retically organize a directional con1pass that can be calibrated through 
experience. The relative roles of 1nagnetite and these photoreceptors in 
navigation are still unknovvn (though see page 301 ). 

The avian pineal gland also houses n1agnetitc and is responsive to mag
netic stinllllation. This organ plays a n1~~or role in guiding daily rhythn1s 
(see Chapter 9), but the role of rnagnetistn in doing so is still a mystery. 

Hearing 
Sounds provide birds \Vith essential information. From territorial defense 
and rnate choice to navigation. birds depend on their hearing for a wide 
range of activities. 

Ear Structure 

The three sections of the avre:u1 ear are the external ear. the rniddle ear, 
and the inner ear. The external ears of birds are inconspicuous structures 
located behind and slightly below the eye. They lack the elaborate pin
nae. or projecting parts, of n1an1Inalian ears. Specialized ·'auricular" feath
ers on the external ear protect the hearing organs trom air turbulence dur
ing flight while pern1itting sound waves to pass inside. Diving birds, such 
as auks and penguins, have strong. protective feathers covering the exter
nal ear openings. These birds protect their 1niddle and inner ears fron1 
pressure darnage in deep water by closing the enlarged rear rin1 of the ex
ternal ear. The entire n1uscular rin1 to which the auricular feathers are at
tached fonns an enlarged, though inconspicuous, ear t"lmnel in some birds. 
especially passerines. parrots, and raptors. The superb hearing of noctur
nal O\vls is related to their exceptional ear funnels. Large anterior and pos
terior ear flaps regulate the size of the ear opening and enhance acousti
cal acuity rnore than fivefold (SclnvartzkoptT 1 973). In many O\vls, the 
extenul ears and, in some cases, the skull are bilaterally asynunetrical, a 
condition that aids in the precise location of prey. 

In contrast with the three bones in the rniddle ear of a tnanunaL the 
tniddle ear of a bird has only one bone-the colutnella, or stapes-\vhich 
connects the eardrunL or tyrnpanic rne1nbrane, to the pressure-sensitive 
fluid system of the inner ear (Figure 7-4). Located next to the attachment 
of the colmnella to the bony cochlea is the t1exible round window, which 
protects the inner ear from pressure darnage. The shape of the colmnella 
varies \vith taxon, but most birds have a sin1ple cohn11ella similar to that 
of reptiles (Feduccia 1977). 

The external and n1iddle ears t"lmnel sound \Vaves frorn the environ
tnent into the cochlea-the tluid-filled, coiled section of the inner ear 
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Round window 

Inner ear 

FIGURE 7-4 Middle-ear region of a chicken. A single bone-the columella, or stapes
transmits sound from the eardrum to the fluid-filled cochlea of the inner ear. [After 
Pohlman 7 92 Tl 

that is the base of the hearing organ. Hair cells in the cochlea moni
tor vibrations transmitted by the fluid and encode thcn1 into a teinpo
ral sequence of nerve i1npulses that register in the acoustical centers of 
the brain. These hair cells regenerate after da1nage to restore fill] hear
ing ability. 

The avian ear is stn1cturally simpler than that of 1nammals. Compared 
\Vith those of n1an1mals. avian inner ears have a short basilar membrane. 
no division bctv,.recn inner and outer hair cells, and a si1nple system of 
cochlear nerves. Its acoustical et11ciency, ho·wever, is the same as that of 
the 1nammalian ear. 

Acoustical intonnation is processed primarily by auditory nuclei in the 
hindbrain. The basic plan of the avian auditory central nervous system is 
the s~une as that of reptiles, \Vith some derived specializations (Carr 1992). 
Specialized dark-hunting owls that rely on sound have an extraordinary 
nmnber of ganglionic cells in the medulla tor processing sound and sp<l
tial infonnation. The Darn l)wl, tor exatnple, has about 47,600 ganglionic 
cells in one half of the 1nedulla; the Carrion Crow has about 13,600; and 
the Little l1w1, \Vhich hunts in the carly-1norning light, has about 11,200 
(Winter 1963). ()ilbirds, which use sound to navigate in the dark, also 
have highly developed auditory centers. 

Hearing Abi I ity 

The substantial amount of experi1nent<:1l data on the hearing abilities ofbirds 
supports a surprising conclusion. Most birds do not have extraordinary 
hearing by standard measures. Humans can hear £1.inter sounds than most 
birds at tnost ti·equencies. Furthennore, the frequency range of good hear
ing tends to be \vider in mammals than in birds. Sotne birds, however. can 
detect lo\v, infi·asound tl-equcncies outside the range of human heating. 

The tl-equencies of sound are n1easured as cycles per second (hertz) or, 
tor high-frequency sounds, as thousands of cycles per second (kilohertz). 
I3irds hear best at ti·equencies betw·een 1 and 5 kilohertz. Sensitivity de-
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FIGURE 7-5 Median hearing threshold curves of birds. Humans cannot hear sounds 
in the lower shaded area, but owls can. The higher the required intensity, the poorer is 
a bird's or a person's hearing. Birds hear well (required intensity less than 40 decibels) 
over a narrower range of frequencies than do humans. ]After Dooling 1982; Dooling et 
a/. 2000) 

creases rapidly at both lower and higher tl-equencies. Owls arL' an excep
tion; they hear better at these ti·equencies than human do and h;we g-n:ater 
sensitivity than that of humans to low-trequency sounds (Great Horned 
Owls) and high-trequency sounds (Barn Owls). Pigeons, chickens, and 
guineafowl , however. hear very low ti·equencies (in6-asound below 20 
Hz) extremely well : pigeons can hear much fainter sounds (50 decibels 
lower) in the 1 to 10 hertz range than humans can hear. The significmce 
of this ability is not yet understood. Oscine songbirds tend to hear high
ti·equency sounds better and 10\v-ti·equency sounds less well than do other 
birds (Figure 7-5). 

Unlike bats and some other mammals. birds do not hear ultrasonic 
sounds-that is . sounds with ti·equencies higher than those audible to hu
mans. Birds are sellSitive to small changes in the tl·equency and intensity 
of sound signals. but not unusually so. Humans detect frequency changes 
better than birds at all tiTqucn cies. Birds can discriminate temporal vari
ations in sound. such as duration of notes, gaps. and rate of alllplitude 
modulation , as can other vertebrates, including humans. Laboratory tests . 
however, do not support the idea that birds have exceptional pmvers of 
temporal resolution, a result that bears directly on the abilities of birds to 
recognize subtle call variations and on the evolution of vocalizJtions (see 
Chapter 8). 
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FIGURE 7-6 The heart
shaped face of the Barn Owl 
is not perfectly symmetrical. 
The left ear. which is higher 
than the right ear, is most 
sensitive to sounds from 
below the horizontal (an 
imaginary horizontal plane 
that is parallel to the ground 
and passes through the owl's 
head). Conversely, the lower 
right ear is most sensitive to 
sounds from above the 
horizontal. Enhancing the 
difference in ear positions 
are the downward-oriented, 
feathered ruff on the left 
side of the face and the 
upward-oriented ruff on the 
right side. This asymmetry 
causes a sound to arrive at 
each ear at slightly different 
times, thereby enabling the 
owl to precisely locate the 
source of the sound. 
[From Knudsen 1981, with 
permission from Scientific 
American] 

Orienting by Sound 

0\vls can locate prey by sound in complete darkness. The Ban1 0\vl can 
catch a running mouse in total darkness because it can precisely locate 
sounds to within 1 degree in both the vertical and the horizontal plane 
(Payne 1972). The Barn Owl can also determine the direction and speed 
of a rnouse's 1nove1nent. Hmnans can locate sounds in the horizontal plane 
about as wel1 as a Barn Owl but only one-third as \Veil in the vertical 
plane. 

!3oth O\vls and hununs locate the sources of sounds by means of dif
terences in the intensity and tin1e of arrival of sounds at the two cars. 
Looking directly at the source equalizes these stitnuli. The asymmetrical 
arrangetnent of the ears of some owls enhances reception differences and 
thus the ability to locate prey quickly and accurately. This ability is well 
developed in the Barn Owl, which locates sounds in the vertical plane 
by 1neans of its asyrnmctrical ear openings and the troughs fon11ed by the 
feathered £1eial ruff (Figure 7-6). The left ruff faces do\vnward, thereby 
increasing sensitivity to sounds belo\v the horizontaL and the right ruti 
faces upward, increasing sensitivity above the horizontal. The owl need 



only tilt its head up or down to equalize input to the two sides and thus 
to identit)r the location of a mouse. 

A fe\:v birds use echolocation, or reflected Yocalizations. for naviga
tion. Son1e swifi-lets (Ct>lh>r,di,1) of Southeast Asia t1nd their way through 
dark cave corridors by emitting short, probing clicks of 1-millisecond 
duration at normal tl-equencies (2-1 0 kHz); they do not employ ultr~l

sound as bats do (Medvvay and Pye 1977). Echolocation at these normal 
hearing t1-equencies is :1t best only one-tenth as t1Jnctional ~1s the ultra
sound sonar system ofb;1ts. For ex;nnple, the cave-nesting (}ilbird, a tl·uit
eating nigh~jar of South America, echolocates with sharp clicks from 15 
to 20 tnilliseconds long over a broad frequency spectrmn ranging tl·om 1 
to 15 kilohertz (Konishi and Knudsen 1979). It can avoid disks that are 
20 n1illin1eters or more in diameter. but it collides \Vith stnaller objects. 

Mechanoreception 
Birds are extremely sensitive to mechanical stimulation through the senses 
of mechanoreception (Sch\:vartzkoptT 1973). Included atnong these senses 
are tactile reception. equilibrium (balance), and the detection ofbaromet
ric pressure. Jvkchanoreception reaches its highest level in the hearing 
organ. 

Tactile corpuscles. the prinury sources of skin sensitivity, also moni
tor changes in muscle tension, or proprioception. These cells, specialized 
tor tactile response, arc f()tmd at the ends of sheathed nerve tlbers. The 
ellipsoidal Herbst corpuscle is the largest and most elaborate of the tactile 
corpuscles. It consists of an outer multilayered sheath and an inner core. 
The onion-like layers of the outer sheath allow elastic reception and trans
fer of rapid pressure changes; the inner. cylindrical core is an elaborate 
sensory nerve tl.ber (Figure 7-7). Herbst corpuscles are abundant in the 

Ending of 
central nerve fiber 

Axial cells 

External 
lamellae 

......-Sheath cells and 
nerve fiber 

FIGURE 7-7 Herbst corpuscle from the bill of a duck. The most elaborate of avian 
tactile sensors, it consists of as many as 12 onion-like layers of external lamellae that 
transfer slight pressure changes to the elaborate nerve ending of the receptor axon in 
the center. [After Portmann 19611 
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FIGURE 7-8 The semicircular canals, which are the organs of equilibrium, are located 
next to the apparatus of the middle ear. [After Pumphrey 1961] 

sens1t1ve bill tips of sandpipers and snipes, which use tactile foraging to 
find sn1all prey in the mud, and in the tips of woodpecker tongues. They 
are also concentrated in fe~1ther follicles that have sensory functions. es
pecially those of filoplurnes and bristles (see Chapter 4). They are nmner
ous in the vving joints of birds. \vhere they help govern vving positions 
in flight. 

The organs of equilibrium-the semicircular cuuls located in the ears 
e:1nd the associated sets of specialized sensory cells-are among a bird's 
most import~mt sensory organs because they regulate the balance and spa
tial orientation so essential to skilled t1ight. They give birds an excellent 
sense of balance and body position, enabling then1 to reorient automati
cally \Vith respect to gravity, even when blindfolded. 

Three sernicircular canals, one oriented horizontally and t\'-~o oriented 
vertically, connect directly to the cerebrospinal fluid systen1 (Figure 7-8). 
When the position of a binfs head changes, fluid rnoves through the 
canals (Werner 1958). At the bases of the sen1icircular canals are delicate 
sets of membranes equipped \Vith sensory hair cells, which detect the 
movements of small crystals of calciun1 carbonate, or statoliths, floating in 
the fluid. Spatial variations in the pressure of the crystals on the hair cells 
cause ditferent patterns of excitation, \vhich enable the bird to sense the 
direction of gravity and of linear and circular acceleration. 

The size of the semicircular canals is related to flight pertonnance: 
pigeons, o\vls, thrushes, ravens, and raptors have larger canals than those 
of fowl-like birds and ducks. Arnong t(nvl-like birds, the size of the semi
circular canal increases with the 1nobility of a species. So does the size of 
the cerebellun1 of the avian n1idbrain, which is responsible for balanced 
muscular coordination. 

()rnithologists have long known that birds sense an approaching \Vin
ter stonn and feed actively to build their energy reserves. Birds also know 
ho\v to choose altitudes tor n1igrarion. These abilities suggest sensitivity 



to differences in atmospheric or baron1enic pressure. Hon1ing pigeons are. 
in tact. extretnely sensitive to snull changes in air pressure, comparable 
to differences of only 5 to I 0 tneters in altitude (Kreithen and Keeton 
197 4). Sensitivity to ~ltmospheric pressure is believed to be based in a small 
sense organ, called the paratympanic organ, in the bird tniddle ear (von 
Bartheld 1994). 

Chemical Senses: Taste and Smell 
Birds can taste and smell. The fnv studies of taste acuity in birds suggest 
only that they may be equally or less sensitive than rnannnals with respect 
to son1e ingredients (l3ox 7-2). A few taste buds are located on the rear 
of the avian tongue and on the floor of the pharynx: about 24 in the 
chicken, 37 in the pigeon, and 62 in Japanese Quail. Avian taste buds arc 
sinlilar in structure to manunalian taste buds but are negligible in num
ber by cmnparison. Humans, t()l· ex~unple, have roughly 10,000 taste buds. 
The lin1ited number of taste buds of birds, ho,vever, guide preferences 
for basic tastes-sweet, salt, sour, and bitter-as \vell as such features as 
lipid and sugar concentration (Mason and Clark 2000). 

The avian sense of smell is based in the smiace epithelium of the pos
terior concha of the olt~Ktmy cavities (see Chapter 6). Although they have 
been underestimated in the past, the oltactory abilities of most birds are 
cmnparable to those ol: some mammals (Mason and Clark 2000). 13irds 
use the sense of smell in a variety of activities ranging trom finding t()od 

to orientation (Box 7-3). Coslings learn to choose and reject food plants 
by srne11 at an early age (Wtirdinger 1979) and Cornman Starlings select 
appropriate nest-construction materials by sme11 (see Chapter 15). I 11 

Afnca. honeyguides le~H.i animals and people to beehives (see Chapter 6). 
These relatives of the vvoodpeckers can find the beehives by their pun
gent sn1ells. In experiments, honeyguides can find concealed beeswax can
dles and are attracted by the odor phnne of a bun1ing candle. 

The small size of the olfactory bulbs in rnost birds (relative to brain 
size) fostered the belief that only a te\V exceptional birds-those with large 
olfc1ctory bulbs, namely. vultures, kiwis, and petrels-use the sense of smell 

~sox 1-2 
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Donald Norman and his col
leagues ( 1 992) discovered an 
ecological link between birds 

and chili peppers. The active chemical ingredi
ents, called capsaicins. in chili peppers have a 
familiar, flaming effect on the mammalian oral 
epithelia and taste buds, mediated by the trigem
inal nerve. The normal concentration of these 

chemicals ( 1000 ppm) in wild chilies repels ro
dents but does not make food distastefu I to birds. 
Indeed, birds are attracted to wild capsicum fruits, 
called bird peppers, because they are high in vita
mins, proteins, and lipids. A reasonable hypothe
sis is that capsaicins protect the pepper seeds from 
consumption by rodents and allow or even attract 
birds to eat the fruits and disperse the seeds. 
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Unlike mammals. birds rarely 
sniff. l<iwis-those well-known 
flightless, chicken-sized birds 

found only in New Zealand-are an exception (see 
Figure 2-16). Active only at night, kiwis probe 
their long bills into wet soil to find earthworms, 
which they locate by sniffing through nostrils lo
cated at the bill tip. All other living birds have 
nostrils at the base of the bill. 

A series of classic experiments demonstrated 
that kiwis rely on their highly developed sense of 

smell to find food (Wenzel1968, 1971). Screened 
tubes containing either fragrant food or just dirt 
(the control) were buried 3 centimeters deep in 
a large cage. The captive kiwis quickly found the 
baited tubes and punctured them to extract the 
food, but they ignored the control tubes contain
ing only dirt. Parallel laboratory experiments 
demonstrated increased respiration and brain 
neural activity with exposure to food odors and 
conditioned aversion to food containing noxious 
chemicals. 

in their daily activities. Now that vie\V is changing; 1nost birds can prob
ably s1nell and use odors in their daily routines (Mason and Clark 2000). 
Even passerine songbirds, ·which have tninitnal olftctory-bulb sizes (1.5 
nun) and \Vere assurned to lack a sense of smell, can detect certain odors 
with the same acuities as rats and rabbits (Clark et al. 1992). Sitnple and 
critical olfactory tLmctions can be accon11nodated by very small amounts 
of ol£Ktory tissue. Atnong the orders of birds, ho\vever, thresholds for 
odor detection are conelated \Vith the size of the oltactory bulb relative 
to the size of the cerebrum (Fif-,rure 7-9). Olfactory bulbs also tend to be 
larger in nocturnal birds, which need expanded nonvisual sensory abili
ties, than in related diurnal taxa (Healy and Guilford 1990). 
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FIGURE 7-9 The relation between olfactory acuity, expressed by the detection 
threshold for a chemical in parts per million (ppm), and the proportion of brain tissue 
allocated to the olfactory bulb for six orders of birds. [From C!arf< eta/. 7992] 



()dors rnediate the daily sexual and foraging behaviors of birds. The 
sexual prowess of male Mallards depends on their ability to smell a t<..:male's 
breeding odors. Experimental cutting of their olt~1ctory nerves inhibits 
courtship and sexual behavior (Balthazart and Schotieniels 1979). Femak 
odors apparently come ti·om oil-gland secretions, which change in com
position during the breeding season (Box 7-4). Wild Hying Turkey Vul
tures, which tind carcasses by smdl. are attracted to ethyl mercaptan fumes 
released into the air to si111ulate the stnell of rotting meat (Stager I <)()4. 

1967: Stnith and Paselk I <JH6). Engineers have used the remarkable olf:lC
tory abilities of vultures to locate leaks in long pipelines by pumping such 
chemicals through them and then spotting \Vhere the vultures gather. 

Tube-nosed seabirds (()rdcr Proccllariifonnes) locate zooplankton on 
the open seas by smell. Zooplankton, including the krill consumed by 
\vhales and penguins, is ~l primary food of storrn petrels and other seabirds. 
The seabirds horne in on the scent of din1ethyl sulfide. a cmnpound that 
is released by phytoplankton in response to being eaten by zooplankton 
(Nevitt et al. 1995: Nevitt 1999). Leach's Stonn Petrels are highly at
tracted to this scent. which they can detect as far as 12 kil01neters ti·om 
the source (Clark and Shah 1992). 

Beyond f1nding meals of krill, such seabirds also use stnell to tlnd thLir 
nest burrows and to locate their mates. Leach"s Storm Petrels usc thLir 
\\'ell-developed sLnse of smell to locate their nesting burrows in the dark 
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AUI<LETS USE PERFUME 
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Millions of Crested Auklets 
nest in crowded colonies on 
the cliffs of the Aleutian Is

lands in the North Pacific. Clouds of these small 
buzzy seabirds commute between their nest bur
rows and rich ocean feeding grounds. On land, 
the Crested Au klet flaunts its jaunty crest and 
bright orange bill and practices a striking 
courtship display that includes "sniffing" its mate's 
neck (see illustration). Ornithologists have long 
noticed the rich odor of tangerines that hangs in 
the air over colonies of Crested Auklets. This odor 
turns out to be a key element of their social life 
(Hagelin et al. 2004). The auk lets are attracted 
to their distinctive citrus-scented odor in prefer
ence to other odors. The auklets produce the 
chemical compounds responsible for the scent, 
cis-4-decenal and octanal, just during the breed
ing season. They orient specifically to these chem
icals in maze experiments. Finally, the neck ruff 

that is sniffed during their courtship display is 
highly scented with these chemicals. Social odors, 
the avian equivalent of perfumes, are a relatively 
unexplored and possibly widespread channel for 
communication and sexual selection. 

Crested Auklets displaying and sniffing. 
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reliably chose scents tl-orn their O\Vn nests in experimental mazes. The 
Antarctic Prion of the southern oceans distinguishes the sn1ell of its mate 
fi-orn that of other birds and fron1 its 0\\-'11 scent (Bonadonna and Nevitt 
2004). This ability enables it to tlnd the right nest when retun1ing from 
sea to relieve its incubating partner and may also play a role in nute choice 
and kin recognition. 

Bird Brains 
Contrary to public ''wisdon1, '' birds in general and songbirds in particu
lar have big brains relative to their body nuss. Indeed, birds have \veil
developed brains that are 6 to 11 times as large as those of like-sized 
reptiles. The brains of most birds and rnost rnarnrnals account tor 2 to 9 
percent of their total body Inass. Parrots, o-vvls, crows, woodpeckers. and 
horn bills have larger-than-average brains (R.icklefs 2004: Figure 7-1 0). 

The nlidbrain and forebrain. or telencephalon, in both birds and mam
tnals are conspicuously nwre highly developed than those of reptiles (Fig
ure 7-11). The optic lobes and the cerebellmn dominate the avian mid
brain. The t\vo avian optic lobes are huge in relation to the rest of the 
brain. Together \Vith large eyes, this visual apparatus displaces the rest of 
the brain frorn the ventral and lateral parts of the skull, the usual posi
tions in other vertebrates. 13alance and coordination during flight require 
extensive input trorn sensory receptors throughout the body and in the 
Iniddle ear; the large size of the cerebellum emphasizes the importance of 
this input. 
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FIGURE 7-10 Relation between brain mass and total body mass in birds, based on 
data for 837 species. Black circles: Parrots (Psittacidae), owls (Strigidae), crows 
(Corvidae), woodpeckers (Picidae), and hornbills (Bucerotidae) have relatively large 
brains. White circles: All other species. [From Ricl<iefs 2004] 



(A) Optic lobe Cerebral hemisphere 

(B) Cerebral hemisphere 
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FIGURE 7-11 Left side of the brain of (A) a monitor lizard and (B) a macaw, drawn 
to the same scale. Note the well-developed cerebral hemisphere and cerebellum in the 
avian brain. The forebrain is responsible for complex behavioral instincts and 
instructions, sensory integration. and learned intelligence. It includes the olfactory 
bulbs and cerebral hemispheres. The midbrain regulates vision, muscular coordination 
and balance, physiological controls, and the secretion of neurohormones that control 
seasonal reproduction. It includes the optic lobes and chiasmata and the cerebella. The 
hindbrain. or medulla, links the spinal cord and peripheral nervous system to the 
major control centers of the brain. Cranial nerves, except those controlling vision and 
smell, enter the brain through the medulla. 

Peripheral organs receive signals from all the senses-vision, hearing, touch, taste, 
and smell-and feed them to the brain for processing, integration, and response. 
Before reaching the main integration centers of the forebrain, sensory signals pass 
through their respective control centers. Visual information goes to the optic lobes of 
the midbrain; information on body orientation and localized pressure goes to the 
cerebellum in the midbrain; acoustical information goes to its related processing 
centers in the hindbrain; olfactory information goes to the olfactory bulbs and then to 
the olfactory lobe in the forebrain. !After Portmann and Stingelin 1961] 

The 1 00-ycar-old. classical view of the structure of the avian forebrain 
represents it as an evolutionary step trom primitive vertebrate brains to 
the superior brain of m:mnnals. In this vie\V, instinctive and rd1exive be
havioral systems expanded trom the primitive basal ganglia in the core 
striatal region to domin:1te the avian forebrain (Figure 7-12). The deeply 
tlssured cerebral cortex of the nummalian brain \Vas thought to feature 
rnore advanced "pallial domains·· that process advanced learning and other 
cognitive abilities. This view is incorrect and obsolete (Avian Urain 
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(B) Modern View 
Songbird brain 

(A) Classic View 
Songbird brain 
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FIGURE 7-12 Classical and modern views of the avian brain . (A) The classical view 
considered most of the avian forebrain (the cerebrum, or telecephalon) to be an 
expansion of the primitive striatal elements of the vertebrate brain . These elements 
are limited in extent in the human forebrain, which is dominated instead by the 
expanded, highly folded cortex that enabled higher intelligence. (B) The modern view 
considers most of the avian forebrain to be made of pallial neurons homologous to 
those in the mammalian cerebrum, constructed differently but still enabling higher 
cognitive abilities. [After Avian Brain Nomencla ture Consortium 2005) 

Nomenclature Consortium 2005). Specifically, the avian forebrain also is 
made up largely of pallial domains, though organized difrerenrly tiom the 
mammalian cortex. The avian pallial domains are responsible for their sub
stantial and even superior cognjtive abilities. 

In mammals. the cerebral cortex is the principal feature of the tore
brain. It overgrows the small corpus striatum and reaches its largest and 
most deeply fissured state in higher primates such <ls chimpanzees and hu
mans. In birds. the so-called hyperstriatum has been identified to be the 
center of learning and intelligence. Under the revised terminology, this 
section of the avian forebrain is now called the hyperpallium to indicate 
its cellular homology w·ith the mammalian cerebral cortex. The hyper
pallimn. hO\;vever. is unique to birds and is best developed in intelligent 



birds such as crovvs, parrots. and passerines. Domestic chickens, Japanese 
Quail. and Common Pigeons, which do not perfon11 as \Vell in labora
tory intelligence tests, have smaller hyperpallia. I )a mage to the hyper
pallimn severely itnpairs ~1 bird's behavior. The anterior hyperpallium, 
particularly a bump called the Wulst, tnay be the seat of higher learning 
processes in birds. The removal of the Wulst does not impair a bird's nor
tnal motor functions or its ability to nuke simple choices: however, it 
does destroy the bird·s ability to learn complex tasks. 

Like primate brains, bird brains exhibit functional lateralization. The 
left hemisphere is dominant. In general, the left cerebral henlisphere con
trols cmnplex integration and learning processes and suppresses sexual and 
attack behavior. The right cerebral hetnisphere monitors the environment 
and selects novel stin1uli for fiuther processing, which may entail metn
ory by the left side. 

In hmnans. right-handedness relates to dominance of the lett hemi
sphere of the brain, and weak lateralization can lead to dyslexia and learn
ing challenges in children. Some birds also n1ay be righties or lefties. Cross
bills (Loxia) are either left-billed or right-billed, and they approach pine 
cones counterclock\vise or clockwise accordingly (Knox 1983). Individ
ual Red-necked Phalaropes spin consistently left or right \vhile feeding 
(Rubega et al. 2000). Dark-eyed Juncos f~lVor the right eye (which feeds 
visual infonnation to the don1inant left hemisphere) to scan for predators. 
as predicted (Franklin and Linu 2001). And parrot lovers have known for 
centuries that captive parrots are either lett-tooted or right-footed when 
they hold food. Perhaps the strongest case t(x true primatelikc handed
ness in birds is that of New· Caledonian crows. now \veil known for their 
skilled toolmaking (see pages 212-213). Most of these crows use the right 
eye and left part of the brain to tnake tools. just as n1ost hun1ans do. 

Bird song is normally controlled by the left hemisphere of the fore
brain, specifically with learning and innovation in vocal repertoires (Not
tebohn1 1980). The right cerebral hen1isphere assumes control of the func
tions of the left hetnisphere only if the left hetnisphere is damaged. The 
itnpainnent of a young Atlantic Canary's song-control centers in the lett 
hemisphere leads to the fonnation of an alternative set in the right hemi
sphere and the acquisition of a new song repertoire. Such functional 
lateralization of the brain \vas once thought to be an exclusively human 
attribute, associated with extraordinary language abilities. 

Spatial Memory and the Hippocampus 
The hippocnnpal cmnplcx of the avian brain is a prin1ary target of analy
sis of the relation bet\veen brain evolution and social behavior in birds 
(Sherry 1992: Sherry et al. 1992). Hon1ologous in structure and function 
to the same stn1ctures in mam rnals, the avian hippocatnpal complex in
cludes the hippocampus and the associated parahippocampus of the fore
brain. The hippocampal c01nplex is a well-delineated, paired ~matomical 
structure that lies adjacent to the tnidline of the dorsal forebrain. The hip
pocampi of birds and manunals are functionally equivalent with respect 
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nitive memory. Spatial memory processed in the hippocalllpus controls 
the daily behavior of highly mobile animals, such as birds that accurately 
revisit feeding places, nests, and remote wintering grounds. For example, 
lesions in the hippocm1pi of hom.ing pigeons-a specialized, domesticated 
breed of Common Pigeons-disrupt their ability to learn a navigational 
map (Bingman l988). 

The extraordinary spatial memory of seed-caching birds is processed 
by an enlarged hippocampus (Krebs eta!. 19H9: Sheny eta!. 1989). Mem-

FIGURE 7-13 Clark's Nutcracker, a seed-caching bird with extraordinary spatial 
memory. 



bers of three [Hnilies of passerine birds-Corvidae (crows, jay·s, and nut
crackers), Sittidae (nuthatches), and Paridae (titmice and chickadees)
cache thousands of seeds as a means of exploiting te1nporary toad sur
pluses and providing reserves for fi..1ture use. These three t~11nilies have 
significantly larger hippoc1n1pal volUines than do other passerine birds. 
Experimental studies of chick~Kiecs and nutcrackers have demonstrated 
that spatial 1nemory tC.1r seed recovery is indeed based in the hippocam
pus (Sherry 19H9, 1990). Chickadees \Vith experimental lesions to the 
hippocampus continue to hide seeds in nonnal f~1shion but cannot f1nd 
them again, except by chance. 

The spatial memories of seed-caching birds are prodigious. Each au
tumn. individual tittnice may stock more than SOJH 10 caches of one spruce 
seed each (Hattorn 1959). They recover seeds as many as 2H days later 
(Shen·y 1989: Hitchcock and Sherry 1990). Crows, jays, and nutcrackers 
are especially diligent hoarders. The development of spatial memory varies 
an1ong species in relation to their dependence on cached seeds (Balda et 
al. 1996). Probably the most able is the Clark's ~utcracker (Figure 7-13), 
which hides between 22,000 and 33.000 individual pine seeds in more 
than 2000 unique cache sites to survive the winter and early spring. The 
ability to accurately find these caches as rnany a.;; nine n1onths later is evi
dence of a phcnmnenal spatial memory. 

New Neurons 

Research on neural pathways that control song and spatial memory in 
birds led to a m;~jor discovery: the fine structure of the adult brain is dy
nanlic, not static. New connections, called synapses. forrn in spring when 
son1e birds, such as Atlantic Canaries, learn new songs; these connections 
disintegrate in the ta11 when the birds stop singing (Alvarez-Buylla and 
Kin1 1998). Chickadees cache seeds in the autumn for use later in the 
winter. They increase their capacity t(Jr remen1bering \vhere they put the 
seeds by adding nnv cells to the hippocampus, \vhich L·xpands in volume 
by ahnost 30 percent. and then shrinks in size the follo\ving spring when 
fresh insect t()od is avaibble (Saldanha et al. 2004). Thus, adult songbirds 
can form new neurons. replace old ones, and reallocate brain space ap
propriately to seasonal etTorts. This process, called ncurogencsis, is now 
an established t~lCt (Nottebohrn 2002). 

At k;1st in a few specit1c circuits, the transient brain cells have limited 
life spans-in some cases, only several weeks or months. They are culled 
and replaced on a regular as well as seasonal basis in brain circuits con
trolling behaviors as varied as singing, food caching, and even social in
teractions. Such dynamics call t(Jr ne\v theories of long-tenn 1nemory 
(Nottebohn1 2002). ()ne of the advantages proposed is that the replace
nlent of son1e old neurons by new ones enables the rejuvenation of key 
brain circuits and continued ability to learn new inf(wmation or skills. 
Long-tenn n1emory resides in other neurons that are retained. 

The study of the replacernent of neurons in songbird brains helps to 
inform medical research concernL·d with treating damaged brains and spinal 
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tor example. Mark Gurney (I 988) found a large protein rnolecule. which 
he n~uned neuroleukin. Analysis of the functional structure of neuroleukin 
led Gurney and his colleagues to the part of the AIDS retrovirus that de
stroys neurons in the hmnan brain, thereby causing dementia. 

Sleep 

Sleep evolved as a w~1y of maintaining the neural circuitry of the brain: 
1 hour of sleep stabilizes the brain synapses of a hibernating arctic ground 
squirrel fC:1r as long as 4 hours (Kavanau 1996). Without sleep, the synapses 
are less reactive, leading arnong other things to short-tem1 loss of tnem
ory. Most vertebrates sleep in one way or another: sleepless bullfi·ogs. sea 
turtles. alligators, and some tlshes are the exception. The evolution of the 
large brains and advanced endothen11ic metabolisms of birds and mam
mals has been accompanied by complex sleep patterns. Birds exhibit three 
stages of sleep: slow-wave sleep, or SWF: intennediate sleep: and rapid
eye-rnovetnent sleep, or lliM (as in rnammals). 

Slo\V-vvave sleeping requires the use of only one side of the brain at 
a tirne, a prirnary feature of bird sleep (Kavanau 1996: R.attenborg et al. 
1999). This so-called unihemispheric sleep has been observed in 29 bird 
species belonging to 13 orders. Birds typically close their eyes \vhen 
they sleep, but just one eye at a ti1ne tor unihenlispheric sleep. Unihetni
spheric sleep enables continued vigilance. Thus, an apparently sleeping duck 
watches tor predators vvith one eye open and sleeps with the other eye 
closed. Mallard ducks on the edge of a group engage in unihemispheric 
sleep rnore regularly than their flock 111ates in more secure, central positions. 

REivl sleep takes place with both eyes closed. Very short and frequent 
bouts of R .. EM sleep are a feature of sleep in birds (Ayala-Guerrero et al. 
2003). Quick bouts of REM sleep combined \Vith (one-eyed) unihemi
spheric sleep enable birds such as Sooty Terns and swifts to sleep on the 
\Vtng. 

Electroencephalograms of brain activity \vhile sleeping suggest that 
birds dre~m1. In one study, Zebra Finches were sho,:vn to practice new 
song patterns in their dreams (Dave and Margoliash 2000: Spinney 2003). 

Cognition and Intelligence 
Behavior in its broadest sense mediates a bird's relations to the environ
ment, both social and ecological. Central to daily bch~1vior are the acqui
sition and processing of information fi·om the enviromnent. or cognition 
(lzjcklets 2004). More formally detined, cognition "includes perception, 
learning, metnory. and decision making, in short, all ways in which animals 
take in inton11ation about the world through the senses, process, retain, 
and decide to act on it" (Shettleworth 2UO I). Of greatest interest are tlex
ible and novel behaviors that solve problems adaptively or with apparent 
intelligence. Complex social interactions and creative toraging behavior 
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FIGURE 7-14 Connections between life-history variables and indicators of cognitive 
functions. Dashed arrows indicate weak correlations. [From Ricldefs 2004] 

are evident in many bird species. For example, they routinely assess the 
relative abundance ~md economic values of alternative foods to make f(w

aging decisions. Superior cognitive abilities are evident in cro\vs and jays, 
\Vhich can remember what happened not only vvhere, but also \Vhen (see 
page 211). 

Bird species vary greatly in their cognition skills, in ways that atTect 
an individual binfs survival and reproduction. The benefits and costs of 
cognition are tied to the evolution of life-history traits that characterize 
species and major groups of birds (lticklets 2004). Larger brain sizes. for 
example, require longer incubation periods to mature, as well as greater 
investment of n1ctabolic and cellular resources. Foraging skills, coopera
tive breeding, parental care, long litl.· span, and play behavior are corre
lates of the brain sizes and cognitive abilities of birds (Figure 7-14). (}ur 
understanding of the sophisticated cognitive abilities of birds incre~1ses 

every year, as \vill be apparent in each of the subsequent chapters of 
this book. As a prelude, here an:· some highlights of avian cognition ;md 
intelligence. 

Birds rnaster complex problems in the laboratory. outperfonning rnany 
manunals in advanced learning experiments (Kamil 1985. 1988). Crows 
and n1abrpies do especially well in laboratory experiments that test higher 
flculties. In one such expcritnent, the Krushinsky problem, the bird looks 
through a slit in a wall at two food dishes, one empty and one full, that 
tnove out of sight in opposite directions (Figure 7-15). The bird must 
then decide which way· to go around the intervening \vall to get to the 
dish that contains food. Cats. rabbits, and chickens do poorly in this test, 
but dogs and cro\~·s solve the problem in1mediately. 

Learning to count is a fonnidable problem for most tnammals. l\llon
keys require ;I long training ordeal of 21 ,OOU trials to learn to distinguish 
between sound series \Vith t\vo or three ditTerent tones; rats never learn 
to make this distinction. Birds, ho\,vever, more easily master complex 
counting problen1s (Davis and Perusse l <J88). Ravens and parakeets, tor 
example, can learn to count to seven and em learn to identitY a box 
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FIGURE 7-15 Crows and dogs performed best in the l<rushinsky problem experiment, 
in which food dishes, (A) viewed by the subject through a slit in a wall, move out of 
sight behind swinging doors. (B) The subject must then choose to proceed left or right 
to find the food dish. [From Stettner and Matynial< 1968, with permission from Scientific 
American] 

containing food by counting the number of small objects in front of it 
(Koehler 1951). Female coots can count their own eggs in a nest, ignor
ing eggs laid by other ft'males, and decide how rnany more to add (Lyon 
2003; see also Chapter 13). 

()ne of the tnost advanced ft1n11s of learning, insight learning-that is, 
learning by the observation and imitation of others-may be routine 
among birds. I3lue Jays, tor example, lean1 the difTerence benveen edible 
and inedible buttert1ies by watching the feeding behavior of jays in an
other cage (Bro\:ver et al. 1970). ThL· spread of the milk bottle feeding 
habit atnong English titmice, described on page 210. is attributed to learn
ing by imitation. Novel tool use, such as thro\ving stones at ostrich eggs 
by Egyptian Vultures, also probably spreads through imitation of individ
ual innovative birds. 

Panots are capable of complex reasoning and communication (Box 
7-5). Common Pigeons, amazingly, can converse without any assistance 
tl-om hurnans (Epstein et al. 1 980). In this experitnent, modeled after the 
demonsnation of connnunication through symbols by chimpanzees, two 
pigeons named Jack and Jill lean1ed to ask about dit1erent colors coded 
by symbols ;1nd to find them. In the ultitnate conversation, Jack asked Jill 
"What \Vas a hidden color?" by using a sy1nbol. Jill peeked at the color 
and told Jack which color it was by depressing a key with the symbol tor 
that color. Jack responded by pecking the "Thank you'' key, which re
warded Jill with ft)ocL The conversation continued t<.x other colors and 
their symbols. The transtnission of novel behavioral traits fi-om one indi
vidual bird to another, a kind of culture, can thus be important in the 
evolution of behavior in birds. 

Many years ago, pioneering behavioral psychologist I3. F. Skinner 
( J9(J0) dec bred that a pigeon is c1pa ble of pertonnances that can be 
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CONVERSATIONS WITH A PARROT EXPLORE 
AVIAN INTELLIGENCE 

A Gray Parrot named Alex has 
been a source of deep insights 
into the intellectual abilities of 

some birds (see illustration). Irene Pepperberg 
(2000) first taught Alex a vocabulary of English 
vocalizations to identify, request, refuse, or com, 
ment on more than 80 objects of different col 
ors . shapes, and materials. Alex's comprehension 
of categories and labels was illustrated by his per
formance in a series of trials. Alex was presented 
with an array of objects-purple truck. yellow key, 
green wood, orange paper, gray peg wood, and 
red box-and was then asked, "What object is 
green?" Alex replied, "Wood." He responded with 
an accuracy of 81 percent over 48 such trials. The 
ability for two-way communication between Irene 

and Alex increased, enabling increasingly complex 
tests of Alex's abilities. He could provide addi
tional information about an object that was 
uniquely defined by the conjunction of two other 
categories. For example, to the question "What 
color is the three,corner [shape] key [object!?" 
Alex would answer, "Yellow." 

In general , birds quickly learn to recognize the 
odd object, not only in a set of familiar objects 

but also in sets of unfamiliar objects; monkeys 
master this task with d ifficulty. Alex went a step 

further; he learned to report on the absence or 
presence of similarity and difference between two 
objects (Pepperberg 1988). When asked either 
"What's same?" or "What's different?" he re
sponded, ''None," if the two objects were, respec
tively, totally dissimilar or identical. The required 
concepts of nonexistence or absence are related 
to advanced cognitive (and linguistic) abilities to 
deal with discrepancies between the expected and 
the actual state of affairs. 

Alex, an African Gray Parrot that has changed our 
understanding of avian intelligence, and his 
companion , Irene Pepperberg, discuss the different 
objects between them. [Courtesy of I. Pepperberg] 

equaled by electronic equipment only of vastly greater \Veight and size. 
In particular, the pigeon is especially good at responding to patterns and 
those classes of patterns called "concepts." These conclusions followed 
years of expe1imems training pigeons to be homing devices for a model 
air-to-ground missile during World War II (Wasserman 1995). The 
pigeons were trained to follow specific targets or classes of targets on land 
and at sea . Some exercises required a majority decision of the members 
of a team of three pigeons. These early experiments have been extended 
by generations of other experiments. We now know that pigeons can 
memorize as many as 725 ditl'erent visual patterns, separate human-made 
from natural objects, discriminate difl'erent styles (cubistic versus impres
sionistic) of painting, comnnmicate by using visual symbols, and even "lie" 
(Avian Brain Nomenclature Consortium 2005 , p. 156). 

209 



210 
CHAPTER SEVEN Smart Feeding 

Food gathering requires sophisticated hunting skills and even innovative 
practices. Innovation increases with forebrain size across a vatiety of bird 
species (Lefebvre et al. 20Cl I). Forty years ago. a few Great Tits in the 
British Isles learned to rip open milk bottle caps to drink the cream. Ap
parently, it was a novel application ofnonnal bark-tearing behavior (Morse 
1980). The skill passed rapidly to other titmice. forcing m.ilk companies 
to replace the cardboard caps \Vith sturdier aluminum ones. The tits learned 
to open the aluminurn caps, too. Danvin 's finches of the Galapagos 
Islands are renowned for their novel feeding efiorts. In one extraordinary 
exarnple, the Small Ground Finch and Large Cactus Finch learned to push 
aside sizable stones with their feet by tlrst bracing their heads against a 
large rock for leverage; in one case, a 17-gratn finch moved a 37H-gram 
stone in this manner (DeBenedictis 1966). 

Birds tend to choose food of high energetic profit. A classic exatnple 
is that of White Wagtails, which prefer mediun1-sized flies, even though 
large flies with gre~1ter energy content are more common (Davies 1977). 
Medium-sized flies yield comparatively more energy per second of for
aging time because large flies take too long to subdue and s\vallcnv rela
tive to their higher energy content (Figure 7-16). 

Many birds. tiom gulls to raptors, drop hard-shelled prey fl.-om the air 
to crack them open. Crows (Connts) break open hard-shelled food items 
in a variety of clever \vays. ()n the coast of British Columbia, Canada. 
Nortlnvestern Crows eat whelks, a kind of marine sn~1il (Zach 1979). To 
eat them, a crow must tly up high and drop then1 repeatedly onto rocks 
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FIGURE 7-16 White Wagtails select medium-sized flies (7 mm) that yield the most 
energy per second of handling time. [After Krebs 1978] 



until they break: 20 drops per \Vhelk is not unusual. l)n the basis of size 
only, the crO\VS select whdks that supply about 8.5 kilojouks of energy. 
a yield that exceeds the high foraging costs of 2.3 kilojoules per whelk. 
Cro\vs include EKtors other than simple energetics in their toraging. In 
Calif(xnia, American Cnnvs crack \valnuts by dropping them (Switzer 
and Cristol 199<); Cristol and S\vitzer 1999). The height ti-om which they 
choose to drop a nut depends on ho\v hard the surfKe is below, how 
tnany times they have already dropped it (and thus the probability of son1e 
cracks already), and the prospect of losses to other crows. which increases 
with the height of the drop and thus the diminished ability of the drop
per to get to it first. 

In Japan, Carrion Crows learned a nc\V trick: they no\v use cars as big 
tools to crack their walnuts. Since 19Sl0, newly urbanized cro\VS have 
learned to wait for a red tratll.c light, then place the nuts on the cross
\Valk in fiont of stopped cars, and rL'turn on the next red light to pick up 
meat from the crushed nuts (Attenborough 1998). 

Birds also use time adaptively when they harvest renewable resources 
by returning regularly to productive foraging sites, such as backyard bird 
feeders. Hummingbirds, for example, repeatedly return to flowers to 
harvest nectar produced by the tlo-vvers since their last visit. Some hunl
mingbirds cycle arnong widely scattered tlo\vers, just as fiu trappers check 
their circuit of \Videly scattered traps, called a trapline. In one field study. 
traplining hummingbirds of the rain t(west learned to time their returns 
to coincide with the interval of experimental rdill, a form of operant con
ditioning (Gill 1988). Marked birds also learned to wait longer if they 
could get more nectar by doing so. Counteracting the advantages of wait
ing, however, was the prospect oflosing the nectar to a competitor. When 
that happened, the hummingbirds returned tl-equently to harvest small 
atnounts of nectar, keeping flowers almost empty and unattractive to cmn
peting birds. 

Western Scrub Jays apply the concepts of past, present. and future in 
ways sirnilar to what is ca1Jed '·episodic memory"' or "metnOt)' time travel" 
in hmnans. They rernen1ber ·where and when they hid what kinds oft()od 
(Clayton and Dickinson 1998: Jetli·ey and o·Keefe 1998: Clayton et aL 
2003). The jays also adjust their etTorts to tl.Iture needs and tl.tture condi
tions. Briefly, in a series of elegant experitnents, the jays hid two types of 
food-perishable insects and nonperishable nuts-tor later recovery and 
eating. They quickly learned to recover the insects before they spoiled. 
If too much time had elapsed. causing likely decay, they switched to their 
hidden nuts \Vithout checking on the status of the hidden insects. When 
known thieving colleagues \Vere allowed to watch a jay hide its food, the 
jay would move the food to a ne\v site at its first private opportunity. 

Innovation and the Use of Tools 

Son1e birds use tools in feeding and some, when taced with drarnatic 
changes in resources, have developed innovative behaviors. Many anec
dotes describe the seemingly deliberate use of bait, including pieces of 
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FIGURE 7-17 Number of dung beetles eaten by Burrowing Owls in the presence 
(black) and the absence (white) of cow dung positioned at their burrows. [From Levey 
eta/. 2004] 

paper used by feeding herons to attract fish. Similarly. l3unowing Owls use 
mammal dung to attract one of their main prey. dung beedes. Burrowing, 
Owls routinely gather dung and place it around the entrance to their nest 
bun·ows as bait. By expetimentally adding and removing dung from the 
butTows, Doug Levey and his colleagues (2004) found that mvls consumed 
ten times as many dung beetles and six times as many dung-beetle species 
when dung was present than when it was absent (Figure 7-17). 

Like chimpanzees, the long welJ known Woodpecker Finch of the 
GaL1pagos pries grubs ti·om crevices \Vith a stick or a cactus spine held 
in its bill. Other instances of probing and prying have since been recorded , 
but the making of tools by New Caledonian Crows is the premier ex
ample of advanced toolmaking by birds (Hunt 1996: Hunt and Gray 
2003: Figure 7-18). These crows "craft" a variety of hooked tools by 
first selecting the raw material. then trimming it, and tinally sculpting it 
into a hook. In the laboratory, one female cro\v named Betty t1~'1Hed 
out how to make the hooks that she needed to get food from inside a 
t11be by crafting them from metal wire. Beyond her use of a novel ma
terial. Betty also chose. fl·om a large assortment of wires in a toolbox, 
the wire of the correct length and diameter to make a Jl.mction;-~1 tool 
(Weir et al. 2002). 

New· Caledonian CrO\vs craft ;1 second kind of tool fi·om the leaves 
of a screw pine (Pandanus) by alternating angled curs with horizontal 
rips to create a serrated edge. They use the tools tor extracting insect 
prey from crevices. The fi.tndamentals requirecl~tandardization. discrete 
tool types with deliberate sculpting, and the creation of hooks-are not 
known in any tree-living nonhuman organisms. Further, rhe design of 
the leaf tools has diversified with the passage of time throughout the is-
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FIGURE 7-18 (A) New Caledonian Crow probing for insect food with the use of a 
self-fashioned tool. (B) Selection of tools crafted by New Caledonian Crows. [Courtesy 
of G. Hunt] 

land of New Caledoni:1. The crcnv has developed the cultural capacity 
to evolve its tools in ways that resemble the feats of the early ancestors 
of modern humans. 

The sophisticated behaviors of crows and jays suggest lc>vels of com
pkx cognition and intelligence that rival those of the great apes (Emery 
and Clayton 2004). Cnl\VS and chimpanzees are both large-brained and 
highly social animals that perform comparable feats of tool manuf:1cture, 
mental time traveL and social cognition. The still ti·esh and sometimes 
controversial evidence -;uggcsts that such complex. advanced cognitive> 
abilities evolved several times in unrelated species having diflerent brain 
structures. Yet their skills depend on the same tour basic elements: causal 
reasoning. flexibility. in1:1gination, and prospection. Whether in the con
struction of tools ti·om novel materials, the caching of tood strategically 
for the ti.nure, or conununicating novel intormation, the amazing abili
ties of birds and apes match their exceptional brain developmem. 
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I3irds have a full repertoire of \vell-developed senses. Large eyes and well
developed optic lobes of the brain provide excellent vision, including an 
ability to follow small moving objects. Birds may also have the most highly 
developed color vision, including ultraviolet vision. of any vertebrate. The 
hearing of birds as a group is good but not extraordinary. Birds are sen
sitive to slight ditTerences in barometric pressure and to Inagnetism. The 
senses of stnell. taste, and touch are also better developed in birds than 
was once thought. 

The evolution of the avian brain has taken a difierent course from that 
of the manunalian brain but has achieved advanced cognitive processing 
and intelligence. The hyperpallium layer of the forebrain is the center of 
intelligence in birds. The hippocatnpus houses spatial memory and other 
tl.mctions. The dmninant lett hemisphere of the avian brain controls right
sided and left-sided behaviors, including the learning of songs. The seed
caching behaviors of cro\vs and jays include prodigious spatial memories 
as well as the ability to remember what kinds of food \vere hidden \vhere 
and when, with planning f(x the future. Neurons are added and lost pro
grammatically in some circuits of the brains of adult birds, a discovery of 
import to human medicine and one that is advancing ne\V theories of 
long-term tnemory. 

Birds exhibit greater intelligence than rnosr people think and >vvas un
derstood hjstorically by scientists. l3irds have large and \Veil-developed 
brains, and they outperform mamnuls in many laboratory problenl
solving experiments. Experinu:nts on two-way verbal communication 
with a Gray Parrot have revealed advanced abstracting and conceptual 
abilities. Pigeons communicate' by using symbols. and cro\vs, which craft 
tools tor feeding, 111atch chitnpanzees in key features of social intelligence. 



Voca I izations 
Birds luwc the ,t(rctlfest so1nul-producin,l.! rap(1hilirics (~{ 11/l 

r;crtcbrates, dlld their l'OC£11 rcpcrft)ires 11re among rhc rithcsr 
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[Marler and Hamilcon l96hJ 

ich vocabularies of elaborate sounds connect birds over 
long distances and through dense cover. The vocaliza
tions of nnny birds, such as nightjars or tyr;m t flycatch

ers, are more distinct to hurnans than ~1re their cryptic plumage colors. 
ThL·ir key message-the species identity of the sender-pervades both the 
visual and the vocal displays of all birds, oscine songbirds and nonpasser
ine alike. Birds respond readily to playback of tape-recorded vocalizations, 
as they do to one another's sounds. Using this technique, vve can dra":v 
out and viC\v secretive species, census populations of birds such as ovvls 
and rails. and assess whether well-separated populations can recognize one 
another. 

This ch<lpter begins with the physical characteristics of bird vocaliza
tions and examines h<-nv the syrinx and the brain interact to produce these 
sounds. Then f(_)llows the process of how songbirds learn their songs. in
cluding the developrnent of specific neural pathways in the brain and the 
resulting formation of regional di<llects or "accents·· within a species. Vocal 
repertoires and displays are central to reproductive success and subject to 
sexual selection. just as are phnnage ornaments and visual displays. The final 
section of this chapter explores the roles of song repertoires and vocal 
displays in species recognition. the choice of superior mates, and the nlain
tenance of pair bonds. 

Physica I Attributes 
Bird vocalizations range tl·mn the short clicks of swifts, to the quavering 
\V"histles of the tropical, partt·idgelike tinamous, to the long, tinkling 
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A VOCABUlARY FOR SOUNDS AND VOCALIZATIONS 
Discussions of bird vocal iza

tions require a small, special
ized working vocabulary of 

terms from music and from the scientific study 
of sounds (acoustical physics). 

Amplitude Loudness, or maximum energy con
tent, of a sound. 

Fundamental tone See Harmonic. 

Frequency Number of complete cycles per unit 

time completed by an oscillating sound wave
form; usually expressed in hertz or kilohertz. 

Glissando A blending of one tone into the next 
in a scalelike passage. 

Harmonic A tone in the series of overtones pro

duced by a fundamental tone. The frequencies 

of the tones in a harmonic series are consec
utive multiples of the frequency of the funda
mental tone. 

Hem (Hz) Unit of frequency equal to one cycle 

per second. 

Modulation Defining the form of a sound (tech

nically, the carrier wave) by variation of either 
frequency or amplitude. 

Oscillograph Device that records oscillations as 

a continuous graph, called an oscillogram, of 

corresponding variations in an electric cur

rent, as would be generated by a tape record

ing of a sound. 

Overtone See Harmonic. 

Pitch Relative position of a tone in a scale, as de
termined by its frequency. 

Resonance The intensification and prolongation 

of sound, especially of a musical tone, pro

duced by sympathetic vibration. 

Sinusoidal waveform Simple, pulsed cycles of en
ergy that describe a regularly rising and falling 
sine curve, defined by the equation y =sin x. 

Sonogram Visual display of the frequency con

tent of a sound distributed in relation to time. 

Tone A sound of distinct pitch and quality; in mu

sic, the interval of a major second. 

melodies of wrens, to the seen1ingly endless imitations of other birds by 
mockingbirds and lyrebirds. They range in pitch tl·om deep intl·asounds 
to high pitches inaudible to older human ears. Some bird species arc vir
tually silent: others are garrulous. At one extreme, Mute Swans, Turkey 
Vultures, and Greater Rheas merely hiss and gnmt occasionally. At the 
other extreme are the seen1ingly unlimited vocabularies of mynas. par
rots, mockingbirds, and sk-ylarks. 

The modulations of t]-equency (pitch) and amplitude (energy, or loud
ness) within bird songs are unique among animal sounds (l3ox 8-1 ). Sim
ple tones, such as the notes of a White-throated Sparrow, contain little 
modulation, whereas the variable songs of a Song Sparrow and the brief 
notes of a Tree Swallow contain cotnplex, rapid modulations. Even short 
phrases within songs may include rapid modubtions. The brief "glug glug 
glee" song of the Brovvn-headed Covvbird spans a four-octave interval 
tl·om 7( lO to 11 ,UOO hertz, the greatest fi-cquency range in a single bird 
song. In one -+-millisecond &·action of the "glee,'' the signal rises contin
uously trom 5 to 8 kilohertz, an amazingly rapid glissando (Figure 8-1). 



(A) 

FIGURE 8-1 Complex modulations of frequency and 
amplitude characterize the song of the Brown-headed Cowbird. 
(A) Oscillogram of the "glee" phrase, in which the rapid cycles 
of the sinusoidal waveform cannot be individually 
distinguished. (B) A summary of the succession of frequencies 
composing the phrase. Note the rapid frequency modulations 
at 50 and 130 milliseconds. I From Creeneavalt 1968] 
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Females select males o n the basis of their abilities to pertonn such vocal 
gymnastics. 

A traditional distinction exists bet\veen "songs" and ·'calls. " The term · 
song reters primarily to the loud, often long. vocal displays of territorial 
male birds. Specific. repeated patterns are often pleasing to the human 
ear. The primary components of a bird song are syllables, phrases. and trills 
(Figure 8-2). The term call connotes a short and simple vocalization, usu
ally given by either sex. Various calls include distress calls, flight calls. 
warning calls. teeding c1lls. nest calls, ;md tlock calls. There is , hm:vever. 
no real dichotomy between songs and calls in their acoustical structure, 
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FIGURE 8-2 Components of a bird song, as illustrated by two songs (upper and 
\ower) of buntings (Passerina). Syllables are the principal basic units. They may appear 
as a single continuous trace on a sonogram or as a set of two or more different notes 
that occur together and are separated from other such groups of notes. Phrases are 
groups of repeated syllables. Trills are rapid repetitions of three or more (simple-note) 
syllables. [From Bnl<er 2001] 
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delivery, ph·ysiology, developn1ent. tl.mction, and taxonomy, all of which 
have served as criteria t()r different definitions of "song" in birds (Spec
tor llJlJ4; Baker 2001). Despite the lack of a single accepted definition, 
\Ve continue to use the term song because it is so entrenched and because 
\Ve bck better alternatives. 

A tl.mdamental dichotomy. unlinked to the perception of songs ver
sus calls, dd1nes the acoqstical structure of bird vocJlizations: vvhistled 
songs versus h~1nnonic songs (Greenewalt I <J6H). Whistled songs consist 
of nc;Jrly pure (lacking hJnnonics) sinusoidal \Vavcforms-the higher the 
pitch. the 1nore frequent are the oscilbtions of-the sound waves. Both the 
b~1sso profundo (80-90 Hz) of a Spruce Grouse and the high. thin notes 
(lJOOO Hz) of a Blackpoll Warbler arc, technically speaking, whistled songs 
(Figure H-3). 

Hannonic songs ernploy overtones \.vith frequencies that are multiples of 
the tl.mdamcntal fi-equency. The nmnber of harmonics and their relative 
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FIGURE 8-3 Paired oscillograms and sonograms of (A) the bass notes (90 cycles per 
second = 90 Hz) of the whistled song of a Spruce Grouse and (B) the high, thin notes 
(9 kilocycles per second= 9 kHz) of the whistled song of a Blackpoll Warbler. The 
oscillograms (upper graphical records) display patterns of amplitude modulation as 
the vertical deflection (above and below the midpoint) of the sinusoidal waveform; 
frequency is calculated from the number of complete cycles per second. The 
sonograms (lower records) display the distribution of energy (1 kilocycle per second= 
1 kHz) in a song with respect to time. [From Creenewa/t 7968] 
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FIGURE 8-4 The dee-dee-dee-dee scold call of a Black-capped Chickadee consists of a 
series of harmonic phrases. (A) Sonogram of one "dee" phrase. Chickadees increase 
the number of these phrases in relation to the threat of predation (see Box 8-2). 
(B) Relative amplitudes of the tones of the harmonic series; the fundamental 
frequency, f. is 415.3 hertz. Numbers on the abscissa represent the frequencies of the 
harmonics as multiples of the fundamental (I =fat 415.3 Hz) . The loudest tone is 
assigned an amplitude of 100 percent, and the amplitudes of the other tones are 
calculated relative to that value . [From Gree11ewa/t 1968] 

amplitudes determine the timbre, or gcnc>ral tonal quality, of the notes of 
bird songs (and musical instruments). One> dominant harmonic has more 
energy, or greater amplitude . than do the others in the spectrum. Qual
ities such as dniry, brilliance, and shrillness, as weU as nasal and hornlike 
tones, are due to various combinations of han11onics and their emphases 
(Figure R-4) . For example, the distinctive sounds of a clarinet and a Her
mit Thrush result from an emphasis on the odd-nutnbered (3, 5. 7, etc.) 
harmonics (Marler l9(,(J). 

Bird ~ong has much in cornmon with human music and speech . hav
ing simibr sound-;, tones, and tempos. Furthermore, bird song is produced 
by ~l series of rapid and complex motor activities, much like those con
trolling the tongue of a pl'rson speaking or the fingers of a skilled violin
ist playing an innicate passage (Marler llJH I; Suthers t't al. 1999). Some 
of the pure high-pitched \vhistles of birds are quite like the notes from a 
human-made tltlte. Models of the avian voc1l system, however, reveal 
a unique configuration of acoustical ekments: the avi;m vocal system is a 
new instrument (Smyth and Smith 1002). 

The physical structure of a sound afl(xts the ease with which a listenl'r
predator or neighbor-em locate its source. The calls that birds use to 
locate or attract one another. tor example, are maLk up of short notes 
vvith broad ti·equency ranges that enrich the infom1~ttion about direction 
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FIGURE 8-5 Sonograms of two vocalizations of a Eurasian Blackbird. (A) The call 
used when mobbing an owl is of short duration and has a broad frequency range; its 
source is easy to locate, and it attracts other birds to the site. (B) The alarm call, used 
\•Vhen a hawk flies over, is of long duration and has a narrow frequency range; its 
source is difficult to locate, and thus this call does not reveal the blackbird's location 
to the hawk. [After Marler 7969] 

and distance. In contrast. alarm calls are f1int, thin (narrow trequency 
range), high-pitched calls oflong duration that conceal the sender's where
abouts (Figure 8-5). 

Tlw physical stntcture of a particular sound also deten11ines the dis
tance that it \Vill travel and ho\v much distortion that it will sustain be
tore reaching the listener. Interference, absorption. and scattering of the 
sound waves by vegetation, the ground. and the air progressively distort 
a sound. Low-ti·equency sounds, such as the calls of grouse, bustards. cuck
oos, doves, and large owls, are the most dTective for long-distance com
munication: they are less subject to attenuation and intetference than are 
high-trequency sounds. R.everberations in forests mask the fine temporal 
structure of bird songs. Forest-d\velling birds, therefore. tend to produce 
simple sounds. Conversely. broadband songs rich in temporal structure 
(with complex fi-equency n1odulations) are advantageous in open habitats 
because sitnplc, sustained tones tend to be distorted by strong tenlpera
ture gradients and air turbulence. Thus, the complex buzzy songs of open
field birds. such as Grasshopper Sparrows, contrast with the simpler clear 
whistles of torest birds. such as Rose-breasted Grosbeaks. 

Birds a4just their singing behavior in relation to their sound environ
ment. Even hununingbirds sing louder in the presence of increased back
hrround noise, such as that of a nearby creek (Pytte et al. 2003). Urban 
noise, in particular. nO\V at1(xts the ability of birds to conununicate vv'ith 
one another. Just as \Ve hmnans have a hard time hearing birds singing at 
;1 distance because of the intense background noise of tratlic and so forth. 
so do birds. Low-fiequency sounds prevail in urban noise. To conununi
catc more eHectively in an urban environment. male Great Tits in Leiden, 
Holland. no\V sing at higher ti-equencies above the background noise than 
do male Great Tits in quieter places (Siahbekoorn and Peet 2003). 

Some birds can hear lo\v-ti-equency noises calkd intiasounds that are 
below the range of huruan hearing (see page 192). Elephants and some 
\Vhales talk to other rnetnbers of their species over long distances by us-



ing infi·asounds below 2!) hertz. Birds arc not kno\:vn to do so, \\/ith one 
recently discovered exception. Cassowaries-large flightless, solitary birds 
of the denSL' raintorests of Ne\v GuitKa-produce lo\\-', pulsed booms of 
infi·asound as knv as 23 to 32 hertz that are felt as strange vibrations by 
humans (Mack and Jones 2003). These low-frequency sounds are ideal 
tor communication between cassowaries over long distances through thick 
forests, just as they are for elephants that keep track of one another in the 
dense to rests of West Africa. Exactly how a c1ssowary produces the low, 
booming notes is not known. but, if you were lucky enough to sec one 
sing in the intrasound, here is what ·you \Vot!ld see: 

Prior to booming it made several gulping motions, possibly 
inflating inten1al air sacs. It then opened its bill wide. raised its 
body upward, inhaling deeply, then thre·w its head down bet\veen 
its legs and beg~m booming .... The entire bird vibrated visibly 
during the booming. The colorful, wrinkled, naked skin at the 
back of the lower neck int1ated tightly during vocalization, 
roughly doubling the apparent width of the neck. [Mack and 
Jones 2003, p. 10()()1 

Vocabularies and Communication 
Most birds have fiom 5 to 14 distinct vocalizations of varied acoustical 
structures and overlapping ft.mctions. The ChaH1nch of Europe, the sub
ject of pioneering studies of bird song, renders 12 adult sounds. 7 of which 
are used only in the breeding season-() by the 1nale and I by the female 
(Table H-1 ). The tlmctions of these calls include proclamation of ten·ito
rial o\:vnership. attraction of nutes. bro;1c:kast of personal characteristics 
(species, age, sex. competence), warning of potential dangers, and m;1in
tenance of social contact. Most birds also have calls that are used only 
occasionally for special purposes. Alarm calls, which signal danger and 
advise escape flight, can even tell flock mates which pn:dator is threaten
ing (Box H-2). Precopulatory trills and postcopulatory grunts integral to 
mating ccrenwnies are heard at no other time. 

Among ditterent species of songbirds, the repertoires of territorial songs 
alone vary fi·om the single song type of the White-throated Sparrow and 
the two distinct territorial songs of many species of North Arnerican \Vood 
\Varblers to the hundreds of songs used by some wrens and mockingbirds. 
An1ong wrens, Canyon Wrens have but three sitnple songs per individ
ual bird, wllLTeas individual Sedge Wrens and Marsh Wrens have more 
than 1 CJ() songs (Kroodsma 1999). Even though Winter Wrens in Ore
gon have a relatively small repertoire of roughly 30 songs per individual 
bird, the songs are L'Xtraordinary. Lasting a full R seconds, their songs are 
composed of organized sets of syllables, each consisting of 50 notes se
lected fl·om a pool of II HI (Kroodsma I Y80). 

In addition to species identity, bird vocalizations ;1lso comrnunicate in
dividual identity and sex, \Vith i1nplications tor social status, pair bonds. 

221 
VOCALIZATIONS 



222 
CHAPTER EIGHT 

Vocalization 

Flight call 
Social call 

Injury call 
Aggressive 

call 
Alarm calls 

Courtship 
calls 

Subsong 
Song 

Transcription 

tupc or tsup 
chink or spink 

seeee 
zzzzzz or 

zh-zh-zh 
tew 
scec 

huit 

kseep 
tchirp 

seep 

From Marler 1956. 

Context 

Flight or Hight preparation 
Seeking cmnpanion of unknown 

whereabouts 
Injured in flight 
Fighting (captive males only) 

Danger, used especially by young birds 
Escaping a real threat, just after 

copulation (breeding males only) 
Moderate danger or after real danger 

(breeding males only) 
Active courtship (breeding males only) 
Ambivalence toward approach and 

copulation with female (breeding 
males only) 

Ready for copulation (females only) 
Practice of real song 
Territoriality. identification, and 

courtship; average is two or three 
per male, as many as six 

and tn11ily relationships. Details of song pitch, phrase structure, syntax, 
and composition serve as individual signatures that enable birds to iden
tify ofrspring, parents, mates. and neighbors. White-throated Spanows, 
for exan1ple, use variations in pitch to this end. Ovenbirds use variations 
in the structure of the phrase that can be verbalized as ''tea-cher," and 
Indigo Buntings use groups of repeated syllables as individual sibrnatures. 
Discrinlination of individual vocalizations enables rnates to recognize each 
other. Colonial seabirds-penguins in particular-use unique vocalizations 
to distinguish their partners fi·om the hordes of potentially antagonistic 
neighbors (Jouventin and Aubin 2002). Individual vocal ditTerences also 
enable birds to distinguish neighbors tl-0111 strangers and to respond ac
cordingly. Territorial males concentrate their detense efforts against 
strangers and accon1n1odate neighbors as long as they stay where they be
long, in their O\vn territories. 

Sound Production by the Syrinx 
The scientific literature on bird vocalizations began almost 400 years ago 
\Vith the observation by Ulyssis Aldrovandus that ducks and chickens called 
even after their heads were chopped otT: the source of the vocalizations 
was apparently located in the body and not the head. The source of avian 



When alarmed, Black-capped 
Chickadees typically start to 
scold with their familiar chicl<

a-dee dee dee call. In fact, one of the best ways to 
find an owl is to seek what a chickadee is scold
ing. Recent studies of the scolding behavior of 
these chickadees in Montana revealed that chick
adees rank predators according to their size and 

potential threat (Templeton et al. 2005). A chick
adee tells its flock mates which type of predator 
that it has spotted and the degree of threat posed 
by the predator. The chickadee increases the 
number of "dee" syllables as the potential threat 
increases. Small owls (with short wings) are more 
likely than big owls to catch a chickadee; so small 
owls elicit the most dees. 
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Chickadees react to predator body size and potential threat by increasing 
the average number of "dee" syllables. Big predators that pose minimal 
threat elicit only two dees; little owls elicit four dees. Different symbols 
indicate each taxonomic group of raptors: circle, owl; triangle, falcon; 
square. buteo hawk; x, mammal. [From Templeton eta/. 2005] 

vocal abilities is. in tact, a unique organ-the syrinx-that operates with 
nearly 100 percent physical efil.ciency to create loud, cmnplex sounds and 
can produce two independent songs simultaneously. 

The avian larynx is located at the top of the trachea at the back of the 
oral cavity, but, unlike the n1an1Inalian larynx, does not house vocal cords. 
It serves only to open and close the glottis and thereby keep tood and 
\Vater out of the respiratol)' tract. AU songs and calls cmne instead from 
the syrinx, a cmnplex organ located in the body cavity at the junction of 
the trachea and the two prirnary bronchi (Figure 8-6A). The et11ciency 
of sound production by the syrinx is extraordinary; nearly 100 percent of 
the air passing through it is used to make sound, compared \Vith only 2 
percent in the hmnan Luynx. 
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1/L~' . .....JL:.I.lMl~r---- First bronchial half-ring 

Semilunar membrane 
Second bronchial half-ring 

1t-----t-~f---- Pessu I us 

External tympaniform membrane 

Third bronchial half-ring 

Internal tympaniform membrane 

Interclavicular air sac 

FIGURE 8-6 (A) Bird vocalizations originate from the syrinx, an elaboration of the 
junction of the base of the trachea and the two bronchi. The syrinx is made of 
tracheal tissues (Neotropical woodcreepers. antbirds), bronchial tissues (cuckoos, 
nightjars, owls), or both tracheal and bronchial tissues (most birds). (B) The main 
elements of the syrinx are its vibrating tympaniform membranes, the muscles that 
control tension in these membranes, and the supporting cartilage. [After Hacl<er 19001 

Sound is caused by the vibration of the air column as air passes through 
the syt;ngeal passageway. Projections called the internal labium and the 
external labium constrict these 11a1TOW passageways (Figure R-6B). On 
each side of the syrinx itself is a thin. glass-clear membrane-the internal 
tympaniform membrane. Surrounding the syrinx is a single interclavicu
lar air sac. Pressure in the interclavicular air sac pushes the thin tympan
if(Jrm metnbrancs of the syt;lLX into the bronchial air space. A needle 
puncture of the interclavicular air sac prevents buildup of the pressures 
needed to move the tytnpanitorm membranes, thereby rendering a bird 
voiceless. Recent work indicates that vibrations of the labia. not the tym
panif(xm nH:.'tnbranes, determine the basic characteristics of the sounds 
produced in the syrinx (Suthers and Margoliash ~(H)2). The opposite sides 
of the syrinx can produce dit1erent songs simultaneously (Box 8-3). 

Specific rnuscks. logically called syringeal muscles, control syrinx ac
tion during song production. Species that lack t"imctional syringeal mus
cles, such as ratites, storks, and New World vultures, can only grunt, hiss, 
or make similar noises. Most non passerine birds h:1ve t\Vo pairs of narrow 
muscles on the sides of the trachea above the syrinx; these muscles are 
called extrinsic tnuscles because they m;ginate outside the syrinx. Oscine 
songbirds have more elaborate n1usnt!ature-as many as six pairs of in-



trinsic syringeal n1uscles in addition to thL' extrinsic muscles (Figure H-7). 
The intrinsic syringeal muscles originate within the syrinx and insert onto 
the bronchial rings, the internal ~1nd external tympaniform rnernbranes, 
and the syringeal cartilage. Despite the help of elaborate syringeal mus
cles, the songs of oscines arc not predictably more complex than those of 
birds with sin1pler syringeal tnuscle an·angements. 

The syrinx is a complex organ, but the production of vocalizations is 
even more so. Intricately coordinated are the vocal centers and neural path
ways of the brain (sec p~1ge 227), the thoracic and ~1bdominal respiratory 
muscles, the diameter and length of the trachea, the mouth and bill, and 
the opposite sides of the syrinx itself Vibrations of the syringeal mem
branes. especially the labia, cmnbined with tlltering of the source by the 
vocal tract explain all types of avian voc1lizations (Baker 2001). The tone 
and pitch of a sound depends on the prt'cisc tensions of the labia and their 
vibrations (Suthers et al. 1999). 

For many years, the central nervous system was assun1ed to control 
n1ost of the intricate details of bird song. However, intrinsic Inechanical 
properties of the syrinx combined with regubtion of airtlo\V by the res
piratory muscles also contribute strongly to the structure of bird sonbrs 
(Goller JlJlJX; Fee et al. 199H). Contractions of thoracic and abdominal 
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(A) (B) 
Laryngosyringeus ventralis 

FIGURE 8-7 Simple and complex syringeal musculature. (A) The simple tracheal 
syrinx of the Chestnut-belted Gnateater, a suboscine passerine bird of South America: 
note the single pair of extrinsic syringeal muscles. (B) The elaborate tracheobronchial 
syrinx of the Little Spiderhunter of Southeast Asia, with six pairs of intrinsic syringeal 
muscles. The bronchidesmus is a wide band of tissue that ties the two bronchi 
together. [After Von Tyne nnd Berger 19761 

Laryngosyringeus dorsolateralis 

ringeus dorsolateralis 
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BIRos HAVE TWO INDEPENDENT VOICES 
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The syrinx consists of two 
halves that are controlled sep
arately and can produce dif

ferent. complex songs alternatively or simultane
ously (see Suthers et al. 1999: see also Figure 8-6). 
In addition to having different frequency content, 
the notes produced by the dual voices can be 
modulated independently of one another. The 
two sources can also be coupled to produce a sin 
gle, complex sound (Nowicki and Capranica 
1986). First discovered in an ana lysis of the song 
of a Brown Thrasher, the phenomenon of two in 
dependent voices has si nee been reported for 
many diverse birds . including grebes, bitterns, 
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ducks, sandpipers, bellbirds (Cotingidae), and 
songbirds (Miller 1977) . One side of the syrinx 
produces most of the songs of some species, such 
as the canary. Specifically the left side has larger 
muscles and produces 90 percent of the songs. In 
other species, such as the thrasher, the two sides 
contribute equally to song production. The left 
and right sides switch to produce successive notes 
of the complex song of the Brown-headed Cow
bird . In Northern Cardinals, the left side of the 
syrinx produces fundamental frequencies below 
3.5 kilohertz, whereas the right side produces fun
damental frequencies above 4.0 kilohertz. 

400 
Time (ms) 

The Wood Thrush can sing a duet by itself, by using two separate voices. 
Shown here is a sonogram of the fin al double phrase of the song. One voice 
sings a continuous series of complex, modulated phrase elements while the 
other voice sings a steady trill at a lower frequency. [From Greenewalt 1968] 

muscles force air trom the main air sacs through the bronchi to the sytinx. 
Rapid-fire control of airflO\v by the respiratory system determines the 
ternporal pattern of a vocalization. Syllables of expired air are spaced by 
short pauses of inspiration. Birds with long, sustained songs such as the 
Common Grasshopper Warbler breathe and sing simultaneously by using 
sl1Jilow ··minibreaths" (Brackenbury 1982) . Fast series of syllables can re
sult fi-on1 f1st pulses of expiration without breaks for insp iration. For ex
ample, rapid vibrations of the abdominal muscles (as many as 50 cycles 
per second) produce the trilled \Vhistles of young chicks (Phillips and 
Youngren 1981). 



FIGURE 8-8 A crane's elongated trachea is coiled inside the sternum. (After Grosse 
1950] 

Sounds produced by the syrinx can be filtered and modified by changes 
in the length and diameter of the trachea (Nowicki 1987). The loud, rich, 
resonating, trumpetlike calls of swans. cranes, SOITle curasso\vs, and 
guineafowl are due in part to an unusually long trachea that is coiled in 
the body cavity or in the bony sternmn itself (Figure 8-8). Whether the 
trachea modulates sounds produced by the syrin.:x was once in dispute. 

Critical experiments with the use of a helium atmosphere then proved 
that it did. Bird son~, like human speech, is the result of rapid, coordi
tuted output of two or more motor systems acting in concert (Nowicki 
1987). The clever cxpcritnents were based on the tact that sound travels 
f~1ster in a helium ~1tmosphere than in a normal nitrogen-based atmo
sphere, with predictable dtects on ti-equency and hannonic structure. 
(Recal1 your o\vn high-pitched voice atter having inhaled helium fi·om a 
balloon.) The helium experiments revealed that a bird's vocal tract t1lters 
the harmonic spectrum produced by the syrinx and concentrates the en
ergy at particular tl·equencics. Furthennore, a bird actively controls the 
t1ltering process by varying tracheal length, by constricting the larynx, and 
by t1aring or closing its throat and its beak. The rapid beak and throat 
tnoveruents of singing birds help to produce and purif)r the tones of their 
con1plex songs by suppressing lo\v-trequency hannonics (Suthers et al. 
1999). 

Roles of the Central Nervous System 
The neural patln:vays of the brain that control song memory ~md produc
tion are no\v mapped in detail. Bird song is control1ed through two pri
nlary patlnvays that connect key parts (nuclei) of the brain and, in turn, 
the syrinx (Figure H-lJ). 

One pathway-the main descending motor pathway-regulates song 
production. Stimulation of the motor neurons in this pathway contracts 
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ts nerve to 
trachea and syrinx 

FIGURE 8-9 A sagittal section through the brain of a songbird, showing the two main 
pathways that affect song production and development. The main descending motor 
pathway (white arrows) controls song production . The anterior forebrain pathway (gray 
arrows) controls song learning and recognition . [After Nottebohm eta/. 1990; see also 
Brenowitz and l<roodsma 1999] 

The descending motor pathway transm its nerve impulses from the high vocal 
center (HVC) of the hyperpallium layer of the forebrain to the robust archopallial (RA) 
and intercollicular nuclei , then to the tracheosyringeal motor (hypoglossal) neurons 
(nXIIts) in the hindbrain, and, finally, through the tracheosyringeal motor neurons to 
the syringeal muscles that control the syrinx. A variety of calls, some recognizable and 
some abnormal, can be evoked by electrical stimulation of the RA nuclei. Destruction 
of the HVC nuclei renders a songbird mute. 

The anterior forebrain pathway connects the HVC to area X, which plays a critical 
role in the crystallization of male song, with feedback loops to the auditory centers of 
the forebrain (LMAN) and midbrain (DLM) as well as the motor pathway through the 
RA nuclei. Field L is the auditory region of the forebrain. It projects (black arrows) to 
the HVC and the RA nuclei. 

the syringeal muscles that control the tensions and the dimensions of the 
vocal tract. 

The other pathvvay-the anterior forebrain pathway-plays a central 
role in song recognition and song learning in oscine passerines. The an
terior forebrain pathway unites the song motor-control centers w\th the 
auditory centers in the forebrain and rnidbrain. It may also play a second
ary role in the actual control of song production (Kao et al. 2005). One 
discrete nucleus . LMAN (sec Figure 8-9). in this p;-~thway appears to con-



trol the learning of songs by the young Zebra Finch, a small cage bird 
conunonly used tor such research. Lesions nude in this nucleus in a young 
bird permanently impair its song-learning abilities (Bottjer et al. 1984). 
However. lesions made later in adult bird~ do not affect the maintenance 
of song patterns. 

Functional lateralization of the brain \:W..'JS once thought to be an ex
clusively hmnan attribute, associated with extraordinary language abilities. 
Bird brains, as well as the syrinx. also are lateralized (see page 203). The 
left hemisphere of the forebrain controls bird song-specifically, learning 
and innovation in vocal rL'pcrtoircs. The right cerebral hemisphere assumes 
control of the functions of the left hemisphere only if the left hemisphere 
is dan1aged. The impairment of a young Atlantic Canary's song-control 
centers in the left hemisphere leads to the fonnation of an alternative set 
in the right hemisphere and the acquisition of a nevv song repertoire. 

The arnount of brain space that controls song is flexible. In particu
lar, the development of brain tissue controlling song increases with the 
size of individual song repertoires (Brenowitz and Kroodsn1a 1999). Male 
canaries \Vith large repertoires have larger song-control nuclei than do 
1nale canaries with small song repertoires. Populations of Marsh Wrens 
that difier in song-repertoire size also differ in the atnount of brain space 
allocated to the high vocal song-control center (Brenowitz et al. 1994). 
Marsh Wrens in California ]e;lrn three tirnes as nuny songs as do Marsh 
Wrens in New York and have 40 percent larger volumes of the song
control nuclei. This ditTerence in brain space and song-learning ability ap
pears to be genetically controlled and related to the competition among 
males for nlates-competition that is nwre intense in the West than in 
the East. 

The song nuclei also \Vax and wane in size with the season in response 
to changes in the levels of the sex hon11ones that control then1. The male 
honnone testosterone increases the length and branching complexity of 
dendrites, or receptor branches, of son1e neurons in the song centers 
(Alvarez-Buyalla et al. 1990). Experimental exposure to the sex hormone 
estradiol at an early age enlarges the sizes of the nuclei of the song cen
ters and, in adult birds, increases their sensitivity to the sex hon11ones that 
stin1ulate singing during the breeding season (Gurney and Konishi 1980). 

learning to Sing 
Only birds and a tl:\v mammals-whales, humans, and smne bats-have 
the ability to learn songs or language. An1ong birds, learning guides vo
cal developtnent in three knnwn groups: oscine songbirds, parrots, and 
hun11ningbirds. The vocalizations of other birds-chickens and doves, tor 
exan1ple, as well as flycatchers and other suboscine passerines-are in
herited. When these birds arc raised in acoustical isolation or are deaf
ened before they hear their tellovv' birds sing, they nonetheless sing nor
mal songs as adults. In contrast, songbirds listen to the songs of other 
individual birds and practice then1 in a series of \vell-documented stages 
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FIGURE 8-10 Stages of song acquisition by an oscine songbird. In the initial sensory 
acquisition phase, auditory experiences with external models or tutors refine the innate 
template during a physiologically based sensitive period. In the second, sensorimotor 
phase, practice and feedback mold initial subsong elements into plastic song, which is 
then refined into crystallized song by matching components to the template produced 
in the first phase. [Courtesy of Susan Vol man; after Slater 1989] 

of song developrnent (Box 8-4. page 232). The stages can be grouped 
into tvvo phases: ( 1) the sensory acquisition phase in which hearing song 
models is paramount and (2) the sensm;motor phase in which practice is 
paramount (Figure 8-10) . 

The early development of bird song provides one of the best work
ing rnodels of how a complex. leamed motor skill develops (Breno\vicz 
and Kroodsma 1999). Specifically. neurobiologists can track how specific 
parts of the brain's song system participate in the process of song devel
opment. Zebra Finches provide one example. Corresponding to the tim
ing and detailed structure of normal song outpurs of a male Zebra Finch 
are bursts of electrical activity in the neurons of one song-control center 
technically named the nucleus robustus of the arcopallium. or RA for 
short (see Figure 8-9). Similar patterns of electrical activity take place 
when the Zebra Finch is sleeping and apparently singing in its dreams. 
The details of the RA elecu;cal activity while dreaming shift in the di
rection of the patterns linked to "irnproved" songs when awake. Sleep
ing Zebra Finches seem to practice songs in their dreams for future per
fonnances (Chi and Margoliash 200 1). 

Some vittuoso birds. such as Northern Mockingbirds (Figure 8-11), 
add new vocalizations to their repertoires throughout their lives. These 
"open-ended" learners often nuntic other species ' songs (see page 237). 
At the other extreme are ··age-limited" learners , \Vhich acquire their songs 



FIGURE 8-11 Northern Mockingbird. 

mainly during a restricted critical learning. or sensitive, period at early 
age. Age-limited species dit1er in the timing and duration of their critical 
learning periods. For example . White-crowned SpalTows memorize song 
phrases that they hear when they are fi·om 10 to 50 days old, \vhereas 
Chaftinches are receptive to song models tor l Cl to 12 months into the 
first breeding season, ;lt which time first-year males have ;1 chance to learn 
songs fi·om more experienced males. T crmination of the critical learning 
period of the Chaffinch corresponds to the rise of its testosterone level in 
the spring. 

Isolation tram the model songs of adults during the critical learning 
period permanently handicaps a young bird's future singing ability; it will 
never develop a nonnal song. AJthough individual birds isolated at an 
early age still sing, their songs are less complex, have te\ver notes per syl
lable, and have less trequency modulation than normal songs. Neverthe
less, the innate songs of isolated birds may resemble the normal songs of 
their 5pccit's in the form, rhythm, and rough tonal quality of syllables. 

Duri11g the second stage of song development-the silent period- the 
young bird stores syllables that it nH.'morizcd during the critical learning 
period. S\vamp Sparrows store memorized song syllables for 24U days 
(Marler and Peters 19N I). When this period has elapsed, young sparrows 
starr practicing by listening to themselves and matching some of their vo
calizations to previously memorized syllables . Thus, the initial, sensitive 
perceptual phase of song learning is well separated ti·om the later motor 
phase by a period of silt-nee. 
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BIRDS WITH FIXED REPERTOIRES LEARN SONGS 
IN FOUR STAGES 

Observations of the develop
ment of the singing behavior 
of hand-reared baby birds. as 

well as experiments on it. have revealed four key 
periods that influence adult songs. 

1. Critical learning period The early period 
during which information is stored for use in later 
stages of learning. In most species, the critical 
learning stage lasts less than a year-sometimes 
much less. 

2. Silent period The long period (as long as 
eight months) in which syllables learned during 
the early critical learning period are stored with
out practice or rehea rsa I. 

3. Subsong period This practice period is anal
ogous to infant babbling. It apparently bridges the 
gap between the perceptual and sensorimotor 
stages of vocal learning. The subsong period is a 
period of practice without communication; per
haps subsong is a form of vocal play. (See text for 

a discussion of subsong.) 

4. Song crystallization The next practice period 
during which the young bird transforms plastic 
song into real song by selecting a few syllables 
from its unstructured repertoire, perfecting them, 
and then organizing them into correct patterns 
and timing. (See text for a discussion of plastic 
song.) 

The practice stages begin vvith subsong-a long. sofL unstructured se
ries of syllables and ill-fanned sounds. Distinctly t(Jrmed sounds begin to 
emerge, some of then1 recognizable as syllables heard during the sensitive 
period. Within a month or so, depending on the species, subsong devel
ops into the first attempts to produce n1ature song. This so-called plastic 
song contains only ruditnents of the final structure. In a matter of \veeks, 
during what is called "song crystallization.'' the young bird transfonns 
plastic song into final form. Not all syllables learned or practiced are in
cluded in the final perton1unce. In their tlnal songs. young male S\\;atnp 
Sparrows use only one-fourth of the syllables that they learned and prac
ticed in the earlier phases of song development (Marler and Peters 1982b). 

Auditory ft.'edback is essential for song development in these species. 
No oscine songbird produces a nonnal song if it has been deafened be
tore song ctystallization begins. In the deaf bird, recognizable structural 
entities seldom appear and, \vhen they do, they deteriorate quickly. Fre
quency nHJdubtion of syllables also is poor in deaf birds; they do not re
peat sounds accurately. Experitnental deafening of male White-crowned 
Sparrows during their silent period (70-1 00 days of age) erases their orig
inal song men1ory or interferes "\Vith a necessary matching process. Songs 
of such males do not ditler timn those of maks that have been deafened 
before they hear model songs. Deafening after song is crystallized, how
ever, has little etTect. 

A young bird n1ust select appropriate song models with precision fion1 
a rich sound environment. Song learning is mediated and constrained by 
inherited sensory ternplates-neural tllters that pass only particular sounds 
with species-typical features. 



The t1lters screen out irrelevant sounds, such as those made by insects. 
ti-ogs, waterfa.lls, and trains, and respond to appropriate song models. Even 
n1ore exacting, the hearts of young Song Spanows actually beat t:1ster the 
tlrst time that they he;lr the song of their species. but not when they hear 
the song of anothLT kind of spatTO\V. 

Comparisons of song development in S\vamp Sparrows and Song Spar
rows illustrate this aspect of song lean1ing. A S\:vamp SpatTO\:v's song is a 
repetitious trill of a single syllable, whereas a Song Sparrow's song uses a 
pattern of several complex syllables. To discover how the young of these 
species learn their own sont,rs, despite the t~1Ct that they grow up hearing 
both songs, Peter Ivbrler and Susan Peters ( 1989) isolated nestling spar
rows and then exposed them to taped songs during the critical learning 
period. Syllable structure is the key to song learning f(w young Song Spar
ro\vs, whereas temporal pattern is the key for young Swamp Spanows. 
S\vatnp SpalTows do not learn the Song SpatTow song, because they 
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FIGURE 8-12 Development of three Swamp Sparrow song syllables by means of 
(A) improvisation, (B) imitation, and (C) invention. Improvisation entailed changing 
training syllable A2 to a new syllable by combining the second note of training syllable 
Al with the first note of syllable A2. The invented syllable was unlike any training 
syllable but proceeded through the same developmental stages as those of the 
improvised and imitated syllables to a final crystallized form. [From Marler and Peters 
1982a) 
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CHAPTER EIGHT cannot learn its syllables. Song Span-ows do not learn the Swamp Spar

row song. because they cannot lean1 its temporal pattern. 
Learning and imitation are not the only elements of song acquisition. 

Individuality is irnportant, too. Young birds transform and improvise as 
they develop individual signatures in their songs. They systematically trans
form metnorized then1es or rnix syllables fi·om several models into unique 
themes. A single song of the Swarnp Sparrow. for example, may contain 
invented, improvised, and imitated elements (Figure 8-12). However. the 
creative sparrow rarely breaks up a series of notes that constitute a sylla
ble. The sylbble itself may be a natural perceptual unit. desif,rned to rnap 
readily onto a template of acceptable patterns of sound production (Mar
ler I ()8 I ; Baptista 1999). 

We don't kno\v exactly ho\v this template \Vorks or even \:vhere it re
sides in the song systern of the brain. Studies of how young White
crowned Sparrows assemble their songs in the proper sequence. ho\vever. 
have been sources of an important insight (Rose et al. 2004; Margoliash 
2CH 14). The process of song developn1ent in White-crowned Sparrows is 
one of the best kno\vn, in part because this species produces song dialects 
that differ strikingly an1ong local populations in California (see next sec
tion). Like other age-lirnited species. the fledgling White-cro\vned Spar
row memorizes songs when it is between 20 and 70 days old. The basic 
song of all populations consists of an initial whistle t(Jllowed by tour or 
five distinct phrases (Figure 8-13). Phrase-sequence inf(wmation, it turns 
out, is a key part of the tetnplate for song development. Young spatTO\VS 
assemble a complete song when tutored \Vith just pairs of phrases-that 
is. \Vithout ever hearing <1 tl.tll non11al song. When they hear the phrase 
pairs AU. BC, CD, and DE in that order, they construct a final song 
rendered correctly as A-BCDE, where A is the standard initial \Vhistle. 
Conversely, if they hear the phrase pairs l3A, Cl3, DC, ED in that order. 
their flnal song inverts to EDCB-A. 

The Com1non Nightingale of Europe is renowned for its vocal virtu
osity and its long solo singing bouts often late at night. Each male has 
roughly 200 distinct and discrete song types. It sings them in long 
continuous strings of successively ditTercnt songs (Todt and Hultsch 1999). 
Which sequence packages it sings depend on social context-for exam
ple, daytime group singing versus nighttitne solo singing-and which other 
males countersing. They lean1 rnost of their songs ti·om 15 to 90 days of 
age. Individual songs are the unit of learning. which the young night
ingale assembles early on as packages th;H are probably limited in length 
to constLlints of its short-term 1nernory. Interactions between males are 
defined by exchanges of appropriate pack1gcs. Similarly, sentences of 
human language are constrained by short-tcrm memory to interactive 
pack;1ges of reasonable length. 

Most of the classical studies of song learning by young birds explored 
responses to recorded song by birds raised in isolation. ()ne study revealed 
that White-cro\vned Sparro\vs learned their songs better from other 
Whitc-cro\:vned Sparro\vs-that is, live tutors-than tl·om tapes (Baptista 
and Petrinovich 1984). Through field studies. young birds were then dis-
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FIGURE 8-13 Sound spectrograms of (A) the full songs of two White-crowned 
Sparrow and (B and C) the tutor models of syllable combinations. In these 
experiments, the young sparrows assembled a full song from only the paired syllable 
combinations used for tutoring. Note the long introductory whistle designed by A 1 or 
A2. [From Rose eta/. 2004, with permission from Nature] 

covered to prefer to learn songs sh~ued by several male tutors. The process 
of song acquisition by young, tree-living Song Sparrows, for example, tal
lows three nuin rules: (1) sample the repertoires of at least three or four 
adult neighbor tutors, (2) preserve the identity of the song tutor and its 
song type. and (3) learn with priority the song types shared among tutors 
(Beecher 1999). These n1les lead naturally to the formation of local song 
dialects. 

Dialects 
Bird songs can vary \Vithin a species from one hilltop to the next or from 
one region of the country to another. Copying the vocalizations of par
ents or neighbors leads naturally to regional dialects-local variations in 
syllable stn1cture or delivery patten1s, quite like the local accents of hu
mans. Carolina Wrens in Ohio, for example. sing taster than those in 
Florida. Bevvick's Wrens in C;llifornia, Arizona. and Colorado each have 
distinct song patterns (Figure 8-14). The local dialects of the handsome 
White-crowned Sparro\v on the central Califon1ia coast are restricted to 
areas of only a fe\v square kilometers. Dialects may be stable and long-lived. 
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FIGURE 8-14 Song dialects: Bewick's Wrens sing strikingly different songs in 
Colorado, California, and Arizona. [From Kroodsma 1982] 

The song thetnes in one well-known dialect of White-crowned Sparrows 
in California, the Berkeley dialect, have persisted t(x at least 60 years 
(Payne 1999). 

Patterns of geosrraphical song variation may simply retlect recent his
tory. New song traditions arise \Vhen young birds colonize new areas and 
start a local culture of song f(wms. More interesting, perhaps, is the choice 
of song models and tutors that define local themes. Most notably. song 
dialects arise when young nules imitate their older neighbors as a -vvay of 
increasing their personal success. In southern Africa, young males of the 
promiscuous and brood-parasitic Vi11age I ndigobird increase their chances 
of attracting fen1ales by rni1nicking the song details of the dominant males 
that do most of the nuting in a local area (Payne et al. 2000). In south
ern Michigan, first-year 111ale Indigo Buntings copy the song of an estab
lished neighbor and thereby increase their chances of holding a teni.tory 
and pairing with a fenule (Payne 1999). The details of the songs that 
det1ne a neighborhood of Indigo Buntings undergo steady change or 
evolution through itnprovisation and as a result of the immigration of 
young birds \Vith nc\V songs. Songs that are matched by yearling males 
persist in the population three tin1es as long ~1s a male bunting does. The 
half-life expectancy of a copied song over a 15-year period was -1-.23 years 
co111pared with 1.33 years tor the average individual male bunting (Payne 
19CJlJ). 

The ch~mging song traditions of birds are a form of cultural evolution, 
inasmuch as they are traits passed tl-om one population or generation to 
the next by learning, with parallels to human language and other cultural 
traits (Lynch 1999). Cultural traits, including bird songs, can be passed 
vertically from parents to oHspring, horizontally between unrelated indi
vidual birds or populations of the same gcner;1tion. or obliquely. between 
unrelated individual birds of successive generations. All three modes of 
transmission are found fbr songbirds. Oblique transmission, as is the case 



fi-om unrelated neighbor to yearling Indigo Buntings, rnay be the most 
con1mon rnode in songbirds. 

If song tTaits were linked to specitlc genes, then song dialects could 
cause local populations to diverge in other traits and perhaps even to spe
ciate. There is no such (vertical) transmission of song traits ti-om [lther to 
son in Indigo Buntings and thus no coevolution of song and genes. But 
song learning and transmission are vertical for the Mcdimn Ground Finch, 
a species of Danvin's finches found in the GaLlpagos Islands (Grant and 
Grant '1995). Young males le;1rn their single, structurally simple song ti·om 
their f1thers. They pass it in turn to their sons as a strictly cultural trait 
that drives species recognition and mate choice. Females are t~1ithtl.rl to the 
songs of their species. ,On rare occasions, a male may rnistakenly learn the 
very ditTerent song of the Cactus Finch, in which case it \vill be picked 
as a mate by a female Cactus Finch and produce hybrid otlspring. The 
rare mistakes document the importance of song in mate choice and def
inition of the species. 

Vocal Mimicry 
l=toughly 20 percent of the p;1sserine songbirds worldwide practice vocal 
rnimicry. Many of these birds are open-ended learners. They enlarge their 
repertoires by imitating the calls of other species. The n1ost reno\vned 
vocal mitnics include the Northern Mockingbird, Common Starling, 
lVlarsh Warbler, Australian lyrebirds, bo\verbirds, scrubbirds, and Ati-ican 
robin-chats. Son1e of these species imitate human-made sounds. In Aus
tralia, a variety of species now irnitate cell phones, and the versatile lyre
birds imitate the buzz of a chain saw, the roar of a motorcycle, and even 
the clicks of a cmH:ra. 

Mall' Northern Mockingbirds have repertoires that can exceed 150 
songs, which both change from year to ·year and increase in number \Vith 
age (Derrickson and Breitwisch 1992). Mockingbirds enhance their reper
toires by itnitatin~ other birds, the calls of ti-ogs and insects, and car alarms. 
()ne Northern Mockingbird can inlitate dozens of difTerent species, broad
casting in sequence the· songs of the American Robin, I3lue Jay, Northern 
Cardinal, and a variety of other con1mon species of the eastern United 
States. [n Texas, mockingbirds bro~Hkast the calls of l3ell's Vireos, Great
tailed Crackles, and Dickcisscls, a1nong others. Some rnockingbirds imi
tate species found hundreds of kilorneters away. For example, Jim Tucker 
of Austin, Texas, was surprised one morning to hear a mockingbird 
in1itate a Green Jay, a species that is found only in the Rio Grande 
valley SOU kilometers to the south. Was this song learned directly tl-om a 
Green Jay in the Rio Grande valley or was it passed northward through 
a series of rnockingbird generations? 

Migratory species may have international repertoires. Marsh Warblers, 
an1ong Europe's most versatile vocal mimics, spend much of the year in 
Ati·ica. Although they imitate some European species, most of the songs 
broadc\st by Marsh Warblers are those of Atl-ican birds heard during 
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CHAPTER EIGHT migration and on the \Vintering grounds (Do\vsett-Lemaire 1979). Ter

ritorial male Marsh Warblers tnay thus infonn potential mates where they 
spend the \vinter. It could be to a female's advantage to pair with males 
adapted for \vintering in the satne part of Atrica as she does and thus to 
produce young \Vith sin1ilar tendencies. 

Songs and Mates 
Song repertoires enhance a male·s attr<Ktiveness to females and his ability 
to compete with neighboring or rival males. Winning vocal duels is one 
route to local dmninance (Box 8-S). Territorial songs signal to potential 
rivals that the resident male is prepared to protect his exclusive use of that 
space and any associated fenules. When a territorial tnale Great Tit. for 
example, is renwved fi~om its terr-itory, another male \vill take over \Vithin 
10 daylight hours unless territorial song is broadcast fi·om loudspeakers on 
the territory (Krebs 1977). When a song is broadcast, rival males take 
three times as long (30 daylight hours) to exploit the vacancy. 

Inseparably coupled to the contests between males is advertisement to 
unmated females. Female attraction to ten·itorial male song, as well as the 
use of this song to assay male quality, is the first step toward courtship 
and pair tonnation. Females son1etin1es respond directly to male song '':ith 
either precopulatory trills or copulatory postures. Female Song Sparrows 
and S\vamp Sparrows \Vhose sex drives have been experimentally en
hanced by the hormone estradiol will respond more strongly to songs of 
their ov,.rn species than to alien songs. They discriminate between the t\vo 
by recognizing distinctive syllable structures ;md patterns of syllable de
livet)' (Searcy and IVlarler 1981). 

Regular vocal cmnmunication increases the coherence of social groups 
and strengthens the pair bond bet\veen mates. l3irds vat)' in the loudness 

BOTH BIRD VOCALISTS AND HUMAN FIDDLERS HAVE 
TECHNICAL DUELS 

Large song repertoires provide 
ammunition for vocal duels 
among competing males. Marsh 

Wrens, for example. duel vocally for control of 
quality territories, which attract multiple females. 
Increased competition for limited marsh habitat 
in the western United States favored larger reper
toires and related brain space. Using their large 
repertoires of songs that can be arranged in com
plex, varied sequences, neighboring males try to 
match one another's sequences or take the ini-

tiative in a duel (Kroodsma 1979). Leadership in 
the duels, which draws on both singing skill and 
repertoire size, promotes social dominance and 
increased reproductive success. Such avian vocal 
duels parallel guitar or banjo duels (as in the 
movie Deliverance) or dominance contests among 
human fiddlers to demonstrate technical mastery 
of their musical instrument. How well a fiddler 
plays and embellishes the traditional tune "Or
ange Blossom Special" quickly establishes his or 
her rank among the masters. 



of their songs and calls and in the vocalizations that they use, depending 
on who else is present: the so-called audience eflc·ct. Zebra Finches are 
quite sophisticated in this respect, and other species of birds may be as 
well. The male Zebra Finch pays attention to the mating status of other 
pairs in its group or flock and adjusts its singing behavior toward its mate 
accordingly. Specifica11y. a nule Zebra Finch distinguishes its mate's "dis
tance'' call from those of other tlock mates and responds quickly and 
strongly to it ·when in the presence of other mated pairs, but not in the 
presence of unpaired finches (Vigna] et al. 2004). Mate attentiveness and 
''guarding" is heightened in a reproductive social environment. 

Some birds recognize one another and maintain their pair bond \Vith 
distinctive vocal ducts. Vocal duets are bouts of overlapping and precisely 
synchronized sounds by members of a mated pair or extended £unily 
group. To the hmnan ear, the duet sounds like the song of a single bird. 
The thrushlike }{_utous Hornero, the national bird of Argentina. duets 
with a strong rhytlun in which the ternale punctuates the male's primary 
beat with one ofher own (Laje and Mindlin 2003: see also Ball 2003). ()ne 
fernale note to each three 1nale notes is a common rhythm. but son1e pairs 
use ditferent rhytlu11s. As the male incre;1ses its song ten1po, the female 
rapidly switches the counterrhythm of its perfectly synchronized notes in 
predictable sequences that would be irnpossible tor a human n1usician. 

At least 222 species in 44 Em1ilies are known to sing duets (Farabaugh 
1982). Most of then1 are tropical birds such as the Tropical Boubou, an 
African shrike that defends a year-round territory (Box 8-6). Their duets 
function both in nuintenance of the pair bond and in joint defense of 
teiTitorial space against encroaching neighbors. They even have a special 
loud and longer victory duet that they deliver after a protagonist slinks 
off in defeat (Grate and Bitz 2CHJ4). 

Can feruale birds really use the songs of males to assess the quality of 
their potential mates, choosing older, more experienced mates and thus 
increasing their own social or reproductive potential? The answer to this 
question depends, tl.rst, on \vhether better n1ales have signature song fea
tures and, second, on whether females actually chose better males on the 
basis of those features. The evidence tor both is increasing. For example, 
the elaborate songs of male Brown-headed Cowbirds vary in their po
tency, defined by how readily estradiol-treated females solicit copulation 
0Jl est and King 1980; West et al. 1981 ). Male cowbirds. even those hand
raised in isolation, are capable of singing high-potency songs. but only 
the top-ranked dominant members of a group actually do so. If a subor
dinate lbres to use potent vocalizations while displaying, it invites attack 
by the donilnant rnale. As a result, subordinate males deliberately do\:vn
grade their vocalizations and vvait for an opportunity to sing their best 
songs without risk. In addition, diti'erences in these nule songs distinguish 
regional dialects in the westen1 United States. A temale cov •. 'bird distinctly 
prefers the high-potency songs of a rnale singing in her home dialect 
(Freeberg et al. 2001). 

Long songs and vigorous singing are preferred by the females of many 
species studied to date (N(nvicki and Searcy 200.5). They can also be valid 
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BUSH SHRIKES DUET WITH PRECISION 
Each pair of Tropical Boubous, 
a kind of African bush shrike, 
develops a unique set of duet

ting patterns, which they use to keep track of each 
other in dense vegetation , to synchronize their re
productive cycles, and to maintain their territo
rial integrity (Thorpe and North 1966). Either 
member of the pair can initiate the duet. The re
spective note contributions are so well synchro
nized that few people realize that two birds, not 
one, are singing. A pair of Tropical Boubous in
creases the complexity of its duet patterns as the 

density of shrikes and, perhaps, the need for dis
tinction increase. 

Duetting bush shrikes respond to cues-pre
ceding notes-in only a fraction of a second and 

with astonishing precision (Thorpe 1963). These 
reaction times can be measured quite accurately 
in the duets of the Black-headed Gonolek, a bush 
shrike with a simpler duet than that of the Trop

ical Boubou. The female gonolek responds to the 
male's lead "youck '' with a sneezelike hiss. The 
average response time of one female was only 
144 milliseconds, with a standard deviation of 
12.6 milliseconds. Another female responded in 
425 milliseconds, with a standard deviation of 4.9 

milliseconds. These values (12.6 and 4.9 ms) are 
exceedingly low. Human auditory reaction times, 
not nearly as precise. have a standard deviation 
of 20 milliseconds. 

Tropical Boubou, an African bird well known for its precision duets. 

indicarors of male quality. Female House Finches prefer long songs de
livered at ft st rates. \Vhich indicate a male 's energy reserves (Nolan and 
Hill 2U04) . In another study, ft.·m ale Common Starlings prdetTed males 
with the stro ngest itnmune systems, which would be valuable to pass on 
to her offspring (Duffy and Ball 2002) . How do they assess the immuno
competence of males without checking blood chemistry with laboratory 
equipment? Simple solution: males w·ith the strongest immune systems are 
also thL· best singers, prefe rred by females because they deliver the longest 
songs and sing most tiTquent!y . 



Fetnale songbirds tend to prefer tnales with larger and more varied 
song repertoires: in turn, those males have greater reproductive success. 
Do large song repertoires somehow reveal superior male qualities? They 
do, in a \vay that brings us b~Kk full circle to the process of song learn
ing by young birds. Recall that the size of the song nuclei in the brain 
correlates with repertoire size. The size of the song nuclei is subject to 
the allocation of energy and neural tissue invested in thetn during the de
veloptnent of the nestling bird. When stressed. t()l· example, by t()od dep
rivation during periods of food shortage, poor parental ewe, or laboratory 
tnanipulation. baby birds invest less into the growth of song nuclei. The 
smaller nuclei handicap both the accuracy and the quantity of song le~lrn
ing in subsequent weeks. In elegant experiments, Steve Nowicki and his 
colleagues at Duke University den1onstrated that fernalc Song Sparro\vs 
chose the superior songs and repertoires not damaged by early develop
mental stresses (No\vicki et al. 2002). Many other studies now support 
the so-called deprivation hypothesis of temalc preferences for song qual
ity as a valid indicator of tna1c quality (Nowicki and Searcy 2005). 

In conclusion, oscine songbirds certainly, and probably birds gener
ally, exhibit striking flexibility and advanced social uses of vocal behav
ior (Brenowitz and Kroods1na 1999). The neurons that compose their 
song-control systems change dynamically during development and with 
the season. The process of song acquisition itself varies frorn hard-wired, 
innate control to age-limited learning to open-ended learning. This process 
leads to local dialects and the adjustments of song features to local habi
tats and n1ajor environments. Also dynamic in real time are levels of song 
activity, the use of specific vocalizations, relationships to ditlerent indi
vidual birds, and habituation. Advanced and flexible conll11tmication is 
central to individual success not just during the breeding season but 
throughout the annual cycle. 

Summary 
Birds use vocalizations to n1ediate social interaction over long distances, 
at night, and in dense cover. The physical characteristics of vocalizations 
at1:ect their information content and the et1t.·ctiveness of their transtnission 
through the environment. 

The vocal virtuosity of birds springs from the structure of the syrinx, 
a sound-producing organ located at the junction of the two bronchi at 
the base of the trachea. Sound results fi·om the vibration of a thin mem
brane, the tension and position of \vhich arc controlled by syringeal mus
cles and air pressure in the interclavicular air sac. Many birds can stimu
\ate the two sides of the syrinx independently and can thus sing two songs 
simultaneously. The vocal tract, particularly the trachea, t1lters the sounds 
produced by the syrinx ~md can add resonant qualities to the calls of cranes. 
s\vans, and some birds-of-paradise, which have long, coiled tracheas. 
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darn. The loud broadcasts of territorial birds. which are among the most 
E1miliar vocal displays. convey information about the identity, location. 
and n1otivation of the singer, including ownership of terr-itorial space. 
More varied song repertoires help to attract females and foster supet"ior
ity in vocal duels between competing males. Included in the acoustical 
structure of songs are features used by birds tor both species and individ
ual recognition. Precise duets used by mated pairs also serve as distinctive 
vocal signatures. Vocal mimicry is one \vay in which some species in
crease the size of their vocal repertoires. 

Avian vocalizations may be inherited, learned, or invented. Learning 
guides vocalization developn1ent in songbirds, parrots, and hmnmingbirds. 
Four stages of song learning arc evident: an early critical learning period, 
a long silent pet"iod, and t\vo practice periods. \Vhich include subsong pro
duction and song crystallization. Guiding this process are inherited tem
plates of song characteristics. The templates screen out irrelevant sounds. 

The formation of song dialects in local cultures is a possible conse
quence of the process of song learning. Dialects may be due to accidents 
of histoty and cultural change, tnay be used to enhance the reproductive 
success of young Inales. and may foster the evolution of local genetic dif
terences among bird populations. 

Song repertoires enhance a male's attractiveness to temales and his abil
ity to cotnpete \Vith neighboring or rival rnales and are thus subject to 
elaboration through sexual selection. The size of a song repertoire. the 
length of songs. the tl-equency of singing, and the quality of learned songs 
all help females to select superior tnales as tnates. 



PART 4 
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The Annual Cycles of Birds 
011e stl'allon· does liM make t1 SIIIII/Iler. bw t'IIC skci11 (~{ 

geese, dca1'i11g the 11111rk (~{a Almd1 that I'. is the spring. 
f Leopold !CJ(!(l, p. I 1) I 

B irds 6ce seasons ~)fstrcss and seasons of. op~xwtunity tl-1· at.cm_·
respond to predictable calendar changes m day length. ch
nlate, and resources, especially t<.1od. The prin1ary seasons are 

usually related to changes in temperature in the temperate zones and to 
changes in rainE1ll in the Tropics. Just to survive. much less to brcL·d and 
otherwise function ~lppropriately at ditTerent times of their year, an indi
vidual bird must change its appearance, its physiology. and its behavior. 
It n1ust transition smoothly fi·om one litl.·-history stage to another. \Vith 
advance notice and preparation so as to time each stage appropriately to 
the next set of environn1ental conditions Qacobs and Wingfield 2000). 
Environmental and social cues activate internal endocrine management 
systems that orchestrate the SL'quencing of lite-history stages. with con
tingencies for the unpredictable. 

Each year, an ~1dult bird invests time and energy above and beyond 
that required for daily survival into three main efforts: reproduction. tnolt, 
and, in smne cases. migration. The contlicting demands of these efforts 
combine with seasonal resources and opportunities to define a birc.i's an
nual cycle (FigurL· 9-1). Tight scheduling, tradeot1s, and compromises are 
often required. Natural selection \vill f:lVor those individual birds that 
schedule well and optimize the balance of their seasonal efiorts. 

This chapter first describes the basic components of avian annual cy
cles and then proceeds to the physiological clocks, called circadian 
rhythms. that control the avian annual calendars by synchronizing a bird's 
internal state ·with its seasonal environment. The photoperiod-the length 
of daylight-is an essential enviromnen tal cue tor the clocks. It triggers 
activity in the brai 11 and then the pituitary gland that leads to a cascade 
of hormonal controls of physiology and behavior. Then \Ve more closely 
examine the timing, costs, and tradeotTs relatl'd to breeding, molt. and 
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Winter Solstice 

Arrival on the 
wintering grounds 

FIGURE 9-1 Annual cycle of the Mallard. Most individual birds attempt to breed 
when they are one year old. The terms prealternate molt and prebasic molt 
correspond to the prenuptial molt and postnuptial molt of Dwight's (1900) system of 
molt and plumage nomenclature (see Chapter 4). [From Bluhm 7988] 

rnigration, including how birds handle stress. The chapter concludes with 
the effects of global wanning on the annual cycles of birds. 

Basic Annual Cycles 
The sin1plest type of annual cycle and the typical year of pamanent res
idents-birds that live in the same place year-round-present three main 
sequential tasks: breed, mole and survive until the next breeding season. 
Consider, t(x example. the sirnple life of the Common Pigeon (Figure 
9-2). The pigeons cycle bet\veen two life-cycle stages. As long as they 
have an1ple food and a mate, they nest until the young fledge (or until 
the rnate is lost). Then they transition to the alternative, nonbreeding stage 
and rernain in that stage until they have a mate in breeding condition and 
adequate food is available to initiate nesting. 



Good food, mate present: 
Remain in breeding 

Mate lost or young 
independent: 
Initiate molt 

Good food, 
mate present: 
Initiate breeding 

No mate or mate not in 
breeding condition: 
Stay molting (nonbreeding) 

Food available but not 
sufficient for breeding: 
Stay in molt 

FIGURE 9-2 Simple life cycle of the Common Pigeon, which alternates between a 
breeding stage and a nonbreeding, or molting, stage. Arrows indicate conditions 
(boldface type) for remaining in one stage or switching to the other. Each condition is 
followed by a response to the change in environmental cues. [After jacobs and 
Wingfield 2000] 

The annual cycles of forest birds in equatorial I3orneo also arc sirnple 
ones. The ternperature and d~T·y length stay the san1e all year. Small birds 
start to nest when the heavy rains begin in December (Fogden 1972). 
Adults start to rnolt shortly after the young have left the nest in May and 
continue rnolting until the beginning of the tvvo-rnonth ··dry'' season~ 
when food. starts to becmne scarce. When hec.lvy rains resume and 
food supplies increase, gonads increase in size and the cycle repeats itself 
(Figure 9-3). 

Sirnilar cycles of reproduction and rnolt are typical of permanent res
idents of northern temperate locaEtics, including Song SpatTO\VS in Ohio, 
Black-capped Chickadees in Wisconsin, and Con1n10n Chat11nches in 

Availability of food 

Jan. Apr. Aug. Dec. 

FIGURE 9-3 Birds have well-defined breeding and molting seasons, which coincide 
with the months of greatest food availability, even in the equatorial rain forests of 
Borneo. [After Fogden 1972] 
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CHAPTER NINE Britain. After the quiescent \Vinter months. sex honnones flow, gonads 

increase in size, and nuks proclain1 their territories vvith conspicuous songs 
and, son1etin1es. brutal tlghts. Pair bonds are established or reaffirmed and 
nuting takes place. Young hatch in May and June and generally reach in
dependence by late July. Molt tollo\vs in August and Septernber. At this 
tirne, young birds leave their natal ten1tories, and t:·unilies aggregate into 
\~'ell-organized flocks for the \vinter. Social con1petition for territories. 
food. and mates-all resources essential tor reproduction next spring
may start in the autumn. 

Migration adds a complicating cha11enge to the annual cycle. Major 
changes in physiology, body composition, and behavior take place (see 
Chapter 1 0). Atter they breed and molt, migratory birds general1y gather 
in flocks and cat tre1nendous an1ounts of food, ti..1eling themselves for their 
trips. To fi.1el their marathon flights, many species double their body mass 
with large stores of t~1t as fueL As the date for departure approaches, they 
becorne restless after dark and then leave on a nujor trip to ~l distant win
teting ground. Iv1igratory preparations are repeated the following spring 
for the return north, \Vhere the cycle of reproduction. molt, and prepa
ration tor rnigration repeats. Many ternperate-zone birds, especially those 
that rnigrate, rnolt tvvice a year, once after breeding and again in late \Vin
ter or early spring. 

Annual Cycles of the White-crowned Sparrow 
The annual cycles of White-cro\:vned Sparrows, including their physio
logical controls, have been studied in depth (Chilton et al. 1996). The 
White-crowned Sparrow breeds throughout northern Canada and fi·om 
southern Alaska to central California (Figure 9-4). 

The annual cycle of White-cro\vned Sparrows can be diagrammed as 
a series of specific stages activated by enviromnental cues (Figure 9-S). 
The stages are activated by internal (usually horn1onal) responses that, in 
turn, trigger the transition to the next stage in the sequence. 

Populations on the Pacific Coast difrer in the extent of their annual 
migrations and in other aspects of their armual cycles. Those that breed 
in Alaska and in nortlnvestern Canada (subspecies ga111belit) are long
distance nligrants that vvinter prin1arily in California, \:Vhere they mix with 
·winter flocks of the local nomnigratory White-crowned Spanows (sub
species nuttalli). Mernbers of another population (subspecies pugctensis), 
which breed on the coasts of Washington, Oregon, and British Colum
bia, also mix \Vith llllttalfi flocks in California duting the winter. 

White-crov .. rned Sparrows from northen1 localities nest later in the 
spring than those frmn southern localities. The southern resident IUJttalli 

con1e into breeding condition first, then the pugetensis, and, finally, the 
ga111belii of the tar north. Differences in the timing of the enlargement of 
the gonads and breeding activities characterize not only the three sub
species but also the geographical gradients of populations within each 
subspecies. 
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FIGURE 9-4 Breeding 
ranges of four western 
subspecies of White-crowned 
Sparrows, Zonotrichia 
leucophrys. The most 
northern races, Z. I. gambe/ii 
and Z. I. pugetensis, migrate 
to central California, where 
they winter with resident 
Z. I. nurtal/i. The Rocky 
Mountain race, Z. I. oria11tha, 
migrates south to Arizona 
and Mexico. [From Cortopassi 
and Mewaldr 1965] 

FIGURE 9-5 Annual life 
cycle of a migratory 
population of the White
crowned Sparrow (subspecies 
gambelii). Each seasonal 
stage (squares) is t riggered 
by environmental cues 
(large arrows) and by the 
physiological changes of a 
preceding stage (thin 
arrows). [After jacobs and 
Wingfield 2000) 
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CHAPTER NINE Finally, so1ne, but not alL of these White-crowned Sparrows rnolt in 

the spring before breeding. This extra ''prenuptial'' molt is known as the 
prealtcrnate rnolt (see Chapter 4). 

Circadian Rhythms and the Photoperiod 
The annual cycle requires an orderly integration of behavior and physi
ology. A nct\vork of physiological controls regulate the schedules of re
production, rnolt, sleep, feeding. and rnigration. 

All plants and animals have in their cells biological docks that release 
the horrnones that regulate metabolisrn, reproduction, and behavior. Birds 
are no exception. Neuroendocrine systctns synchronize cellular rhythms 
so that an entire bird is organized internally and appropriately synchro
nized with its periodic envirornnent. In addition to regulating the daily 
activity and cycles of body tetnperature, these internal clocks rneasure day 
length itself and calibrate the sun cornpass by which birds navigate (see 
Chapter 1 0). They govern migratory restlessness, prernig:ratory t~lttening, 
and egg laying. Sorne biological clocks, called circadian rhythms, rnatch 
the daily 24-hour cycle of the Earth's rotation on its axis. Others, called 
circannual cycles, synchronize to the annual cycle of the Earth's revolu
tion around the sun. 

The triangle-shaped pineal gland. which is located on top of the brain. 
houses the biological clock in birds (Gwinner and Hau 2000: Sassone
Corsi 1998). Most diurnal birds have a well-developed pineal gland. This 
gland includes photosensitive cells. each having gene-based pacenukers 
that direct the rhythn1ic production of melatonin, the chernical that reg
ulates daily rhythms in concert \Vith daily light-dark cycles. Experinlen
tal removal of the pineal gland in House Sparrows causes nonnal 24-hour 
cycles to disappear. The pineal melatonin rhytlun interacts \Vith photo
sensitive cells of the hypothJLnnus of the lower midbrain and the retina 
of the eye, both of which also secrete smne Jnelatonin. 

Circadian rhythn1s are a basic adaptation of cellular organisms to the 
24-hour light-dark cycle of the planet (Farner 1980a). Twilight triggers 
a switch in physiology fi·om diurnal to nocturnal systems. Every individ
ual bird has an intrinsic rhythrn approxirnately 23 hours in length in which 
body ternperature, rate of Jnetabolisrn, and level of alertness fluctuate in 
predictable \\lays. Because they are not exactly 24 hours in length. these 
internal cycles tend to depart gradually fi·om real tin1e. starting slightly 
earlier each day, unless they are smneho\v synchronized or entrained by 
external cues called Zei(~.tebers-literally. "'time givers.'' 

When Cmnn1on Chaflinches are kept in constant din1 light. their en
dogenous rhythms of activity and rnetabolic rate fimction in a period of 
about 23 hours and therefore drift about 1 hour per day (Figure 9-6). 
White-crovvned Sparrovvs have a regular cycle of activity and sleep that 
is just under 24 hours long \Vhen they are kept in a dimly lit experimen
tal cage. NaturaL external light-dark cycles then synchronize the endoge
nous rhythrn \Vith the 24-hour cycle. 

-; 
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FIGURE 9-6 Common Chaffinches kept in a dimly lit environment have a daily 
activity cycle (measured here in milliliters of oxygen taken up per hour) of just under 
24 hours. This experiment demonstrates that, under constant dim illumination (LL), 
the cycle drifts 1 hour of clock time unless it is synchronized by an external stimulus 
such as regular 24-hour light-dark cycles (LD). [After Aschoff 1980] 

Endogenous rhythms control the annual cycles as \vell as the daily 
cycles of some birds. Self-sustaining circannual rhythms have a period of 
approximately one year. When captive Cmnmon Starlings, Garden War
blers, and Eurasian Blackcaps are kept in a constant daily environment of 
12 hours oflight and 12 hours of dark, they continue to con1e into breed
ing condition and molt in a predictable annual cycle (Figure 9-7). 

The photoperiodic control system couples two kinds of information. 
Clock inf(Jnnation from the internal circadian cycle enables the bird 
to 1neasure day length by using time windo\vs of photosensitivity. 
Environmental-light int{)rnution stimulates neural receptors to translate 
day-length infonnation into behavior. This two-part systern allo\vs birds 
to respond at the optimal time for reproduction, to synchronize repro
ductive function in nuting pairs, and to terminate reproductive function
three fundamental reguirements for control of the annual reproductive 
cycle. 

Day length, or photoperiod, plays a key role in the control system that 
synchronizes the physiologies of individual birds with their environment. 
Willian1 Rowan (1929) pioneered research on the photoperiodic control 
of avian gonadal cycles. He showed that increases in photoperiod of only 
5 to 10 minutes per day cause the testes of Dark-eyed Juncos to increase 
in size, an etTect that was rnrersible and repeatable as many as three times 
bet\veen autumn and spring (Figure 9-8). The phenomenon of the photo
periodic control of gonad cycles has since been recognized in tnore than 
60 north temperate bird species. 

Molt and preparations tor migration also arc triggered by changes in 
day length and can be experitnentally manipulated. Stephen Emlen ( 1 <)()<)), 

for example, accelerated the annual cycle of Indigo Buntings, inducing 
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FIGURE 9-7 Circannual rhythms under constant photoperiodic conditions. 
(A) Rhythms of testicular width (curves) and molt (bars) in a Common Starling. The 

undamped oscillations in testes size and the intervals between successive molts deviate 
irregularly frorn a 12-month cycle. (B) Rhythms of summer molt (solid bars) and 
winter molt (open bars) in a Garden Warbler (left) and in a Eurasian Blackcap (right), 
both maintained in captivity for 8 years. Both molts occur progressively earlier each 
year because the birds have an internal rhythm with a mean period of about 10 
months. [After Gwinner 1977 and Berthold 1978] 

an extra tnolt into the year by suddenly increasing the length of the photo
periods to \vhich captive birds were exposed. 

The circadian rhyth1ns include a limited period of photosensitivity each 
day. During this period, external light stimulates receptors in the brain, 
which in turn trigger a seric·s of physiological reactions. As day length in
creases. so does the chance that there \Vill be daylight during the photo
sensitive period (Figure 9-9). Not only does the chance of overlap, or 
coincidence, increase with day length, but the duration of the period of 
overlap also increases. The arnount of overlap enables birds to measure 
day length. The ''external coincidence" tnodel \Vas originally developed 
for plants, and \Ve now have evidence of this n1odel tor many species of 
birds. 
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FIGURE 9-8 In the pioneer study of annual cycle com:·ol by photoperiod, William 1<. 
Rowan demonstrated that longer day lengths cause the testes of captive Dark-eyed 
Juncos to increase prematurely to full size in January (lcnver left) and again in April 
(lower right), instead of in May and June, as in wild juncos (upper graph). Mean 
temperature is the average air temperature in that month. [From Rowan 1929] 

Birds monitor day length through special receptors in the hypothala
nlus of the brain as well as those in the pineal gland and retina. Longer 
day lengths induce gonad development and migratory behavior even in 
sightless birds. The light receptors of the White-crowned Sparrow, for 
example, lie in the ventromedial hypothalarnus of the lo\ver midbrain 
(Figure (J-1 0). The receptors are structurally unspecialized elements that 
are sensitive to extremely lo\V light intensities such as those that directly 
penetr~1te brain tissues. Pinpoint illurnination of the hypothalamic recep
tors by a single, thin light-conducting optical fiber induces both testicu
lar growth and migratory behavior (Yokoyama and Farner 197H). 

After stirnulation of thL' photoreceptors, neurosecretory cells in the 
hypothalamus induce the release of neurohonnones f~·om the median em
inence, the neural part ofthe pituitary (see Figure lJ-10). The released 
neurohornwnes then induce the anterior pituitary gland to produce the 
honnones (see Table 9-1) thar djrectly atTect the activity of the gonads 
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FIGURE 9-9 The external coincidence model suggests that day length is measured by 
the increased amount of time that daylight periods (open bars) coincide with the 
photosensitive phase of the circadian rhythm (oscillation peaks). Abbreviations: L, 
number of hours of light; D, number of hours of dark. Response was measured in 
terms of gonadal enlargement, which was greatest for a 22-hour light-2-hour dark 
cycle. [From Farner 7980a] 

then1selves. Thus. a series of neural and physiological events translate 
increasing day length into sexual activity. 

The annual cycle of the White-crowned Spano\v outlined earlier 
illustrates the translation of seasonal changes in day length into appropri
ate behaviors. Increasing photoperiods during late \\rinter and early spring 

Pars tuberalis 

Vascular bed of 
posterior lobe 

Connective tissue barrier 

Portal vessels 
of caudal region-~~ 
of anterior lobe 

Portal vessels 
1--'7~--of cephalic 

region of 
anterior lobe 

FIGURE 9-10 Avian pituitary gland and adjacent structures. Daylight stimulates 
special photoreceptors in the tuberal region (pars tuberalis) of the lower hypothalamus 
of the midbrain. Neurohormones are released in the median eminence and carried to 

the anterior pituitary gland through the hypophyseal portal blood vessels. They stimulate 
gonadal hormone production and, as a result, gonadal activity. [From Hahn 19611 



trigger events in the annual cycle. The longer days of early spring stim
ulate gonad development and then the spring (prealternate) 1nolt and mi
gration. Wanner temperatures, raintalL and the springtime display behav
ior of other spalTO\VS stimulate the tlnal stages of gonad development on 
the breeding ground and, as a result, the increased secretion of sexual hor
mones. After the birds breed, the shortened days of late summer trigger 
the nuin (prebasic) molt. 

The increasing day lengths of the spring also schedule, in advance, the 
611 light-insensitive, or photorefi-actory, period of thL· testis. After pho
toperiodic regulation of the annual cycle evolved, some additional safe
guards and corrections \Vere essential. Photoretractory physiology is one 
of them. The gonadal cycle nornully concludes with a rapid collapse and 
reabsorption of gonadal tissue. Then follows the photorefi-actory period, 
during w·hich long lhys do not induce gonadal ret,rro-vvth. The photore
tractory physiology of adults seen1s to bt' an adaptation t(w scheduling molt 
and migratory preparations during the t~worable conditions of late sum
nler by discontinuing reproductive activity while days Jre still long (Farner 
1980b). 

Finally. the very short days of early winter inhibit gonad gro\vth and 
restore sensitivity to long photoperiods by tenninating the refi·actory 
period. The cycle begins ~mevv as day lengths increase in January. Short 
\Vinter days are essential to the control of the annual cycle: the testes will 
not grow in response to the long days of spring unkss a bird has experi
enced a prior period of short day lengths. Thus, White-cn)\vned Sparrows 
stay in nonbreeding condition for sever:1l years when experimentally ex
posed only to long photoperiods. 

Master Hormones 
Much of the annual cycle, including specific behaviors in reproduction, 
molt, and migration. is directly controlled by honnones. Hormone pro
duction is headquartered in the lower midbrain, where the hypothalamus 
connects to the adjacent pituitary gland, directing it to release master hor
mones that direct the activities of specit]c organs (Table 9-1). 

The Pituitary Gland 

As instructed by the hypothalamus, the pituitary gland releases t\VO mas
ter honnones that directly control gonadal development and function and 
that indirectly control many other aspects of the annual cycle. ()ne of 
them-luteinizing hormone (LH)-stimulates the production of the male 
honnone testosterone by Leydig cells in the testes. In the fernale, it in
duces the ovulation of mature egg follicles as vvdl as the production of 
the sex hormones progesterone and testosterone. The other nuster hor
nlone-t(Jliicle-stimulating hon11one (FSH)-stimulates spenn production 
in the testes of nule birds and the initi~1l development of egg follicles in 
fernale birds. Research on male birds has shown that increasing day kngths 
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Hormone Abbreviation Source Rolc(s) 

Adrenocorticotropic 
honnone 

Estrogens 

Follicle-stimulating 
honnone 

Glucagon 

Grovvth hormone 

Luteinizing 
honnone 

Luteinizing 
honnone 
releasing 
hormone 

J\tldatonin 

Proo-esterone t"> 

Prolactin 

Thyroxine 

Testosterone 
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ACTH 

FSH 

None 

GH 

LH 

LHRH 

None 

None 
None 

T4 

None 

Adrenal gland 

Pituitary gland 

Pancreas 

Pituit;uy gland 

Pituitary gland 

Hypothalamus 

Pineal gland 

Retina 
Gastrointestinal 

tract 
Ovary 
Pituitary gland 

Thyroid gland 

T cstis, ovary 

Stress management 
Suppresses release of gonadal hormones 
Reduces resistance to disease 

(i 111Il1unocornpetcnce) 
Migratory restlessness 
Progesterone release by pituitary gland 
Egg production in oviduct 
Secondary sexual morphology and brain 

function 
Sperm production by testes 
Egg-tollicle development in ovary 
!Vletabolism in liver and muscles 
R .. eleasc of 6tty acids to blood plasma 
Fasting 
Nornwl posthatching gn)\Vth 
Fat metabolism and synthesis 
Stimulates immune system 
Increases production of progesterone and 

testosterone 
Induces ovulation 
Production of LH and FSH by pituitary 

gland 

Circadian rhythn1 of cells throughout 
body 

Photoreception and neural transmission 
Food utilization 

Induces ovulation 
Production of crop nlilk in pigeons 
Incubation behavior and broodiness 
Photorcfractoriness of testes 
I\.1etabolism and thermogenesis 
Growth and development 
Onset and pace of molt 
I )evelopment of testes 
Secondary sexual morphology and 

brain fi.mction 
Ovulation in females 

cause the hypothalamus to release luteinizing hormone releasing honnone 
(LHH ... H). As its mouthful of a name suggests, LHRH stimulates the pi
tuitary gland to increase LH as well as FSH secretion. Pulses of plasnu 
LH then travel throughout the bird's body and stinudate gonadal activ
ity and a host of reproductive behaviors. 



In addition to their role in reproductive behavior, endocrine hormones 
affect the tinling and course of Inolt. The thyroid hormone thyroxine 
plays a primary role in the onset and pace of molt (Jenni-Eiermann ct al. 
2002). Its eHects, hovvever. are subject to the presence of the gonadal hor-
1110nes-particularly the sex steroid hormones such as testosterone, which 
inhibit molt by suppressing the secretion of thyroid hormones (Hahn et 
al. 1992). Experimental injections of gonadal honnones into rnolting birds 
slo\v or even stop rnolt. As a result, non breeding and reproductively un
successfid birds \Vith lo\ver a1nounts of gonadal hormones begin to molt 
earlier than successtl.1l breeders. 

Other honnonal changes take place at the end of the breeding season. 
In addition to the gonadal horrnones, thyroxin. glucagon, corticosterone, 
and gro\vth honnone all play nujor roles at ditlerent ti1nes in the annual 
cycle. They are central to depositing and using fit as fuel tor migration 
(Tsipoura et al. 1999: Hintz 2000). Among other efrects. they stimulate 
ravenous feeding and £1t deposition through the cascade of hon11onal con
trols that starts at the hypothalamus-pituitary headquarters. 

Managing Season a I Stress 

Central to seasonal adjustments and the interplay among honnones is the 
need for birds to nunage daily and seasonal stresses. Regular measure
rnent"' of the an1ount of the hormone corticosterone in tiny sarnples of 
blood plasma from living birds allo\v ornithologists to monitor the pat
terns of stress that birds experience at ditferent times of year. Corticc)
steroid hormones are produced by the adrenal glands and are thus also 
called ·'adrenaline.'' Corticosterones mediate tradeotls between individual 
survival and breeding success. 

Corticosterone increases rapidly in response to acute stress events such 
as escaping fi·mn a predator. fighting tor a territory, or being hungry. A 
rapid rise in corticosterone-the stress response-redirects a bird's behav
ior and physiology toward basic survival ct1orts such as looking tor food 
~1nd increasing the rate of food intake (Wingt1eld et al. 1995). Cm·tico
sterone levels stay high until the bird has ofEet the energetic challenge, 
perhaps by mobilizing energy reserves or escaping the source of stress. 
The return to normal baseline levels as soon as possible is irnportant be
cause continued elevation of corticosterones due to sustained or chronic 
stress suppresses other activities, such as reproduction. An1ong the dTects, 
high levels of corticosterone suppress the release of gonadal hormones and 
reduce resistance to disease (immunocompetence). Thus, breeding activ
ities. including parental care particubrly, are not compatible \:Vith high 
levels of corticosterone in most vertebrate animals (Wingfield 2003). In
creases in corticosterone during spring stonns, tor example. cause birds to 
stop breeding. Experimental treatn1ents with corticosterone reduce terri
torial behavior and rates of feeding young. 

Because of the potentially severe costs, acute stress responses aH"t-ct 
many aspects of a bird 's annual cycle, including habitat preferences and 
breeding behavior. Some birds, however. live in dif11cult, high-stress 
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CHAPTER NINE environments that \Vould seem to promote debilitating, high levels of cor

ticosterone. Exatnples include desert birds, such as the Cactus Wren and 
Curve-billed Thrasher_ which endure intense heat and aridity during the 
sumnH.T (Wingt1eld et al. 1992). At another extreme, species that breed 
in the Arctic, such as White-crowned Sparrovv·s and American Tree Spar
rows, f~Ke severe tin1e and energy constraints imposed by the short sunl
mers and unpredictable weather (Holberton and Wingtleld 2003). Do such 
birds avoid the tradeotr costs by 1noder;1ting their corticosterone responses? 
They seem to do so. The desert-adapted vvn.-ns and thrashers suppress the 
cbssical adrenocortical response to stress during the hot summer season 
but reactivate it during the winter. Sin1ilarly, the Arctic-nesting sparrO\:VS 
exhibit low responses to stress throughout the season, though males are 
more sensitive to stress before the young hatch. Then they settle down 
to the unchanging low levels of their tnellow mates. The mechanisms of 
this modulation are unkno\:vn. 

Breeding Seasons 
Guiding the evolution of the controls of seasonal behavior cycles have 
been such t~1ctors as the tin1ing of adequate food supplies for both par
ents and their young, the availability of nest sites, the locations of £1vor
;1blc clin1ates, ~md areas or tin1es of low predation risk. These so-called 
ultimate t~1ctors tune the control systems to the best times tor reproduc
tion. However. they provide no guarantee against the vagaries of partic
ular years. Drought or parasites may cause widespread nesting f1ilure in 
some years. Birds. of course. cannot predict such disasters before starting 
to nest, but they can n1ake last-n1inute adjustments. 

Proximate t:Ktors are the external conditions that actually induce re
production. Tetnperature is probably the most important modifier of an
nual gonadal cycles (Box 9-l). The con-ect habitat, new vegetation or 
abundant food, ritualized displays of aggression among neighbors. and so
cial stimulation in general all help to consummate the final stages of go
nad enlargement and ovarian developtnenr. The annual cycle of Pinyon 
Jays in Ne\v Mexico, for exan1ple. is closely tied to the availability of the 
seeds of the pinyon pine, one of their primary f()ods. Just the sight of 
green pine cones is sufficient to trigger gonadal enlargement and titnely 
breeding by these jays (Ligon 197 4). Similarly, Red Crossbills in the 
Rocky Ivlountains will nest in January and February, surrounded by sno\v. 
if conifer seeds. their primary food, are abundant. 

Tropical nesting seasons last longer than those in the temperate zones. 
Favorable tropical climates pennit nesting for 6 to I() months, or even, 
in some cases, throughout the year. Although some individual birds can 
be f()UJH.i breeding in most n1onths in the Tropics, nesting activity for 
most birds in lovvland Costa Rica, tor example, reaches a peak at the end 
of the dry season and early in the rainy season. Kingt1shers are an excep
tion. preterring to breed dut;ng the dry season when streams run shallo-vv 



Location Latitude ("N) Jan Apr 

North Carolina 35 

South Carolina 31-33 
Louisiana 29 
Texas 28 
Florida, East Coast 27-28 

Pelican Island 27 
Tarpon l<ey 27 
Alafia Banks 27 
Charlotte Harbor 26 
l<eys 25 
Marco Island 25 

Dry Tortugas 24 
Cuba 22 
U.S. Virgin Islands 19 
St. Martin 18 
Puerto Rico 18 
Lesser Antilles 17 
Aruba 12 
Venezuela 11 
Trinidad and Tobago 11 
Costa Rica 10 

FIGURE 9-11 The time and length of the breeding season (line) of the eastern race 
of the Brown Pelican vary geographically as shown by the date that eggs are laid. The 
thicker part of the lines indicates the probable presence of eggs. (After Schreiber 1980a] 

and clear, making fish easic·r to capture. Hummingbirds, too. nest at the 
beginning of the dry season \Vhen tlowers begin to bloom. 

Nesting seasons at temperate latitudes usually last from three to lour 
n1onths or less. In the high Arctic, where only a month or so is suitable 
for breeding, birds must start nesting immediately after arrivaL and sorne
times they gain a tew days head start by reusing old nests. 

Local populations of a species respond to local conditions. Nesting by 
Brown Pelicans, for example, is strongly seasonal at nonhen1 sites bur is 
prolonged at tropical sires (Schreiber 19HUa). Lo\v \Vater temperatures, 
\vhich depress tood supplies. appear to delay the onset of nesting at all sites. 
After f()od availability. the hurricane season is the second most itnportant 
f1etor controlling the onset of nesting in these pelicans (this observation 
holds true t(w tropical seabirds in general). Pelicans nest in-egularly through
out the year in the Caribbean and northern South America, n1ore pre
dictably after the hurricane season during the \:vinter and spring in Florida, 
and tiom March to June in Louisiana and the Carolinas (Figure 9-11 ). 

Timing of Migration 
Precise arrival and dep~lrture dates arc an in1pressive feature of Inigration. 
Every year, ~•tter their transequatorial migration, Short-tailed Sheanvaters 
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PRECISELY WHEN DO AMERICAN ROBINS NEST? 
The American Robin is 
among the most wide
spread and familiar 

species of North American birds. Like many other 
species that must await the arrival of warm spring 
climates, robins nest progressively later at more 
northern and western (mountain) locations. 
Frances James and Hank Shugart ( 1974) devel
oped a model that used climatic variables to pre
dict when robins would nest in a particular re

gion. Using dates for the nestling period in 8544 
nests on file with the Cornell Laboratory of Or
nithology's Nest-Record Card Program, they 
showed that, in the East, an average robin nested 
three days later for each degree of increasing lat-

itude and at progressively cooler temperatures as 
spring progressed northward. 

Combinations of temperature and humidity 
were the best predictors of the nestling period. 
Robins typically had nests with young in late April 
and early May when the relative humidity was 
about 50 percent and the temperatures were be
tween 45° and 65°F. These environments define 
either directly or indirectly the environments that 
allow successful nesting. The robins nested later 
at localities with higher or lower relative humidi
ties. The model also showed that certain locali
ties where robins do not breed, such as San Diego, 
California. and El Paso, Texas, fall outside the 
species-defined climate space. 

;11Tive at their breeding colonies otT southern Australia \Vithin a \Veek of 
the same date. The traditional return of American ClitT Swallo·ws the week 
of March 19 to the SanJuan Capistrano mission in California has become 
a symbol of the arrival of spring itself 

Internal rhythms that are linked to other aspects of the annual cycle 
guide the timing of migration. Caged tnigratory passcrincs predictably be
come restless just before the titne at which they would migrate in the 
\Vild. This phenon1enon-ca1led tnigratory restlessness. or Zugunrulze-has 
been t11niliar to bird fanciers for at least 200 years. Typically. a captive 
bird wakes shortly after dark and then jmnps or flutters in the cage until 
at least tnidnight. Because the amount of activity is easily measured, it 
lends itself to experitnental study of both the physiology of migration and 
orientation behavior. Norunigratory birds do not exhibit Z11gunruhe be
havior. Adrenocortical honnones are known to act in concert with pro
lactin in stimulating this behavior in White-crowned Sparrows. More gen
erally, however, our kno,vledge of the endocrine controls of the many 
ditTerent fleets of rnigratory behavior of birds is poor (Wingfield et al. 
1990). 

We no\v kno\v that increasing day length in \vinter stimulates early 
spring restlessness, hyperphagia (eating to excess), f~lt deposition, and 
weight increases in nuny rnigratory birds. Extending Ro-vvan's findings 
about the photoperiodic control of the annual cycle (see page 251), Al
bert Wolfson sho\ved, in another classical study, that Dark-eyed Juncos 
fi·om migratory populations respond to increasing day length by adding 
tat stores. whereas sedentary juncos do not (\X/ olf11on 1942). The spring 
t~1t deposition and nligratory activity of White-crowned Sparrows are un-



der the direct control of increasing day length. mediated by an internal 
clock. The ;werage date of onset of springtime premigratory fat deposits 
in captive White-crowned Sparrows has been shovvn to remain virtually 
constant f()r a period of eight years (King 1972). 

The timing of preparations tor E1ll migration is indirectly set by the 
spring activities. The nonnal L1ll sequence of photoretractory testes, pre
basic molt. and preparations for Inigration in White-cro\vned Span·ows. 
tor example, depends on prior exposure to long photoperiods, but the 
pace is proximately intluenced by shortening days (Farner and Lewis I 971). 
f{._owan suggested some causal relations benveen gonadal cycles and mi
gration. but the available evidence no\V indicates that sex hormones do 
not directly regulate Inigration (Wingtleld et al. 1990). In one set of pi
oneering experin1ents. for cxan1ple. castration did not prevent male 
Golden-crowned Sparrows 6·on1 becoming restless and putting on their 
pren1igratory fat deposits at the appropriate titne of the year (Morton and 
Mewaldt 1 962). 

The timing of n1igration relates first to internal physiological rhythms. 
but extrinsic weather factors also play a role, prinurily one of tlne tun
ing. Northward rnovements of tnigrants in the spring correlate with the 
\varming of the higher latitudes. Both the American Robin and the Canada 
Goose move north in the e1sten1 United States, just behind the main 
spring th<nv, along a front of regions that have a mean daily te1nperature 
of 2°C. A line connecting these points is called the 2°C isotherm. Wil
lovv w~ublers in Europe move north with the 9°C isothenn. 

Daily weather conditions and E1vorablc winds. in particular, also in
fluence departure times. In spring. nujor nortlnvard movements in the 
United States coincide with a depression (lo\:vering of barmnetric pres
sure) toward the soutlwvest. tollowed by a strong flow of wann southern 
winds from the Gulf of Mexico toward the northeast. The sizes of migra
tion \Vavcs relate directly to the intensity of the depression and the strength 
of the ftvorable \Vinds (Bagg et al. 1950). The value of t:1vorable winds 
is clearly seen in records of arrivals of northbound migrants at Baton 
J{._ouge, Louisiana (Gauthreaux 1971). Migrants tram Central America 
usually reach Louisiana in 1nidaft:ernoon after crossing the Gulf of Mex
ico; but, \Vhen they have strong southern tailwinds, they arrive several 
hours earlier, in the late morning. On rainy days with adverse winds, they 
arrive later in the evening, and they do not arrive at all on days when 
there are cold fronts or cast \:Vinds. 

Fall migration departures also are stimulated by favorable weather con
ditions. Good flights of large numbers of raptors at Hawk Mountain. 
Pennsylvania, and ofland birds at the tips of peninsulas such as Cape May, 
Ne\v Jersey, are the result of strong northwest \Vinds due to a baromet
ric depression moving cast tl·mn the Great Lakes region. Departures t1·om 
the New England coast are related to [nrorable taihvinds (Richardson 
1978), and peak flights south across the Gulf of Mexico in early ()ctober 
coincide with irnproved tlight conditions to the north (Buskirk 1 9HU). 

Exactly how tnib'Tants t(wecast \:Ve;lther conditions is a mystery. but birds 
are sensitive to changes in barometric pressure and feed more intensely 
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are not easily judged from the ground. Meteorologists track weather fronts 
by monitoring intrasound with a special system of microphones. Pigeons. 
too. seem to be sensitive to inti-asound and may use this source of infor
mation in so1ne way. 

Scheduling High-Cost Efforts 
The correspondence between breeding season and f()od Jvailability is cen
tral in detlning the annual energy budgets ol~ birds. Birds can assume the 
costs of reproduction. rnolt, or migration only after they have first met 
the costs of self-maintenance. their highest priority. Basic social interac
tions to obtain food or a roost site are their second-highest priority. Some 
seasons. such as a north ternperate winter, permit only self-nuintenance 
t()r most species, \vhereas others accon1n1odate additional activities. Re
production and molt n1ust be scheduled during the months \vhen a bird's 
requirements tor self-nuintenance are lowest or when extra food is avail
able. Usually, the costs of only one extra activity can be accommodated. 
The energetic costs of reproduction and molt f1vor the segregation of 
these stages in the annual cycle. 

Reproduction 

Peak reproductive act1V1t1es increase total daily energy expenditures by 
as much ~1s 50 percent. Daytime activity costs may actually double or 
even triple, but overnight costs remain relatively constant. At the begin
ning of the breeding season. courtship, territoriality, and nest building 
demand significant etTort. Only 1ninor amounts of productive energy are 
channeled into the gro\vth of the gonadal tissues themselves, but subse
quent egg f(wnution and egg laying by females impose new dernands on 
energy and nutrition (see Chapter 14). The large clutches of the big, 
richly provisioned eggs of \Vatetiowl are especially expensive to produce. 
They may ten1porarily double a female's total daily energy requirement. 
Large waterf(1wl, such as the Sno\v Goose and the Canada Goose, there
tore, can rely on their substantial body stores of nutrients and energy to 

produce their large eggs: stnaller ducks must feed to supplement their 
endogenous reserves (Bluhn1 1988). Incubation also can create an energy 
shortage because it lin1its the amount of time during \Vhich a bird can 
f{)rage for its o\vn maintenance. The parents then flee another surge of 
demands on their time and energy \Vhen the hatched chicks require food 
and brooding. 

Molt 

Molt is a costly et1ort that typically follo\:\,.'S breeding in the wannest months 
of the year and precedes migration. But a bird strategically adjusts the tirn
ing and smnetimes the pace of its n1olt. 
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The complete molt is a major undertaking. The bird sheds and then 

regener;Jtes thousands of feathe rs . roughly ti·om 25 to 4U percent of its 
lean dry nuss (i.e., excluding f~H and water content). Molt dr:Jws signifi
cantly on protein and energy reserves to synthesize feather strucmre and 
to oflset the costs of poorer insulation and tlight d1iciency. Thomas Ban
croft and Glen Wooltt·nden (1YH2) estimated that adult 131ue Jays and 
Florida Scrub Jays must increase daily lllL'tabolism ti·om 15 to 16 percL' nt 
during peak periods offeatiK·r production. R.educed insulation while molt
ing requires increased heat production, doubling the cost of molt in 
BrO\vn-headed C owbirds at low temperatures (Lustick l97U). Molting 
during the warm sununcr months can thus be advantageous. 

THE ANNUAL CYCLES 
OF BIRDS 

Molt is also a period of intense physiological change (Murphy and 
J{jng l <J<J2 ; Box 9-2). Accompanying the replacemenr of \vorn feathl.'rs 
is the synthesis of keratin by the skin, increased amino acid metabolism. 
and increased cardiovascular activity to supply bloo d to th e growing 
feathers. The long list of changes also includes the shunting of water to 

.. BQX-9-2 

MOLT BY WHITE-CROWNED SPARROWS REQUIRES ENERGY 
AND SPECIAL NUTRITION 

Mary Murphy and Jim l<ing 
(1992) deciphe red the 
costs-in both energy and 

nutrition-of the rapid fall (prebasic) molt in the 
gambe/ii subspecies of the White-crowned Spar
row. The complete molt of this sparrow lasts 
about 54 days, with peak feather production and 
energy costs from day 18 to day 36 (see illustra
tion). The actual energy costs of molt total 605 
kilojoules to 876 kilojoules, with daily investments 
that are proportional to the molt intensity. The 
daily energy costs of peak molt (58 percent of 
basal metabolic rate) are higher than those asso
ciated with reproduction . 

Obtaining adequate nutrition for the molt is 
probably not a major problem for sparrows in 
the wild . Muscle tissues can be broken down as 
needed to provide most of the amino acids 
required . Keratin synthesis, however, requires 
disproportionately high proportions of sulfur
containing amino acids, especially cysteine. To 
have cysteine available in amounts sufficient to 
continue feather growth overnight when the 

sparrows fast , they store extra reserves in the 
liver during the day, feeding selectively on foods 
containing such amino acids if needed; the 
stored cysteine is liberated for use at night . 
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Plumage, sheaths, and other epidermal structures 
deposited daily in the 54-day prebasic molt period of 
the White-crowned Sparrow (WCS) . Each of the nine 
molt stages lasts 6 days. [From Murphy and t<ing 
1992] 
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bution, and an increased need for iron for red blood cell production. To
gether, these and other metabolic changes irnpose substantial hidden costs 
beyond the conversion of amino acids into feather proteins. Only about 
7 percent of the energy used by molting birds is incorporated into the 
teathers themselves. 

Fe\V species breed and molt at the san1e time. They mostly are species 
that live in productive, tropical environrnents with nlinin1al seasonal vari
ation. There, prolonged n1olts apparently minimize daily costs in the ab
sence of strong seasonal constraints. Frorn 3 to 4 percent of the African 
birds examined by Robert Payne (1969) were n1olting while breeding. 
From 8 to 10 percent of the Costa Rican birds exanlined by Mercedes 
Foster (I 975) bore signs of both molt and reproductive activity. 

Exceptions to the rule are instructive. Some fernale hombills rnolt 
while irnprisoned in sealed nest cavities to incubate eggs and brood young. 
Their eners)Y requirements t(1r self-tnaintenance are nlinimal; as a result, 
the added costs of molt can be accornn1odated. Additionally. the flight 
teathers are not essential dm;ng this sedentary period. The high temper
atures that build up inside the nest cavity may tavor loss of feathers and 
reduced insulation. In contrast, male hornbills. v,rhich teed the incubat
ing ternales, wait to tnolt until their tanlilies leave the nest. 

Tropical birds 1nolt rnore predictably than they breed, because repro
duction rnay be tied to inegular periods of rain or rnay require several 
renesting attempts due to high rates of nest loss to predators. To give 
breeding priority, sotne birds interrupt their molts. Desert birds such as 
Darvvin 's finches of the GaLipagos and the Zebra Finch of Australia stop 
the regular seasonal molt to nest \Vhenever the unpredictable rains begin. 
They resurne the inten-upted molt after nesting is cornpleted. 

Tropical terns such as the Angel Tern on Christrnas Island turn the 
molt on and otT to breed vvhenever possible (Ash mole 1968; Figure 9-12). 
This delicate seabird has no pign1ent in its flight feathers, vv·hich conse
quently \vear easily and nlltst be replaced n1ore often than those of most 
other ten1s. Wave after wave of tnolt is itlitiated in the flight feathers. The 
innennost prin1aries often begin to n1olt again bdore the outermost pl;
maries are replaced in the preceding 1nolt. As tnany as three successive 
molts rnay be in progress simultaneously. When an Angel Tern starts to 
nest (it sin1ply lays an egg precariously on a bare branch), the molt stops 
suddenly, no nutter \:vhich feathers n1ay be missing-the molting equiv
alent of n1usical chairs. After the tern has finished nesting, molt resun1es 
as if there had been no inteJTuption in the complicated pattern of feather 
rcplacernent. 

l3irds aL~ust the pace of molt in relation to the time available (Box 
9-3, pages 266-267). Gulls and sandpipers that breed in the high Arctic, 
where the reproductive season is short, start molting before they finish 
breeding to be ready tor migration. The Dunlin, tor exatnple, begins to 
molt its prin1aries just betore incubation and then tl.nishes fi·om tour to 
five weeks later. The northernmost (pugetensis) populations of the White-



FIGURE 9-12 The Angel Tern molts almost continuously to replace its worn, 
unpigmented feathers, but it interrupts the molt upon laying an egg. I Courtesy of 
Ralph W Schreiber[ 

crowned Sparrow complete their molt speedily in 47 days, just over half 
of the time (83 days) that it takes their slow-molting southem (uuffalli) 
relatives. Rencsting White-crownL·d Sparrows molt so f:1st at high lati
tudes that they become almost tlightless tor a short time. Peregrine Fal
cons and American Golden Plovers, as \Veil as many other shorebirds, be
gin their molts on their Arctic breeding ground but are unable to complete 
the process in time to leave for the south. They stop the molt of their 
flight feathers just before migration and then resume it tor several more 
months afrer reaching their wintering grounds. 

Nonannual Cycles 
Not all birds tallow a 12-monrh cycle. The Rut"l>us-collared Sparrow 
ranges ti·0111 Mexico to Chile. Near the equator in Colombia. this spar
ro\v breeds and undergoes a complete molt twice a year (Miller 1962). 
These cycles correspond to the two dry seasons each year. 

Year-round availability of adcqu <lte t"l>od fosters double breeding sea
sons among tropical bird species . The Sooty Terns of Ch1istmas Island 
breed every 6 months, although thL' individual birds that breed twice in 
the same year are those that tailed in the first breeding season. Successfi.!l 
birds wait fi·om H to 9 months bet()re breeding the tollmving year (Ashmole 
1963a) . In another example of double breeding seasons, two temporally 
separated populations of Band-rumped Stonn Petrels of the Galapagos 

265 
THE ANNUAL CYCLES 

OF BIRDS 



.. :j()x"9..:3. 

266 

LATE MOLTS IN THE AMERICAN REDSTART INCUR COSTS 
The American Redstart is a 
common, brightly colored 
wood warbler that breeds 

in the young forests of eastern North America . 
Each fall, redstarts migrate to their wintering 
grounds in Central America and in the Caribbean. 
Male redstarts are bright red orange and black in 
color. The most brightly colored males achieve 
the best reproductive success. They garner qual 
ity nesting territories. nest earlier, and fledge 
more young sooner (see illustration) . But the in-

(A) 

creased energy investment in reproduction incurs 
a significant cost, specifically tied to whether they 
can complete their main (prebasic) molt before 
they migrate . 

New feathers carry a chemical signature (in 

the form of a stable hydrogen isotope) of the lat
itude where they grew. Using these signatures. 
Ryan Norris and his colleagues (2004) discovered 
that some males, including those that failed to 

fledge any young. completed their molts on the 
breeding grounds in Ontario, cleanly segregating 

Annual cycle and tradeoffs of molt versus reproduction in the male American Redstart. (A) This wood warbler 
breeds in the northern forests of North America and migrates to wintering grounds in western Mexico, Central 
America, and the Caribbean . The overlap of molt and migration increases projected energy costs, indicated by 
the heights of the bars. Later molts that overlap more with fall migrat ion end up being paler in color (shown as 
lightest gray), which reduces breeding success the following year. 



reproduction, molt, and migration. Other males 

could not finish in Ontario, because they contin
ued to care for young too late in the summer. As 

a result. they continued to molt while migrating 
and completed their molts at more southern lat
itudes, with an important consequence. Their new 
feathers were less intensely colored with orange 
carotenoid pigments. They would pay for this 
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dulling with lower breeding success the following 

spring back in Ontario. Molting while migrating 
also potentially undermines their ability to fly 
across the Gulf of Mexico and to get" to the win
tering grounds quickly to secure the best winter 
territories, which in turn will handicap them again 
in the spring migration race back to the breed
ing grounds (Marra et al. 1998). 
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(B) Relation of molting latitude in degrees (BD) to reproduction. (Upper left) Males that fledged young (yes) 
molted at latitudes south of the breeding grounds, whereas those that did not fledge young (no) molted on the 
breeding grounds. (Upper right) Males that fledged young later in the summer (dates standardized by year) also 
molted at southern latitudes, as did males that scored higher on an index of total reproductive effort (lower 
left). (Lower right) New feathers grown on the breeding grounds were bright orange on black. Those grown south 
of the breeding grounds were yellow on black. f (A) After Hill 2004; (B) after Norris eta/. 2004] 
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FIGURE 9-13 Sooty Terns on Ascension Island do not have a regular 12-month 
breeding cycle; instead, they breed approximately every 9.6 months and, consequently, 
in different months in successive years. [R. L. Pitman/VIREO] 

Islands share altemate use of the same nesting burrmvs (Harris 1<J6<J). Good 
nest sites may be limited tl.w this species. 

In only a fe\v cases is the breeding cycle independent of calendar year. 
Unlike the Sooty Terns on Christmas Island . the Sooty Tems on Ascen
sion Island in the tropical Atlantic nest every 9.6 months. in different 
months in successive years. Successful nesting is possible at any time of 
the year. and so ample food must be available every month (Ashmole 
1965: Figure 9-13). The BrO\vn Booby on Ascension Island nests at 
8-month intervals. and the White-tailed Tropicbird nests at tO-month 
intervals if successful and renests in 5 months if not. Successful Audubon's 
Shearwaters and Swallow-tailed Gulls on the GaL1pagos Islands nest at 
9-month intervals. 

A fevv very large birds cannot tit their extended reproductive efforts 
into a single year and hence may skip a year between nestings. Frigate
birds, Cro\vned Eagles. Grit1on Vultures . and Wandering Albatrosses nest 
once every two years. King Penguins take 2 months to incubate their 
eggs and from I 0 to 13 months to raise their nestlings. and then they 
molt. As a result. they breed only twice eve1y three years (del Hoyo et 
a!. 1992: see also Weimerskirch eta!. 1992). 



Climate Change 

Major changes in global climates, whether yearly or long term. aHect the 
annual cycles of birds. Year-to-year changes cause bird populations to 
t1uctuatc. often dramatically (sL'l' Chapter 18). Periodic clinute cycles cause 
populations to have good years followed by bad ones. TheEl Nir1o South
ern Oscillation in 1982 and 1083, tor exarnple, severely disrupted nest
ing by Christnus Island seabirds (Schreiber and Schreiber 1984). El Niiio 
was kno\vn historically as the periodic warm-\vater disruption of cold up
\Velling off the coasts of Ecuador and Peru: it destroys the anchovy fish
ing industry and causes severe crashes in the local seabird populations. 
Now \Vc understand that it is not just a local phenomenon. The entire 
equatori~1l Pacific ( )cean changes in concert with atmospheric changes 
that influence global clirnates. The sudden changes in ocean currents and 
ten1peratures and associated Hooding rains trmn August 1982 to July 1983 
caused \vholesalc reproductive t:1ilure, severe adult mortality. and the dis
appearance of the entire seabird con1munity on Chrisnnas Island. With 
the return of normal oceanic and atmospheric conditions. representatives 
of all seabird species rerurned to nest again. This event revealed to or
nithologists for the first tirne the sensitivity of tropic1l bird populations to 
unpredictable, anomalous global clirnate changes. 

Global warming is novv flct. Smi:Ke temperatures of the E~1rth in
creased by 0.6°C in the past century. Experts predict average ternpera
tures to increase by 1.4° to 5.H°C by the end of the twenty-tirst century. 
with signitlcant rises in sea levels. No OllL' rL·a1ly knovvs \vhat the full ef
tect of this trend will be on wildlife, but habitats will change with the 
predicted changes in raintall, storm patterns, sea levels, and temperature. 
Many llL'W extinctions are likely, especially on mountaintops and in the 
polar regions. More inunediatc are the short-term dTects. ]toughly 80 
percent of the ] 400 species of North American plants and anim~1ls have 
changed their flowering tirnes, distributions, migration dates, or behavior 
in smne way (ltoot et aL 2003; Figure t}-14). I3irds, buttert1ies. and alpine 
herbs of North America and Europe have shifted their dist1ibutions north
\vard by an average of 3.8 miles (6.3 km) per decade (Pannesan and Y ohe 
2003). British birds alone have expanded their distributions an average of 
18.9 km norrhv"·ard in the past 20 years (Thomas ;md Lennon 1999). 
British birds also lay their eggs earlier in a significant 25-year trend that 
corresponds to changes in temperature or rain tall (Crick and Sparks 1999). 

At least t\VO species of North Arnerican birds nest earlier in response 
to global \V<H111ing. Arizona populations of the Mexican Jay now lay their 
first clutch 10 days earlier than they did in 1971 (Brown et al. llJ99). This 
significant trend corresponds to a local increase in monthly minimum tern
peratures, not a maxirnum monthly temperature. More broadly, clirnate 
change has afiected the breeding date of Tree Swallows throughout North 
Arnerica (Dunn and Winkler 1999). Egg-laying dates in this spL·cics ad
vanced by as many ;1s 9 days fi·om 1959 to 1991, correlated with increas
ing sm{Ke air temperatures in the spring (Figure 9-1.::;). For both the jays 
and the swallows, wanner temperatures can atfect t()od availability and 
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other proxirnate t-:1ctors that trigger nesting activity. The causc-and-dTect 
relations, however, are not necessarily straightfonvard. Less food rnay ac
tually be available to feed young because insects respond ditlerently to 
Vv'an11er temperatures than birds do (Vissler et al. 1998). 

Summary 
L3irds 6ce seasonal cycles of stress and opportunity. Physiological cycles. 
guided by intennl cellular clocks, prepare a bird tor each season. In gen
eral, seasonal changes in day length, or photoperiod, control gonadal ac
tivity and therefore reproductive etl(1rts by directly stimulating receptors 
in the midbrain and, in tun1, the secretion of gonadal hon11ones by the 
pituitary gland. A set of master hormones control diflerent teatures of the 
annual cycle. Birds must regulate their responses to acute stress because 
corticosteroid hormones fi:mn the adrenal gland suppress the release of 
gonadal hormones and reduce immunocompetence. 

The simplest annual cycles proceed fi-om breeding to molting to sur
viving seasons of reduced tood availability to breeding again. Seasonal mi
grations and extra molts cornplicate the annual cycles of 1nany birds. A 
te\v, mostly tropicaL birds have 6-month cycles, breeding t\vice a year. 
Others have 9- or 10-month cycles, thus breeding in diflerent months 
each year. 

Ultimate tactors such as tood supplies, nest sites, climate, and preda
tor risk determine the evolution of breeding seasons in birds. Proximate 
tactors such as temperature, rainf1lL and green vegetation adjust the ac
tual onset of reproduction to local conditions. Warm spring and summer 
rnonths constitute the main breeding season in temperate zones. Rainf1ll 
usually defines tropical breeding seasons. 

Birds genera1ly do not breed and molt at the same time but undertake 
these eflorts, which require substantial energy, in diflerent months. In 
some exceptional cases, molt and breeding do take place simultaneously; 
t()l· example, female horn bills. confined to the nest and fed by the rnales. 
can attord to molt, and some sandpipers must molt and nest to accom
modate the short Arctic summer. Opportunistic breeders, such as the An
gel Tern of tropical oceans, interrupt molt while they nest. American 
Redstarts that delay molt to invest more into reproduction, and rno]t dur
ing rnigration, lose the bright orange luster that provides advantages in 
breeding opportuni6es the follcnving year. 

I\llajor changes in global clitnatcs atTect the annual cycles ofbirds. Short
t~.:·nn responses to global warming are now well documented, including 
earlier nesting and changes in arriYal dates. 

271 

THE ANNUAL CYCLES 
OF BIRDS 



CHAPTER 10 

Migration and Navigation 
Bird 111(~rmio11 is tlzc ll'orld's onlr tme rm[l},ing natural 
phenonrenon, stitching rhc continents together in a zvay rhat 
et.JCII the .f!reat ll'tathcr S)'SfCIIIS j(1il to do. [Weidensaul J 999] 

A ncient records of the seasonal appearances and disappear
ances ofbirds pe1vlexed early naturalists, \vho were not cer
tain whether birds tnigrated or hibernated. Aristotle 

understood that cranes moved seasonally from the steppes of Asia Minor 
(then Scythia) to the marshL·s of the Nile, but he believed that S\h/allows. 
larks, and turtle doves hibernated. Later anecdotes about S\vallows that 
were found frozen in marshes and that tlew otT after being thawed fueled 
this misconception. 

Another legend, which persisted for t1ve centuries until the 1 C)UOs. con
cerned the Barnacle Goose of northern Europe. Its high Arctic breeding 
t,rrounds \Vere unknown in medieval tirnes, and the birds appeared mys
teriously each \Vinter. arising, it was said, directly tl·on1 the goose-shaped 
banucles (LlJHls) that rode ashore on drittvvood (Lock\vood 1984). 

W c no\v know that, every 611, an estirnared S billion land birds of I H7 
species leave Europe and Asia tor Afiica (Moreau 1972). A similar num
ber of birds of more than 21 JO species leave North Arnerica for Central 
and South Arnerica. Millions of raptors as \\'ell as water birds such as Amer
ican White Pelicans fly past a single tnigration hot spot in Veracruz, Mex
ico. on peak days. 

Unlike dormancy and hibernation, the means by which many animals 
live through severe se;1sons, migration allows year-round activity. The ad
vantage of migration is that birds can exploit seasonal feeding opportuni
ties \Vhile living in t~wor;1ble climates throughout the year. The costs of 
migration as \Veil as its requirements, however, are potentially great. 

This chapter first presents the n1ain pattems of bird migration and a 
selection of the extraordinary feats that smne birds achieve. Then fc>llow 
the costs and benef1ts of migration, the tradeoHs that change through nat
ural selection. Long-distance migration requires physiological endurance 
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ical controls integrate the timing of migration vvith other aspects of the 
annual cycles of birds. The last major section of this chapter exarnines the 
cues that birds use to n~wigate to their destinations thousands of rniles 
~nvay and how young birds acquire the skills needed for their first migra
tory flights. 

Migration 

Patterns 

l\lligration is a 1najor part of the annual cycle of 1nany birds (see Chapter 
9). Photoperiod, gonad cycles, and hormones guide the preparations for 
rnigration and 1nigratory behavior itself Proxi111ate factors, such as weather 
and food availability, trigger day-to-day departures and stops to refuel. 

Migration is tied to predictable, seasonal opportunities. It is different 
frorn nmnadic \Vandering or irruptions tied to unpredictable, aseasonal 
opportunities. Scattered pine-seed crops or insect infestations attract op
portunistic feeding by nmnadic species such as Red Crossbills, \vhich breed 
\Vherever food is abundant. In the tropics. fi-uit-eating and nectar-feeding 
birds \Vander locally in search of their unpredictable sources of food, but 
this type of behavior is distinct fl-om the predictable cyclic behavior of 
1nigration. 

Migration is a seasonal cycle of departures and returns. Seasonal cycles 
of climate or insect abundance generate corresponding cycles of breed
ing. flocking, and migratory relocation. To take advantage of predictably 
t~nrorable conditions, birds undertake both local and long-distance move
rnents. On a local scale, tropical hununingbirds migrate up and don'n 
tnountain slopes. ()n a global scale, the \Veil-known Arctic Terns leave 
their nesting colonies in the tar northern Atlantic and Arctic Oceans (70°N 
latitude) for the \Vaters of Antarctica more than 12,000 kilometers a\vay. 
More conunon are rnigrations to closer \\.rintering grounds. Many species 
of \Vood warblers that breed in the northern United States and southern 
Canada spend the winter in Central An1erica and in the West Indies. 

Migration routes and patterns are ahnost as varied as the n1igrants them
selves. The routes trace the histories of populations. their abilities to cross 
large bani.ers, the positions of topographical barriers, and the relative lo
cations of surnmering and \Vintering grounds. Extensive 1narking <lnd re
covety progran1s in the past 50 years have rnapped the general migration 
routes for hundreds of species (Figure 1 0-1). Ne-vv technologies includ
ing satellite tracking, weather radar, and feather chemistry no\V allo\v real
tinle tracking of 1nigrant birds on a global scale and are sources of insight 
into the global structure of populations (Webster et al. 2002: Figure 1 0-2). 

Radar Ornithology 

()n peak occasions in spring and tall, 1nillions of migrant birds course 
through the night sky; the general public is largely unaware of this phe-



SHOREBIRD NETWORK SITES 

• Hosts more than 500,000 shorebirds 
or 30% of a flyway population 

.A. Hosts more than 100,000 shorebirds 
or 1 O'X. of a fl)'\'llay population 

• Hosts more than 20,000 shorebirds 
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FIGURE 1 o-1 Major migration routes of shorebirds and their stopover sites in the 
Western Hemisphere Shorebird Reserve Network. [After Corven 1998] 
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approaching hurricane jeanne. Probably hit Florida 
coast a bit north of first point here. I 

25"~--4-----~~~~~-------r----~~------~-----+----~25° 

Arrives in Hispaniola Sept. 29 or 30 . 

._Heads for South America on 

1 
::;o Oct . 1. 470 m iles later (probably 
v t------+-:-_,.,.----f------+-------11'--- about 15 hours), he lands in 15• 

Colombia and has been there 
ever since. 

so· ~75" 70° 65° 55° 

FIGURE 1 o-2 Satell ite tracking map of the first fal l migrat ion of a young Osprey 
named jaws, wh ich was fledged on Martha's Vineyard in the summer of 2004. He 
moved south in September, reaching Florida September 2 1 ~24 as shown. From there, 
he flew to the north coast of Cuba, moved over land to its eastern end by September 
28, crossed to eastern Hispaniola, and then, from the waters off western Puerto Rico, 
flew straight down to Colombia where he wintered successfully [Courtesy of R.O. 
Bierregaard] 

nomeno n. l n th e J 960s , George Lowery and R o bert Newm an at Louisiana 
State Un iversity pio neered the qu antitative study o f nocturnal migration 
by counting the birds silhou etted briefly as they crossed in front of the 
full m oo n. N ov,· we use radar. 

We all fo lio\\' the weather reflected through Doppler radar images. 
Doppler radar also reflects fi·om tlying b irds, w hich radar operators ini
tia lly ca lled "angels .. , Radar reveals the huge dimcmion of migratory 
moveme nts. Sid Gauthreaux and his students at C lemson U ni\-ersiry have 
pioneered the study of bird migratio n thro ugh Do ppler radar (Gauthreaux 



et al. 2003). The weather images em be tlltercd out, leaving just bird im
ages. SomL' of these images are m;JssiVL' clouds that span hundreds ofsquare 
miles and include millions of birds (Figure 10-.1). Doppler radar studies 
through the years have docume11ted when birds tr;1vel en masse in rela
tion to continental weather patterns . They also document the decline of 
migrants on the Gulf Coast in f11l migration (Box I 0-1 ). 

Experts on the interpretation of I )oppler radar images em identitY war
blers, ducks, or shorebirds by their distinctive airspeeds and patterns of 
movement. Radar images, howevn, do not allow us to identity exactly 
what species of birds are tlying through the night skies. But there is an
other \vay to do so. Nocturnal migrants call regularly, L'nabling expert 
ears to identit)· them by their notes (F;mls\vorth 2005). 

In an elaborate exercise to monitor migration by night, named Bird
Cast. bird-sound experts from tilL' Cornell Laboratory of Ornithology 
teamed up with radar expens fi·om Clemson University and citizen sci
entists recruited by the Natimd Audubon Society (http:! /w\N\v.bird
source.org/birdcast/index.httul). Supplementing the rarhr images were 

FIGURE to-3 Doppler radar image of cloud of migrating birds over l(ey West, Florida, 
after crossing the Gulf of Mexico. [NOM/Photo Researchers] 
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-BOX 10~1 

RADAR RECORDS DOCUMENT THE DECLINE 
OF MIGRANT BIRDS 

Radar is a powerfu I tool for 
tracking birds in flight. Mil
itary radars can track and 

identify single birds (by using flap rates, e.g.) and 
assess their flight speeds, altitudes, and compass 
orientation. Weather surveillance radar stations 
also provide continuous monitoring of migration 
activity (Gauthreaux 1992). Migrating birds show 
up on the radar screen as small targets that move 

distinguished from single birds, and the intensity 
of migration each night can be quantified. 
Records from a battery of weather radar stations 
along the Gulf Coast monitor the arrival of trans

Gulf migrants from Central America. A compari
son of these records for the spring seasons of 1965 
through 1967 and 1987 through 1989 indicates a 
50 percent dec I ine in migratory activity on days 
with favorable weather. 

f1 at predictable speeds. Flocks of migrants can be 
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microphones placed on rooftops. The nlicrophones recorded the calls of 
the migrants, storing then1 on a computer in the volunteers' study below: 
the recordings ·were then uploaded to Cornell tor analysis and identifica
tion the next day. The tl-cquency of call notes aligned w·ith the radar
measured volmnes of birds passing overhead. And, each morning, 
volunteer birders censused the ne\V arrivals in their backyards. The dif
ferent data sets rneshed ·well \.Vith one another. 

Feather Chemistry 

The Black-throated Blue Warbler is ;1 \videspread Neotropical 1uigrant 
that \:vinters in the Caribbean and breeds in the cool forests of the Ap
palachian Mountains, New England, and eastern Canada. Its southern
rnost populations have been declining for the past 30 years, whereas 
northern populations are doing \.Veil. Conservation initiatives required 
kno\:ving exactly ·where warblers ti·om particular breeding locales ·wintered 
so that both parts of the annual cycle could be addressed (R.ubenstein et 
al. 2002). But eflorts to trJck individual \varblers to their \Vinter territo
ries by using bands and satellite radios £1iled. So a group of ornithologists 
turned to their feather chemistry. The ratio of carbon 13 to carbon 12 in 
plants and aninuls increases with latitude. This local chenlical signature is 
deposited in ne\.v feathers fi·om food eaten \:Vhile a bird is mol6ng. 

Analysis of the carbon ratios in the feathers of n1ore than 700 Black
throated Blue Warblers fi·on1 throughout their breeding range and from 
Puerto R.ico, Januica, Cuba, and Hispaniola in the Caribbean revealed 
that ·warblers tl-mn the southern Appalachians (fi-on1 Georgia to West Vir
gitlia) \Vinter on the easterly islands of Hispaniola and Puerto Rico. War
blers tl-mn northern populations winter in Cuba and Jamaica. The severe 
deforestation of the island of I-Iispaniola is likely responsible for the de
cline in the Appalachian breeding populations and \Vill be the tocus of 
ne\v conservation initiatives. 



Routes 

The main nligration routes of North American land bird" are oriented 
north-south, partly because \Vintering ranges of most species lie south of 
breeding ranges and partly because the coasts, major mountain ranges (Ap
palachian Mountains, R.ocky !V1ountains, and the Sierra Nevada), and rna
jor river valleys (Mississippi) trend north-south. In Europe and Asia. birds 
1nigrate east-w·est in accorcbnce \Vith the east-vvest orientation of the 
Alps, the Mediterranean Sea and the North Sea coasts, and the great deserts 
of the l\1iddle East. 

Circular or loop routes are features of the rnigrations of sotne long
distance migrants. Sooty Shean:vaters circle the Pacitlc Ocean northward 
tiom breeding islands in New Zealand, up the west (Asia) longitudes. and 
then retun1 south along the western shores of North America. Arctic 
shorebirds stage in eastern Canada and then migrate across the western 
Atlantic, some nonstop, to South An1erican wintering grounds. returning 
north the next spring through Latin America and the Great Plains. In the 
southern oceans, Shy -'--\lbatrosses circumnavigate the Antarctic continent 
in as little as 46 days (Croxall et al. 2005). To call attention to the plight 
of the world's albatrosses, Bird lite International joined the vvorlci's largest 
bookmaker, Ladhrokes. to track the I (1,000-kilomctcr race of l H young 
albatrosses fiorn Australia to South Afi·ica. They were released on April 
27, 2004, \Vearing satellite transmitters. Celebrities throughout the world 
sponsored the birds and placed bets on which individual bird would reach 
South At1-ica tlrst. The \;vinner, Aphrodite, was first detected in South 
Africa waters on July 13. 

In general, birds of the Southern Hemisphere do not migrate as t~1r 

north as Northern Hen1isphere birds migrate south. In South America, 
the Kelp Goose and Buff-necked Ibis nest at the southern reaches of 
the continent and then migrate north to central Chile and Argentina 
tor the southern winter. A variety of South Arnerican flycatchers and 
s\vallows, called austral migrants. 1nigrate seasonally frorn teinperate
zone South America to the tropics of Brazil Qahn et al. 2004). The an
nual cycles of birds in Atl.·ica and Australia also feature austral migration 
systems. 

Ivligration routes son1etimes trace the recent distributional histories of 
birds; individual birds that colonize new areas tend to retrace the popu
lation's histot-ical expansion routes. Pectoral Sandpipers colonized Siberia 
trmn Alaska. Instead of Inigrating south through the Orient, as do 1nost 
Siberian shorebirds, these ··siberian" Pectoral Sandpipers tly back to 
Alaska and then south with the rest of their species to South Amet-ica. 
Conversely, Arctic Warblers and Northern Wheatears. species that have 
spread eastward into Alaska tt·o1n Asia, return to Siberia betore migrat
ing south. 

Migrants fly at times of the day and at heights \Vhere travel is least 
costly, safest. and most rapid. Some birds, theretore, migrate by day and 
others by night, and still others, such as waterfowl and shorebirds, at both 
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FIGURE 1 o-4 Times of day and altitudes of migration. Each solid line represents the 
normal time of migration including takeoff (T), peak migration (P), and landing (L). 
Dashed lines indicate the data range. Behaviors of diurnal (day) and nocturnal (night) 
passerine migrants are shown separately. Some nocturnal passerines fly again shortly 
after dawn (morning). [From J<erlinger and Moore 1989] 

times (Figure 1 0-4). Diurnal and nocturnal tlights ot1t'f ditlerent advan
tages (Kerlinger and Moore 1989). Ha\vks migrate during daylight hours 
when they can take advantage of warm rising air currents. Swifts and 
swallov.,.'s, which feed on the w·ing, also Inigrate by day. Many small land 
birds, including most flycatchers, thrushes, and wood \~'arblers. as \Veil as 
rails and woodcocks, depart shortly afi:er sunset and migrate by night. Pre
dation by ha\vks and gulls is less likely at night. and these migrants can 
then refi.1el by day. Cooler and more hlllnid night air also t~wors heat loss 
and ·water retention. Most important, more stable night atmospheres with 
weaker horizontal ·winds and less turbulent vertical motion create favor
able tlight conditions. 



Most birds migrate at fairly low altitudes. Night-migrating passerines 
usually fly at altitudes below 70() to 80(> meters. although they cumb to 
more than 3000 meters. sometimes to as high as 7000 meters, to escape 
turbulent air in the boundary layer ncar tlw Earth's surbcc or to ride good 
tailwinds (Kerlingc:r and Moore 1 989). Waterfc}\·VI have set some of the 
record altitudes-tor example. almost 9000 meters high t"l)J" the Uar-headed 
Goose seen flying over Mr. Everest. At the top of the list, hO\vever. is 
the record of a l~i.ippcll"s Vulture that was sucked into a jet ent:,rine at 
12.000 meters over the Ivory Coast. Ati·ica. Migrating shorebirds typi
cally tly higher than do songbirds. often at altitudes of 2000 to 4000 me
ters. and sometimes much higher. With some exceptions . nugration over 
vvater takes place at higher altitudes than over land . at usually more than 
I 000 meters. 

Feats 

Long-distance migratory t1ights are extraordinary feats (Box 1 U-2). The 
migrations of Arctic shorebirds regularly exceed 13 .000 kilometers one 
way ti·om the high Arctic to distant South America or the South Pacific. 
Red Knots , tor example. tly ti·om Baffin Island above the Arctic Circle 
to Tierra del Fuego with selective stopovers. The Uar-tailed Godvvit 

FIGURE 10-5 Bar-tailed Godwits cross the open Pacific Ocean on their fall migration 
from Alaska to New Zealand. Black circles are sites reporting godwits; white circles are 
sites at which no godwits were reported. [From Gillet a1. 2005] 
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FIGURE 1 o-6 Millions of fall migrants such as Blackpoll Warblers fly directly from 
northeastern North America to northeastern South America. This 86-hour marathon 

flight takes them southeast past Bermuda to the trade winds, which assist them on a 
southwesterly course to the Lesser Antilles and the coast of South America. [After 
Williams and Williams 7918, with permission from Scientific American] 

undertakes one of the longest kno\Vll nligrations. Members of one popu
lation (b,mcri) tly nonstop 11 ,000 kilmneters across the Pacific trom Alaska 
to New Zealand and eastern Australia (Gill et al. 2005: Figure 10-5). 
These migrants and others cross thousands of kilometers of open ocean 
or inhospitable terrain without stopping, thereby stretching their fuel re
serves and physical abilities to the limit. Dangerous as nonstop crossings 
rnay be. they are often the only way to reach a dcstin~1tion or they may 
be preferable to longer, safer routes because of shorter total ±1ight time. 

Every t~1lL vast nmnbers of rnigrants leave coastal New England and 
Canada. heading southeast over the Atlantic Ocean (Fibrure 1 0-6). The 
capacity t(Jr such tlights by larger, t~tster shorebirds such as the American 
Golden Plover has been la1own for tnany years. Itadar studies now reveal 
similar etTorts by millions of small land birds. As many as 12 million birds 
pass over Cape Cod in one night, embarking on a nonstop journey of 
80 to 90 hours. Wave after wave of the migrants, such as the Blackpoll 



•. uoxio-2 

A MIGRATING THRUSH OUTPERFORMS ORNITHOLOGISTS 
William Cochran and his 

· ~c··, -_ ..:,L coworkers ( 1967) captured 
~-· 

a migrating Gray-cheeked 
Thrush in central Illinois one afternoon and at

tached a tiny radio transmitter to it. At dusk, the 
thrush took off on the next leg of its journey, fol
lowed by the ornithologists in a small plane. A 
severe thunderstorm and shortage of fuel forced 

their plane down that night, but the thrush flew 
on. After refueling, the Cochran group took off 
again and, remarkably, relocated the thrush in the 

vast night sky by dead reckoning. The thrush 
landed at dawn in Wisconsin after flying 650 kilo
meters on a firm compass bearing all night-with
out refueling. 

Warbler, pass Bermuda. Farther 011. they encounter strong trade \Vinds 
fi-om the northeast. The migrants then tly with the wind soutl1\vest to
\Vard the northern coast of South America. 

Tim and Janet Willian1s ( 1978) put this teat in perspective: "The trip 
... requirL·s a degree of exertion not nutched by any other vertebrate. 
For a man, the metabolic equivalent \Vould be to nm 4-Ininute n1iks tor 
80 hours .... If a Blackpoll Warbler burned gasoline for fi1el instead of its 
reserves of body t:lt, it could boast of getting 720,01)0 miles to the gallon!'' 

Evidence of the strenuous nature of the trip can be seen in the ex
hausted condition of birds that stop at Cura<;ao. short of their destination, 
\Vhen flight conditions have been poor. Little more than feathered skele
tons. they have depleted their f1t reserves, metabolized much of their pro
tein, and drained the remnants of their precious body \Vater (Voous 1 <J.S7). 

Eurasian migrants also tace Herculean challenges (Iv1oreau 1 972; L()vei 
1989). Each £111, nuny of them fly 11 (Hl kilometers directly across the 
Mediterranean and then, ahnost immediately thereafter, 1600 t()rmidable 
kilometers nonstop across the Sahara desert (Moreau 1961 }. They arc vul
nerable to diurnal predators such as Eleonora's Falcon, which breeds in 
the f1ll so that it can feed its nestlings on rnigrants trying to cross the 
Mediterranean. 

Why Birds Migrate 

Why birds nligrate as they do is a long-standing and still challenging ques
tion (Wallace 187 4: Gauthreaux l CJ82). The benefits of migration ot1set 
its risks and costs for 111any species. Many species that migrate to high 
northern latitudes are tropical birds that temporarily exploit the favorable 
opportunities of the long days and abundant insects of high-latitude sunl
mers. Attractive nesting opportunities invite migration to temperate lati
tudes. The large expanses of northern temperate-zone habitats facilitate 
dispersed, low-density breeding. R.educed predation of nests may be one 
result of low densities. breeding opportunities t(H· yearlings another. Sev
eral years' wait tor a breeding space is often the case in the Tropics. Such 
t~Ktors, contributing to reproductive success in one season and survival 
during another, are incentives to migrate. 
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FIGURE 1 o-7 Body mass (in grams), molt, and Zugunruhe behavior (migratory 
restlessness) of a young resident (top) and a young migratory European Robin in the 
laboratory (bottom). Breeding experiments revealed a genetically based polymorphism 
for migratory behavior, including early molt, premigratory fattening, and migratory 
restlessness in the two forms of this species. A molt index of 1 indicates the beginning 
or the end of the molt. A molt index of 5 indicates a heavy molt that includes most of 
the feather coat. [After Biebach 19831 

Consider also the energetic bendits for Red Knots that spend the win
ter in West Afi·ica compared with those that stay in England. Red Knots 
that fly all the way to West Afiica use at least 40 percent less energy each 
winter day compared with those that winter in Britain (Piersma 1994a; 
Wiersnu and Piersma l994 ). Substantial energy is required to ot1sct the 
cold winter te1nperatures. higher wind speeds, and reduced sunshine in 
Britain. Knots wintering there sustain energy expenditures of four to five 
times resting rate. which is at the upper litnit possible for wan11-blooded 
animals and equivalent to the physical efiort of cyclists in the Tour de 
France. Using another analogy, Theunis Piersma suggests that a knot win
tering in Britain \Vould drain the po,ver tl·om a car battery in a day, 
·whereas the battery would last a \\.'eek in tropical Afi·ica. Further. the costs 
of migration to \Vest Afi·ica fl·mn Siberia arc relatively modest because 
tht?y tnake good use of tailwinds. Flying to West Africa is a good invest
rnent of time and energy. 

In regard to local populations of the European l~obin. unpredictable 
winter conditions 6vor a rnixture of migrant birds and resident or non
migrant birds. IVlild winters t~lVor residents: severe \Vinters favor migrants 
(Figure 1 0-7). Resident birds make up about one-fifth of the robin pop
ulation in southwestern Germany. They retnain within 5 kilometers of 
their breeding territories, do not put on large reserves of premigratory fat. 
and do not exhibit sustained migratory restlessness in the laboratory. In 
contrast, rnigrant birds £1tten in the t~tll, exhibit intense migratory rest
lessness, and travel an average of 1000 kilmneters to their winter habitats. 
Parents pass their heritable migratory behavior to their oHspring. 



Sex and Age Differences 

As their solutions to dit1erent tradeoffs, the sexes and age classes of fully 
rnigratory species move dit1erent distances, called diHerential migration 
(Cristo} et al. 1999). At least 53 species, and possibly three tin1es that num
ber of species, of diverse taxonomic groups and habits are difTerential rni
grants. Typically, ternales migrate farther than males and young migrate 
farther than adults. The classes of birds that migrate t1rthest arc usually 
srnaller in body size, subordinate in social behavior, ~md later arriving on 
the breeding grounds. 

The classic study of ditlerential migration focused on Dark-eyed J un
cos, which migrate south frorn Canada and the northern United States 
to wintering grounds throughout the eastern United States (Ketterson 
and Nolan 1983). Adult fen1ales nligrate farthest to the southernmost 
states, young males stay farthest north in Indiana and Ohio, and adult 
rnales and young ternales settle at intennediate latitudes. Greater mortal
ity arnong the young of both sexes. con1pared with adults, selects for 
their shorter migrations. Males that get back to the breeding grounds first 
to establish a tcnitory tend to \Vin. and so they stay tuther north than 
fenules. Young nulcs, especially, must hurry back to succeed in the cOin
petition for breeding territories. Adult females migrate Eu·ther south to 
regions of lower junco densities ~1nd the greatest probability of overwin
ter survival (Figure 1 0-8). 
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FIGURE 1 0-8 Model of the 
evolution of differential 
migration by age and sex in 
Dark-eyed juncos. The 
probability of death on 
migration increases with 
distance traveled and is 
greater for inexperienced 
young juncos on their first 
trip than for adults. 
Therefore, young birds tend 
to migrate less far than 
adults. Early returns to 
breeding grounds favor 
males over females and 
young males over adults, 
which favors males that 
winter farther north. Adult 
females migrate farthest 
south, where densities of 
wintering juncos are lower 
than in the north [After 
l<etterson and Nolan 1983] 
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FIGURE lG-9 Populations 
of the Common Ringed 
Plover maintain distinct 
wintering and breeding 
ranges. The populations that 
breed farthest north winter 
farthest south. The Common 
Ringed Plovers of Britain do 
not migrate at all. !After 
Dorst 19621 

Population Differences 

Migration is a package of cmnplex behaviors that have separate genetic 
controls (Zink 2002). Zugunruhe behavior (nocturnal restlessness, see page 
260), hyperpha~a, and navigation systerns are each independent systems 
\Vith deep evolutionary roots (Berthold 1999). Despite those roots, ho\v
ever, 1nigration is a labile and f:Kultativc behavior. It has evolved and has 
been lost repeatedly in difTcrent species and lineages of birds. Within 
species-Fox Sparrows, White-crowned Sparrows, and Common Ringed 
Plovers (Figure 1 0-9) to name a few-some populations migrate, 'vhereas 
others do not. In other species, such as the l~ed Knot, some migratory 
populations travel further than others do. Then species such as the European 
R_obin mix migratory and nonmigratory birds in the san1e population. 

Within a species. increasingly sedentary populations can competitively 
replace migratory populations, or vice versa, in a few generations (Bell 
2000). The composition of migratory cmnpared with nonmigratory birds 
and their ot1spring in populations such as those of the European Robin 
can shift quickly in relation to natura] selection. House Finches intro
duced tl-mn sedentary western populations into the easten1 United States 
in the 1950s quickly became migratmy (Able and Belthoff 1998). Con
versely, migratory FieldElres colonized Greenland t!·mn Europe and be
caine nomnigratory. Several Palearctic species that migrated to southern 
Afl-ica tor the \Vinter-the European Bee-eater and Bbck Stork, tor ex
ample-established resident breeding populations there. Similarly, Barn 
s,v:dlovv'S wintering in Argentina during the austral (southern) spring and 
sunm1er stayed to nest there (Martinez 1983). 

The Eurasian Blackcap. a Enniliar songbird of Europe, has added Britain 
to its list of ·wintering grounds in the past 50 years. Instead of rnigrating 
southvvest to the Mediterranean. the Eurasian Blackcap's historical win
tering grounds. increasing numbers ofEurasian Blackcaps that nest in Ger
many and Austria nligrate each year north,vest to winter in England and 
Ireland (Berthold et al. 1992). The otTspring that \\:inter in England ex
hibit an innate orientation to the northvvest, which suggests a rapid evo
lutionaty change in the genetic program that controls their migratory 
behavior. 

The shift by son1e Eurasian Blackcaps to nevv· wintering grounds has 
benefits, including a shorter migration (Bearhop et al. 2005). In combi
nation with taster changes in day length that stimulate the warblers to mi
grate earlier, shorter migration times lead to e<:ulier returns to the breeding 
grounds and capture of the best-quality tcn-itm-ies. One result is that a fe
Inale Eurasian l3lackcap tiom England lays one more egg than does a te
tnale tlut vvintcrs in Spain, wllich, in turn, fi1els an increast: in the new 
wintering population. Both males and fe1nales tion1 England arrive early 
with another important result. They pair assortatively with each other, 
not randmnly with those that \Vinter in other places. Assortative pairing 
potentially leads to the evolution of a genetically distinct population and, 
in time, a new species. 



c 
:~ 1200 
u 
~ 1000 
E 
~ 800 
u 
0 
c 600 

..!:: 

·~ 400 

cu 
I 

eG 

1000 2000 3000 4000 5000 6000 

Migratory distance (km) 

FIGURE 10-10 The lengths of time of nocturnal restlessness in the laboratory 
correlate with the migration distances covered by eight species of European warblers: 
(A) Marmora's Warbler; (B) Dartford Warbler; (C) Sardinian Warbler; (D) Eurasian 
Blackcap; (E) Common Chiffchaff; (F) Subalpine Warbler; (G) Garden Warbler; 
(H) Willow Warbler. Results for Willow Warblers and Common Chiffchaffs tested 
under different conditions are shown separately. [After Gwinner 1911] 

Endogenous Controls 

Not only are migratory preparations and migration itself linked directly 
to endogenous circannual rhythms (see Chapter 9), but the duration and 
pace of migration are linked to these rhythms as well. The length of Zug
unmhc activity in the laboratory relates direct1y to the distances migrated 
by these warblers to their respective \~'inter ranges (Figure I 0-1 0). The 
Willow Warbler normally takes tl-om rhree to tour months to migrate 
fron1 Europe to southern Africa: this warbler's intense rnigratory restless
ness in the laboratory lasts more than tour n1onths. The Connnon Chin:.. 
chatT takes only one to two months to migrate tl-mn southern Europe 
to northern Atl·ica: intense rnigratory restlessness in the laboratory lasts 
60 days. 

Populations of the Eurasian Blackcap ditTer tl·om one anorher in the 
seasonal course and magnitude of Zu/(111/llJIIc. The ditTerences con-espond 
directly to the normal rnigration distance of each population. Evidence 
of direct genetic control of their directional migrations comes tl-om the 
study of hybrids. Hybrids bet\veen the rnigratory German population and 
the nonmigratory Atrican population hybrids exhibit intennediate Zugtlll
mhe activity (Figure 10-11). 

Hand-reared, caged rnigrants not only exhibit well-defined orientation 
behavior but also change their cmnpass direction in ways that correspond 
to their natural migration routes. Garden Warblers change direction in 
the course of their fall migration trom southvvest initially to south-south
east fi·om Spain to southern Atl-ica. Devoid of cues other than magnet
isn1, the orientation of rnigratory restlessness in the laboratory sho\vs a 
corresponding shift. R.estless. caged Garden Warblers orient south·west in 
August and September and then shift their heading to south-southeast 

287 

MIGRATION 
AND NAVIGATION 



288 
CHAPTER TEN ~ 

:~ 
4---' 
u 10 r.J 

r.J 

E 8 
.2 
u g 6 

-5 4 -~ 

~ 
2 ::::l 

c 
..r::. 
"-

ro 50 100 150 I 
Time (days) 

FIGURE 10-11 Eurasian Blackcaps from migratory populations in Germany show 
intense and prolonged migratory restlessness, whereas birds from a nonmigratory 
population in Africa show little migratory restlessness. Hand-raised hybrids of these 
forms have intermediate migratory behavior. [After Berthold and Querner 1981] 

11-om October to December (Gwinner 1977). Such internal programs, 
however. cannot guide migrants precisely to their final winter residences. 
External forces including food availability. c1imate. and competitive in
teractions con1e into play at various stages of the journey and may· be the 
dominant f1ctors, especially in short-distance migration. 

Fat, Fuel, and Flight Ranges 

Preparations for a m~tior migratOl)' Hight can be intense and transforming 
(Box l 0-.1, page 292). J\1igrants E1tten rapidly just before migration by 
consmning enormous quantities of energy-rich food. Blackpoll Warblers 
nearly double their \VL'ight, fi·mn an average of 1 1 grams to an average of 
21 grarns. Ruby-throated Hummingbirds, ,which cross tl-om 500 to 600 
miles of open water in the Gulf of Mexico, also nearly double their nor
mal weight of 3 gr<lms to make this trip. 

Fat yields t\vo tin1es as much energy and \Vater per gram metabolized 
as does either carbohydrate or protein (Table 1 0-1). Fat is stored in adi
pose tissues under the skin, in the muscles, and in the body cavity. For 
example. White-crowned SpatTO\vs deposit subcutaneous tat initially at 
15 separate sites. With continued deposition, the tat stores spread later
ally and coalesce into a continuous layer betvveen the skin and muscles 
(Figure 1 0-12). Some f:1c is also stored in n1ost n1uscles and in intenul 

TABLE 1o-1 Fuels for!migratlon 

Fuel Energy yield (kj) 
-----~ -- ·--- ----- ------

Fat 
Carbohydrate 
Protein 

JB.9 
17.6 
17.2 

Metabolic \Vater (g) 

1.(17 
0.55 
0.41 
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FIGURE 10-12 Principal sites of subcutaneous fat deposition in the White-crowned 
Sparrow. [After King and Farner 1965] 

organs. Unlike the human heart, the avian heart does not accumulate 
rnuch fat, even wh en the migrant reaches peak obesity. 

Adipose tissue docs not consist simply of large , inert globs of tat. In
stead. it supports a dynamic system tor the synthesis , storage, and release 
of lipids (George and Berger 1966). The enzyme lipase breaks down f:1t 
into ti:ee E1tty acids and glycerol for transport to sites of use . Lipase ac
tivity, which is a good index of the capacity of muscles for tat metabo
lism. increases in relation to migratory activity. 

Migrants store fat in proportion to their requirements. E1t makes up 
3 to .=; percent of the normal mass of smaU nonmigrating birds. They de
pend on larger midv .. ·inter tat reserves of 15 percent to survive unpre
dictable periods of inclement weather. Long-range and intercontinental 
migrants-shorebirds. for example-build up tat deposits that account f()l' 
30 to 47 percent of their total weight. mainly in preparation t()r long, 
nonstop tlights (Berthold 1975). 

HO\v tar migrants can fly nonstop depends both on their tat reserves 
and on how quickly they use their fi.1el. David Hussell and his associates 
at Long Point Observatory on the north shore of Lake Ontario captured 
and \Veighed nocturnal migrants arriving at various times of the night af
ter flying north across Lake Erie (Hussell and Lambert 1980). These data 
suggest average weight losses of 0.9 percent of body weight per hour of 
Hight. 0.2 gram per hour for the Ovenbird (Figure 10-13). Weight losses 
of about 1 percent project to expenditures of about 41 X joules of energy 
per gram of body weight per hour of t1ight . Ulackpoll Warblers were more 
fuel efrlcient than most other migranrs; they lost weight at 0.6 percent 
per hour of tlight, or expended 250 joules of energy per gram per hour 
of migration. 

Estimates of energy expenditure allow us to project total tlight range. 
Sma\\ birds that expend 418 joules per gram per hour during migratory 
flight and that have f:1t reserves of 40 percent of total live weight can tly 
about 100 hours and cover about 2.500 kilometers. At that rate, they should 
be able to cross the most extensive b;1rriers with encrb'Y to spare, unless 
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FIGURE 1 Q-13 Ovenbirds, weighed on arrival at Long Point Observatory on the north 
shore of Lake Ontario, decreased in mass by an average of 0.2 gram per hour as the 
night proceeded. Assuming that those that arrived later had flown longer than those 
that arrived earlier, one can use such data to estimate the energy costs of migratory 
flights. !After Hussell 19691 

they encounter strong head\vinds. Migrant shorebirds such as the Dunlin 
have estinuted flight-range potentials of 3000 to 4000 kilometers. 

(Jrnithologists had long wondered how such a tiny bird as the Ruby
throated Hum1ningbird could carry enough fuel to cross the Gulf of Mex
ico. Smne doubted that humn1ingbirds crossed at alL suggesting, instead, 
that they took a less direct route overland to Central America. Others 
proposed that hun1n1ingbirds hitched rides on the backs oflarger migrants. 
Laboratot)' measurements suggested that a hununingbird in flight con
smnes t~lt at the rate of 9.1 H watts. If the hun11ningbird carried 2 grams 
of tat. and flew at a velocity of 40 kilmneters per hour. it should be 
capable of flying n1ore than I 000 kilmneters nonstop in about 26 hours. 
tnore than enough to cross the Gulf of Mexico (Lasiewski 1962). 

Long-distance tnigrants may need tnore fuel than is available in their 
E1t deposits. They then turn to stores of protein in their muscles and or
gans and consmne those stores in flight (Battley et al. 2000). Great Knots. 
medium-sized shorebirds, fly 5400 kilometers fi·om Australia to stopover 
sites in China. In addition to having used most of their f:lt, arrivals had 
used and reduced the size of seven organs while in transit. Only the brain 
and lungs seemed to be exempt fi·om use as fuel. 

Measuremt'nts of the flight costs of a related species. the l~ed Knot, 
revealed additional costs of long-distance migration. In addition to stored 
flt, Red Knots use the protein in the pectoral nlllscles as an energy sup
ply tor nligratmy flight. They dra\V on this source of energy, and reduce 



the size of the flight muscles, at a deliberate pace that parallels the over
all loss of total body n1ass but that still n1aintains optimal flight perform
ance (Lindstrom et al. 2000). 

Sotne, perhaps most, birds throttle back and coast \Vith tailwinds, 
thereby saving energy and potentially increasing their flight range. The 
land birds that fly to South An1crica pick up the trade \Vinds as they en
ter the tropical Catibbean region. They backtrack to land on their first 
night at sea if wind conditions seen1 unfavorable t()r intercontinental flight 
(Richardson 1978). 

Headwinds are a different story. Migratory passages across deserts or 
across major bodies of water may be followed by local groundings, or 
"fallouts," of thousands of exhausted birds. especially \vhen they encounter 
strong he~uhvinds. Legendary are the spectacular tJllouts on the coasts of 
Louisiana and Texas of Neotropicalrnigrants after they have flo,vn across 
the Gulf of Mexico. These t~1llouts take place in Aptil when bad weather 
and opposing \Vinds force the northbound migrants to land on the first 
available hnd, \\'ith high mortality. Victor EmanueL who grew up in 
Houston, Texas. and has probably witnessed as many t1llouts as anyone, 
desctibes his experience \Vhen the entire trans-Gulf migration was 
grounded in late April 1960: 

There \vcre trees decorated with tanagers, orioles, and grosbeaks. 
Trees dripped with vv·arblers of many species-ten or more 
varieties in one tree. Birds \Vere everywhere. In the trees, in the 
bushes, on fenccposts. on fence wires, around houses, and Jnost 
retnarkably, in the grass. Sometin1es a hundred orioles and 
buntings would fly up tt·om the grass and perch in dead stalks. 
What i1npressed and delighted 1ne most was seeing warblers in 
the grass, and even hopping on the ground~ Here \Vere these tiny 
birds, the ''butterflies of the bird world," not hidden amid the 
foliage of tall trees but literally at my feet. I've seen t\venty or 
more Bay-breasteds, a dozen Blackburnians, and 1nany others on 
the ground. In such a situation, you em approach \Varblers quite 
closely and enjoy every detail of their bt;lliant plumage. [En1anuel 
1993, p. I] 

Refueling at Stopover Sites 

Regular refueling usually accompanies rnigrations. Songbirds typically fly 
several hundred kilometers and then pause tor one to three days of rest 
and refueling (Winker et al. 1992a, 1992b). Some songbirds press on for 
several nights in succession until their reserves are nearly exhausted. Be
yond their expenditures of energy in the air, they also need energy to 
tlnd food at a stopover site. The stopover ground costs of thrushes mi
grating north in the spring in the United States, due to cold \Veather and 
foraging etTorts, were greater than their t1ight costs (Wikelski et al. 2003). 
High-quality stopover sites with plenty of tood-avian service stations. or 
McDonald's for birds-are critical to successful migrations. 
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THE BLACI<-NECI<ED GREBE REORGANIZES ITS WHOLE BODY 
Beyond just adding fat for 
the trip ahead, long dis-
tance migrants also reor

ganize the organs of their bodies. Studies of 

Black-necked Grebes staging for migration on 
Mono Lake in California revealed this phenome
non Uehl 1997; Cullen et al. 1999) . They quickly 
more than double their weight from about 260 
grams to more than 600 grams, mostly with 
added fat (see illlustrat ion) . To process the large 
quantities of food (brine shrimp) that they need 
for this change, they almost double the size of 
the organs of their digestive tracts. Conversely, 
their pectoral flight muscles shrink by half, ren-

dering the grebes flightless even before they drop 
their flight feathers in the major molt of the year. 
Then the grebes fast for two to three weeks be
fore leaving on migration. They lose weight, shrink 
their digestive systems to one-third of their for
mer mass. reduce their leg muscles, increase the 
size of their hearts, and double the mass of their 
pectora l fl ight muscles back to the ir former size. 
They trade locomotory organs and muscles for di
gestive organs to build fat deposits; then they 
trade digestive organs for the muscle and heart 
power needed for the migration itself. The en
docrine and physiological controls of th is cycle of 
body reorganization remain unknown. 

Fall 
staging 

Winter Breeding 
grounds 

Changes in body mass and in the size of 
organ systems of Black-necked Grebes 
over the annual cycle. Shaded areas 
indicate periods of migration. Breast and 
leg mass determined for one side of body. 
[From Culle11 eta/. 19991 
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FIGURE 10-14 Millions of shorebirds gather at key staging areas such as the Copper 
River Delta in Alaska to refuel for the next (in this case, final) leg of their migration to 
northern breeding grounds. [Courtesy of D. Norton] 

From three to tour ref'l1eling stopovers are a strategic aspect of the ex
traordinary migrations of most Arctic shorebirds. which fly ti·om the Arc
tic tundra of North Ame1;ca to the southern tip of South America . and 
back, as many as 3U,OOO kilometers round trip. The aforementioned non
stop flights of the Bar-tailed Godwits ti~om Alaska to N ew Ze:liand are 
exceptional. Migrating shorebirds congregate by the millions at key stag
ing areas. For example. from 3 million to 20 million shorebirds pass 
through the Copper River Delta every spring, including almost the en
tire Pacific Coast populations of two species, Western Sandpipers and 
Dunlins (Figure 1 0-14). They time their movements to coincide with the 
appearance of abundant toad at these sites, where they build up f..1t re
serves required tor the next leg of their journey. 

Good stopover sites can be fe\v and tar between. l3ar-tailed Godwits 
require good mud tlats with soft sediments and lots of \vorms and small 
mollusks. For them. spring migration fi'om West Ati;ca to Siberia requires 
a series of 1000-kilorneter tJights. first to estuaries in MauJ;tania on the 
edge of the Sahara, then to Morocco . then all the way to the coast of 
France, and th en to the Wadden Sea on the north coast of Europe, fol
lowed by a final 4500-kilometer nonstop flight to their tina! destination 
in Arctic Siberia (Piersma 1994a). At Wadden Sea. their final refueling 
station, they undergo a cycle of organ changes quite like that of the Black
necked Grebes (see Box 10-3) (Landys-Ciannelli et a!. 2003). The lean 
dry mass of the digestive-tract organs (stomach . liver, kidneys. and intes
tines) increases rapidly in the early stages of rd'l1eling and then shrinks be
fore departure. Flight muscles increase steadily in lean dry mass, peaking 
at departure. 

Red Knots also require t(Jod-rich stopover sites on their seasonal trips 
to and from the Arctic . One population travels ti·om breeding grounds 
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to refuel in Iceland bet(we moving on to diflerent wintering grounds in 
Europe and West Afi·ica and then back again in the spring. Like grebes 
and godwits, the knots adjust organ allocations (Piersnu et al. 1999). In the 
Western He1nisphere. Red Knots cycle 30.000 kilmneters between breed
ing in the high Arctic to wintering in extren1e southern South America
namely. Tierra del Fuego. 

The shores of Delaware Bay in the eastern United States are a key 
stopover place on the Red Knots· northward migration. Here, in late 
May. they fatten rapidly on horseshoe crab eggs to fuel the final leg of 
the Hight to the Arctic. Spring tides and wanning water temperatures stim
ulate horseshoe crabs to emerge from the ocean depths, to mate, and to 
lay their nutritious eggs in the beach sand. The sheer abundance of tiny 
greenish crab eggs attracts thousands of gulls and shorebirds to tcast and 
fatten up in a true spectacle. By consuming an estimated 1000 grams of 
crab eggs, the average knot adds 54 grams of fuel and nutrients (Castro 
and Myers 1993). Rough calculations suggest that. at their peak numbers 
in the 1990s. 95.530 knots stopping at Delaware Bay in the spring would 
have consurned 226.1 n1etric tons of horseshoe crab eggs and \Vould have 
gained 5.2 rnetric tons of fH (Harrington .2001 ). 

The birds compete ·with local tlshcrmen, who exploit the horseshoe 
crabs tor conch-fishing bait and for fertilizer. Consequently. more and 
more of the knots £Iil to adequately ret"i1el on Delawai·e Bay, underscor
ing the vital i1nportance of stopovers. From 1997 to 200.2, a larger pro
portion of knots tailed each year to attain a mass of ISO to 200 gr·an1s, 
the critical size required to con1plete the journey and breed successfully. 
Reduced nutrient storage and organ shrinkage increased mortality. espe
cially tor late-arriving adults, and lo\vered reproduction. As a result, adult 
survival dropped 37 percent. Young birds in wintering flocks dropped 47 
percent. This population is in serious trouble: it declined precipitously 
trmn 51,000 birds to 27 ,OUO in the period from 2000 to 2002 (Baker et 
al. 200-1-). 

Conservation of Staging Areas 

lnten1ational alliances for the conservation of shorebirds are directed to
\Vard the protection of critical staging areas such as Delaware Bay. One 
of these alliances, the Western Hemisphere Shorebird Reserve Net\vork 
(WHSRN), was fanned in 1985 to address shorebird-conservation prob
leins. Many species of shorebirds vvere declining in nmnbers, apparently 
as a result of habitat loss. WHSRN, a voluntary collaboration of private 
and government organizations, gives international recognition to criti
cal shorebird habitats and promotes their cooperative management and 
protection. The shorebirds serve as a symbol for uniting countries in a 
global et1ort to nuintain the Earth's biodiversity. Using data fi·om pri
vate and govcrmnent sources, the net\vork protects 58 (as of August 
2003) of the globally most important stopover sites in North and South 
America (sec Figure I 0-1). These reserves contain 4 million acres of 



\vetlands on \Vhich the continued existence of .10 million shorebirds 
depends. 

A world\vide net\vork of ln1portant Bird Areas (IBAs) targeted by 
BirdLite lnten1ational and its partners no\v helps to protect birds in rnore 
than 12t l countries. Many ll3As are irnportant stopover sites for a variety 
of migratory species. The ste\vardship of such sites \vill be essential to 
continue the natural connections among ecosystems through the hetni
spheric migrations of birds (see Chapter 21 ). 

Navigation 
In addition to the physical teats. migration requires precise navigation be
tvveen breeding territories and wintering stations. ()n hernispheric scales, 
individual birds return to a particular tree in Canada after wintering in 
South America or migrate annually bet\veen particular sites in Europe and 
Ati-ica. In one of the earliest experirnents, an Eastern Phoebe, wearing a 
silver thread placed on its leg by John James Audubon in 1803, returned 
the next spring to Audubon's house in Mill Grove, Pennsylvania, after 
\:vintering sornewhere in the southern United States. Conversely, banded 
Northern Waterthrushes, which breed in the northern bogs of Canada, 
returned predictably every year to the exact same wintering sites in 
Venezuela (Sch\vartz 1964). 

The choice and maintenance of a compass direction are only part of 
the ch;11lcnge of navigation. If a bird is to reach a goaL such as a loft in 
regard to hon1ing pigeons, it n1ust also know its own position relative to 
its goal. 

The homing feats of displaced birds testit)' to their navigational abili
ties. Homing pigeons return to their lofts by t1ying as rnuch as HOO kilo
rneters per day tl·om unt:unil iar places. Ancient Egyptians and Romans 
developed these messengers by enhancing the natural orientation abilities 
of feral Cornmon Pigeons. Both shearwatcrs and spaiTO\VS can return to 
a home site after having been transported thousands of miles ~nvay. A 
Manx Shearwater returned to its nest burrow in Wales only 12.5 days af
ter having been released in Uoston (Mazzeo 1953). White-crowned Spar
rows that were shipped to Baton R.ouge, Louisiana, returned the tollO\\'ing 
winter to their v,rintet-ing grounds in San Jose, Calit(wnia, where they were 
recaptured. They returned to California again after a second displacernent 
to Laurel, Maryland (Me\valdt 1964: Figure 10-1 5). 

Avian orientation systems include a toolkit of complementary and in
teractive cornpass senses, including landlllarks, the positions of the sun by 
day and the stars by night, the topology of the Earth's tnagnetic fields, 
and odors in the atmosphere, as \Veil as the position of the setting sun 
and its bands of polarized light in the evening. Next. we review each of 
these compass systems, including the history of their discovery, \vhich il
lustrates the way in which ornithologists build a dct~liled understanding 
of complex bird behaviors. How birds thernselves build and calibrate the 
\vhole toolkit is the final section of this chapter. 
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FIGURE 1 G-15 White-crowned Sparrows returned to their wintering grounds in San 
jose, California, after having been carried by aircraft (dashed lines) to Baton Rouge, 
Louisiana, and to Laurel, Maryland . These marked sparrows apparently spent the 
intervening summers on their nesting grounds in Alaska . The solid lines show their 
probable flight paths. [After Mewaldt 1964] 

Visual Landmarks 

First and foremost. birds rely on visual landmarks tt)r both local travel and 
long-distance migration. Pigeons routinely follow higll\vays, railways, and 
rivers. even if not the most direct route home (Pilcher 20D4). !3oth di
urnal and nocturnal tnigrants. especially waterf()\vl. follow watercourses 
and coastlines but are reluctant to cross large . open bodies of water un
less the winds are t:tvorable. As a result . great numbers concentrate where 
restricted conidors function as funn els. The Strait of Gibraltar ;md the 
Bosporus at Istanbul are major funneling points t()]' Eurasian mi!-,•Tants that 
detour around the Mediterranean Sea. The coasts of Central America fun-



nel thousands of n1igrating raptors-Broad-wingcd Ha\vks. Swainson ·s 
Hawks, and Turkey Vultures-over Panama City. Cro\vds of bird watch
ers gather to view the spectacle of n1igrants tl.mneled to the tips of penin
sulas such as Point Pelee, Ontario, and Cape 1\llay. Ne\v Jersey. 

Na"ive young birds cannot use visual landmarks to guide then1 on their 
first migrations across new landscapes. Underlying the experienced use of 
visual landnurks are more sophisticated navigational cornpasscs. Birds start 
their orientation \Vith cues other than landn1arks and senses other than 
sight. 

In a no-vv classic early experiment, well-trained homing pigeons were 
fitted with t1·osted contact lenses that eliminated image formation beyond 
3 meters (Schlichte 1973). These severely myopic birds t1ew '·blind" for 
more than 170 kilometers directly back to their lofts. When they reached 
the vicinity of their lofts. they hovered and then landed like helicopters. 
Not all such pigeons pertorn1ed perfectly, some crashed and sorne missed 
the loft altogether, but many oriented well without being able to sec land
rnarks. Orientation by birds is based on a framework of navig~1tional cOin
passes that include the sun. the stars, and the Earth's rnagnetic fields. 

The Sun Com pass 

Scientists long suspected that birds navigated b·y' the sun. but proof of 
this ability awaited experirnents conducted with starlings and homing pi
geons in the 1950s. In Gen1uny. Gustav Knrner (1950, 1951) studied 
the orientation of Zli<l!llllrtthe in Common Starlings. The birds were 
housed in circular cages and placed in a large pavilion with \vindows 
through which they could see the sun. including its change of position 
as the day progressed. As long as they could sec the sun, they focused 
their attention toward the northeast, the correct direction f(Jr spring mi
gration. On overcast days, however, the starlings sho\ved no directional 
tendency (Figure 10-1 ()). 

At about the san1e tirne, in Britain, GeotTrey Matthews ( 1951) released 
hon1ing pigeons frorn untamiliar sites away frmn the loft under a variety 
of \Veather conditions. The pigeons flew directly hmne when they could 
see the sun, but they t;1red poorly under overcast skies. Matthevv'S discov
ered a key feature of this orientation behavior: not only could the pi
geons use the sun for directional information. but they also compensated 
for its changing position as the day progressed. as if they could ';tell the 
tirne .'' 

Testing the so-called Sun-Arc hypothesis. Gustav Kramer and his col
leagues den1onstrated that birds. indeed. compensate for the ~1pparent 1110-

tion of the sun (Kramer 1 952). They trained starlings (and sorne other 
birds) to teed trmn the northwest cup of a series of cups placed around 
the peritneter of a circular cage. The birds reliably chose the correct cup 
\vhen they could see the sun. However, when trained to accept a station
ary light bulb as a substitute tor the sun. they fed ti-mn cups increasingly 
farther to their left as they compensated tor the expected hourly change 
in the position of the "sun .. , 
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FIGURE 10-16 Common 
Starlings use the sun to 
orient in a circular cage. 
(A) As long as they could see 
the position of the sun in 
the sky, they oriented their 
restless spring migratory 
behavior toward the 
northeast. (B) On overcast 
days when they could not 
see the sun, they showed no 
directional orientation. Each 
dot represents 1 0 seconds of 
fluttering activity. [From 

Kramer 1951 and Em/en 

1915a] 
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FIGURE 1 0-1 7 When the 
internal clock of a Common 
Starling is set 6 hours 
behind natural time (by 
changing the schedule of 
light and dark). it misreads 
the sun's position and looks 
for food 90 degrees (white 
arrow) from the correct 
location (black arrows). 
(A) Behavior during training, 
showing correct orientation; 
(B) behavior after the 6-hour 
clock shift in internal 
schedule. Each dot shows an 
attempt to find food. [After 
Hoffman 1954 and Em/en 
1915a] 

The next step in the study of a time-cmnpensated solar compass \Vas 
to trick a bird into misreading the sun's position by changing the bird's 
internal clock. Konrad Hotlinan (1954) kept Con11non Starlings on a 12-
hour-dark and 12-hour-light cycle that \Vas 6 hours out of phase with 
natural daylight (the lights \Vent on at 1200 instead of Cl600). Accustmned 
to this schedule. the starlings predictably misread the sun's position in the 
sky. The dock-shifted starlings interpreted the rnidday position of the sun 
to be its da\vn position. Their ··east'· \Vas really south. and so they looked 
f(w food at a position 9U degrees clockwise from the correct bearing (Fig
ure HJ-17). This result is standard: 6-hour clock-shift experiments \Vith 
many other birds, including homing pigeons. produce a 90-degree dis
orientation and confirm the widespread use by birds of time-compensated 
solar cues. 

The Star Compass 

Land birds and watcrf(nvl nuintain their direction when they migrate at 
night by using the stars as a source of directional information. Franz and 
Eleanore Sauer (Sauer 1958) first den1onstrated the ability of migrating 
passerine birds to usc the stars for navigation in experiments with hand
reared Garden Warblers. The \Varblers \Vere kept in circular experimen
tal cages in a planetarium. When re~H.1y to migrate, they became restless 
and hopped and tried to fly or hop in their migratory direction. The 
Sauers watched the birds through the glass bottmn of their cage. The war
blers oriented north in the ''spring"' and south in the ""t~tll" under the siin
ulated night skies of the planetarium. When the Sauers turned otT the 
""stars.'' the \Varbkrs becan1e disoriented. When the Sauers rotated the 
north-south axis of the planetarium sky 180 degrees. the warblers :zlso re
versed their cmnpass headings. 

Stephen Em len ( 1967a) duplicated the Sauers' results with a North 
Ainerican Inigrant. the Indigo Bunting (Figure H)-.18). These buntings 
oriented north when a spring night sky was simulated in a planetarium 
and south when a \Vinter night sky was simulated. Like the \Varblcrs. the 
buntings became disoriented \\:hen the planetarium sky \Vas turned otT 
and reversed their orientation when the axis of the sky v"·as reversed (Fig
ure 10-19). Then Emlen (1967b) tried to identifY the stars that buntings 
use for orientation by systematically blocking out various constellations. 
He assumed. logically, that the buntings orient by the North Star, the one 
obvious. fixed point in the night sky, bur they did not. Instead, they used 
the constellations that were within 35 degrees of the North Star. Ivlore
over, the buntings were tdmiliar with most of the nujor constellations in 
the Northern Hemisphere, including the l3ig Dipper. the Little Dipper, 
Draco, Cepheus. and Cassiopeia; if one of these constellations was blocked 
tram vie\-V, the buntings used the others. Such redundancy is useful when 
sections of the sky are overcast: it also allcnvs the birds to be t]cxible in 
their choice of guideposts in the cmnplex, ever-changing night sky. The 
axis of rotation of the night sky Is a key cmnpass tor n1any noctun1al 
migrants (Able and Able 1996). 
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FIGURE 10-19 Line vectors, such as the ones described in Figure 10-18, show how 
Indigo Buntings use the stars to orient north in the spring. They do so under 
(A) natural night skies and (B) simulated night skies in a planetarium. (C) When the 
planetarium stars are shifted so that the North Star, N, is at true south, the birds 
reverse their orientation . (D) When the stars are turned off and the planetarium is 
diffusely illuminated, the buntings do not orient. [After Em/en 1975b] 

FIGURE 1 D-18 (A) The 
Indigo Bunting migrates at 
night between its summer 
range in the eastern United 
States and its winter range 
in Central America . Buntings 
in a state of migratory 
restlessness orient by the 
stars at night, even when 
confined to a funnel-like 
cage placed under a 
planetarium sky. (B) Inky 
footprints record the 
orientation direction; the 
lengths of line vectors 
measure the intensity of ink 
left in each 1 5-degree sector. 
[After Em/en and Em/en 
1966] 
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or photoperiod (see Chapter <J). Simulating the seasons by increasing or 
decreasing day lengths can bring caged birds into breeding condition. can 
cause them to n1olt more often than is naturaL and can cause them to ac
cumulate prernigratory E1t at the wrong titne of the year. Using unnatu
ral photoperiod regitnes. Emlen (I <J69) manipulated the seasonal 
physiology of two groups of Indigo Buntings. He induced readiness for 
nortlnvard spring rnigration in one group and readiness for soutlnvard fall 
migration in the other group. Exposed to the sarne planetarium sky. 
buntings in the t\vo groups oriented north and south, respectively. These 
results showed that migratory orientation is under physiological control. 
at least in some birds. 

Geomagnetism 

The geomagnetic tlelds of the Earth provide a map of horizontal space, 
just as gravity and barometric pressures give information about vertical 
space. The intensity and dip angle-or inclination of the magnetic field
change \Vith latitude in \vays that provide reliable, on1nipresent inf(1n11a
tion about geographical orientation and position. 

C)rnithologists \Vere slow to accept the hypothesis that birds might use 
the Earth's magnetic tleld t(w orientation. An early report that magnets 
disrupted a pigeon's horning ability (Yeagley 1947) \vas discredited, largely 
because the results could not be repeated. Then Frederick Merkel and 
Wolfgang Wiltschko ( 1965) showed that captive European R.obins could 
orient in experirnental solid steel cages without celestial cues. In addition, 
the robin reversed its orientation when the Wiltchkos (1988) reversed the 
magnetic tlcld itnposed on the steel cage. 

Years later William Keeton ( 1971. 1972) showed that free-flying hom
ing pigeons wearing bar magnets often did not orient properly on cloudy 
days, \Vhereas control pigeons wearing brass bars usually did (Figure 
1 0-20). Failures to repeat Yeagley's earlier experirnents were due in part, 
Keeton revealed, to the me of the solar cotnpass in preference to the nug
netic cotnpass on sunny days. Finally, in experirnents that S\\rayed the 
skepticaL Charles Walcott and Robert Green (197 4) tltted horning 
pigeons \Vith electric caps (containing Hehnholtz coils) that produced a 
n1agnetic field through the birds's heads. Under overcast skies, reversing 
the t1eld's direction by reversing the electric current caused tree-tlying 
pigeons to change their heading (Figure 10-21 ). 

We now understand that many migrating bird species navigate by us
ing the Earth's rnagnetic tlelds. Bobolinks rely on their magnetic com
passes to undertake extraordinary long-distance migrations annually ti·om 
North America across the equator to wintering grounds in the pampas 
grasslands of Argentin~1 and back. One nine-year-old ternale Bobolink t1e\v 
the equivalent of 4.5 times around the Earth (at the equator) on this an
nual 20,000-kilmneter round trip (Martin and Gavin 1995). Bobolinks 
and other birds use two sensory systems to navigate by using geomagnetic 
int(Jrmation (Bt:ason 2005). One systcrn is a direction-t1nd1ng magnetic 
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FIGURE 1 G-20 A bar magnet interferes with a homing pigeon's ability to return to 
its loft on overcast days. On sunny days, pigeons wearing magnets and control pigeons 
wearing brass bars both adopt accurate home bearings at unfamiliar release sites. On 
overcast days when they cannot orient by the sun (their preferred cue), the pigeons 
wearing magnets become disoriented. The control group, however, orients by means of 
the Earth's magnetic information. Vectors (arrows) show mean direction and 
consistency of orientation among individual birds: long vectors show consistent 
orientation, and the short vector shows variable orientation. Dots represent bearings 
recorded for each pigeon tested. The dashed line represents the correct orientation. 
[From Keeton /974] 

cornpass based on photopig111ents in the eye. This tnagnctic cmnpass re
sponds to the ''poleward" or "equatorward'' angles of inclination of a 
tnagnetic field, not to its "north-south" polarity. 

The other systen1, a tnap location systen1. is based on magnetite (iron 
oxide) receptors in the ophthahnic branch of the trigeminal nerve. The 
magnetite-based system enables a bird to determine its location relative 
to goal. The magnetite receptors (both single donuin and superparatnag
netic) are sensitive to very small changes in the intensity or topography 
of the Earth's magnetic fields. 

As noted. t\vo ditTerent systcn1s determine direction and position re
spectively. The sensitivity of these systen1s to extremely weak tnagnetic 
fields is one reason \vhy smne early experiments succeeded and others did 
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FIGURE 1 o-21 (A) By at taching Helmholtz coils to the heads of homing pigeons, 
Charles Walcott and Robert Green generated artificial magnetic fields by a'1\owing an 
electric current to flow through the coils. The reversal of electric current, which 
reversed the magnetic field, caused the pigeons to reverse their orientation direction 
on overcast days. Vectors are portrayed as in Figure 10---20. (B) A homing pigeon 
equ ipped with Helmholtz coil s. [(A) After Walcott and Green 1974 and Keeton 1974; 
(B) courtesy of C Walcott I 



not. Natural tluctuations in the Earth's magnetic tleld, such as those caused 
by sunspots and hills of iron ore, even disrupt the orientation of passer
ine birds migrating at night. 

Odors and Twilight Cues 

Supplementing the principal fean1res of a bin.fs toolkit for navigation are 
cues as subtle as chemical odors in the prevailing \vinds. polarized light 
in the atmosphere, and sunset itself 

Navigation by stnell once seemed improbable. but it is 110\V clear that 
pigeons at least obtain inform~1tion about their location t1·om trace gases 
in the at1nosphere (Gagliardo et al. 2001: WallratT 2004). Maps of com
pounds such as volatile hydrocarbons are reliable sources of information 
and are even resistant to disn1ption by wind, at least in urban environ
ments. Early experience with local srnells is important: a young pigeon 
does not orient well after Hedging if its nest \vas screened ti·om prevail
ing winds and the odors carr-ied by them. 

The sky at da\Vn and dusk also is full of directional infonnation (Hel
big 1990: Able and Able 1993). The direction of the setting sun estab
lishes a primary direction (west). In addition, the rays of the setting sun 
include a band of strongly polarized light that runs (north-south) perpen
dicularly to the sun·s daily arc. Migratory songbirds use both of these 
sources of infonnation to define their departure directions after dark. Ex
periments with tl·cely migr;1ting birds show that they also recalibratc their 
magnetic compasses each evening by using the setting sun. Willia1n 
Cochran and his colleagues (2004) tricked Gray-checked and Swainson's 
thrushes by exposing them to f:llse Inagnetic t1elds (81 J degrees ofT to the 
east) at sunset and then released them with radio trans1nitters. They flew 
in the \vrong direction on the first night but recalibrated to the correct 
heading the tollo\ving night. 

Learning and Calibration 

The navigational abilities ofbirds arc partly innate and partly learned, \Vith 
the result that inexperienced young migrant birds becon1e lost n1ore of
ten than experienced adults. The r~ue visitors that excite birders. f()r ex
~unple. are often lost imn1ature birds (De Sante 1 983). 

Global navigation is a direct extension of the natural homing abilities 
of birds. The process of learning how to navigate globally starts early \vith 
a young bird's first explorations and. in some cases, adult leadership. Young 
cranes and geese undertake their tlrst migrations v,rith their parents in the 
lead. They karn the route and stopover locations fi·om this experience. 
In an amazing chapter of the program to rebuild viable populations of the 
endangered Whooping Crane, Willian1 Lish1nan and his partner Joseph 
DutT taught young hand-reared cranes (without parents) to follow thetn 
in an ultralight plane, colored black and white like an adult crane 
(http:/ /\VW\v.bringbackthecranes.org/). Step by step, they are establish
ing a new population that will migrate trmn the Necedah National Wildlife 
l"tefuge in central Wisconsin to Florida's Gulf Coast and back each year. 
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~"~·C.. ~:~~~re~~:twith~uu~ti:~~ 
ing the stars, cannot orient 

when they are first exposed to the night sky. In 
fact, they must see the sky regularly during the 
first month of life to be able to choose their mi
gratory direction. The axis of rotation of the night 
sky, which centers on the North Star, establishes 

North Star 

~\ 
\J)· . . . . . 

their north-south frame of reference (Emlen 
1970; see illustration). They then learn the con
stellations associated with this axis. If the axis of 
rotation of a planetarium sky is switched from 
the North Star to Betelgeuse. the brightest star in 
the constellation Orion in the southern sky, the 

baby buntings orient south in line with the new 
axis of rotation. 

(B) 

Betelgeuse 

,~ 
U) 

: . ~ 
(A) Early visual experience of the natural night sky entrains an Indigo Bunting's use 
of the stars for orientation. (B) Buntings raised under a modified night sky that 
rotated around Betelgeuse instead of the North Star adopted Betelgeuse as the pole 
star and consistently oriented from it. Each dot represents the direction selected 
by one young bunting. The vectors (arrows) show the general direction of 
orientation. [After Em/en T975b] 



Aside from visual cues, the Inagnetic compass serves as the initial and 
pritnary basis for orientation by some young birds (Box 1 0-4). A young 
pigeon's ability to use nugnetic-compass inf()nl1ation develops tlrst. be
fore its ability use a solar cmnpass. On their first tlight, young hmning pi
geons calibrate the general direction of their outbound journey based on 
Inagnetic-field infonnation. Reversal of this direction on the return Hight 
establishes the "h01ne direction'' that expands to full sensitivity to the po
larity and declination lines of the Earth's magnetic tleld. Proof of these 
steps comes tram experiments that interfere with the exposure to natural 
Inagnetic fields. A young pigeon does not establish a horne direction if it 
is transported in a distorted nugnetic field tram its nest on its first trip or 
if it is made to can·y a nugnet on its maiden Hight. 

After a home direction has been established through route reversal and 
use of the magnetic cmnpass. however, a young pigeon ~1dds other clues 
to its navigation toolbox. The addition of learned compasses, such as the 
solar con1pass, then builds the bird's integrated orientation system 
(Wiltschko ~md Wiltschko l98H). Exposure to the sun tor less than 1 hour 
activates its solar compass. The young bird then calibrates it by reference 
to the magnetic compass. Ret1neinents, including cmnpensation for the 
sun's daily movement through the sky, follo\v \Vith experience (Wiltschko 
et al. 1 <J83). 

The development of the navigation toolkit in tnit,'Tatory species, such 
as the Savannah Span·ow, follows a dit1erent sequence tl-om that in pi
geons (Able and Able 1995. \996; Figure 1 0-22). Pigeons navigate lo
cally; so they do not usu~1lly expet;ence n1ajor changes in the angles 
(declination) of the magnetic tldd. Long-distance 1nigrants encounter ma
jor changes in declination, extretnely so t()r those species, such as 
Bobolinks, that cross the equator to winter in the southern hetnisphere. 
In addition, they use celestial infonnation, especially star configurations, 
as guidance systems. R~1ther than starting v/ith <:l well-calibrated magnetic 
compass and adding other systetns to it, as does the pigeon, Savannah Spar
ro\vs and other nocturnal tnigrants tlrst establish their celestial compasses. 

Directional Effective Stimulus 
Reference 

Magnetic field Normal Sets 

geomagnetic 
field 

Celestial rotation Sets ------- Star-pattern compass 

Sets -------Polarized-light compass 

Before first 
Time 

migration 
--------------- ~First-migration 

"adult" capability 

FIGURE 1 o-22 Development of navigation systems in the Savannah Sparrow. 
[From Able and Able 1996] 
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by twilight cues, such as polarized light. These cues are of primary im
portance t()r the initial calibration of their magnetic compasses. The spar
rows, as \vell as smne thrushes (Cochran et al. 2004), also recalibrate and 
fine-tune their nugnetic compasses regularly :ls adults at ditl-erent locations 
in the course of the annual cycle. 

Summary 
Billions of birds migrate evel)' f1ll and spring to exploit seasonal feeding 
and nesting opportunities. Corresponding in part to the topography of 
the continents, major migration routes orient north-south in North Amer
ica and east-west in Europe. The migratory routes of some birds retrace 
the history of the expansion of the range of their species. 

Why son1e populations tnigrate and others of the same species are 
sedentary is an age-old and unresolved question. The Inigratory habit n1ay 
appe~lr in newly established populations of nomnigratory species or, in 
contrast, tnay be lost by colonizing populations of migratory species. 
Tradeotls bet\veen the costs and the benefits of migration determine how 
6r individual birds migrate. Wintering shorebirds distribute themselves 
widely in relation to the food availability in coastal wetlands, with appar
ently no extra cost to migrating long distances to achieve energy savings. 

The flights of tnany long-distance tnigrants require extraordinary phys
ical endurance. Nonstop three- to t<.1ur-day journeys across the open ocean 
or desert regions are fueled by reserves of fat. Sn1all land birds have a 
maximum flight range of about 2500 kilometers, and shorebirds can fly 
ti-om 3000 to 4000 kilometers. R.egular refueling stops. however, are typ
ical of n1ost migrants. Shorebirds, tor ex~unple, gather in vast numbers at 
critical en route staging ~1reas such as the Copper River I )elta in Alaska. 
M~my birds migrate at night. when flight conditions are n1ore favorable 
and predators are fe\V. 

The conservation of declining migrant species presents special chal
lenges because they f1ce widespread loss of suitable habitats on their win
tering grounds in Central AI11erica and the Caribbean, on their breeding 
grounds in North Americl, and at critical stopover sites along their mi
gration corridors. 

Birds use difierent sources of information to navigate while migrating, 
while coinmuting between nest sites and feeding grounds, and vvhile fly
ing hmne after having been displaced by curious ornithologists. Birds of
ten preter one source if it is available and use the others when necessary. 
In addition to using visual landnnrks such as landscapes and buildings, 
nligrants usc the sun by day and the stars by night. Birds also usc oltac
tory cues and the Earth's magnetic field. In addition, an innJte magnetic 
compass that includes both direction and duration serves as the platform 
for the development of advanced navigation abilities. Nocturnal migrants 
calibrate their tnagnetic cmnpasses to local field conditions by using the 
axis of rotation of the night sky and bands of polarized light at sunset. 



Socia I Behavior 
Soda! !'ertelm1tcs, and pcnticularly birds. arc excellent sul~jects 
for ge11eratin,r, and testiny, d,lnllinian hyporhcscs 11hout lit•i11g 
l.llith relatives. [Emlen !995a, p. RO'J~) 

B irds are both predators and prey. Their needs tor tood and 
for protection-the n1ost pressing requirements of any liv
ing creature-detennine vvhere and ho\v they live. These 

needs also detennine \vhether they are social or asociaL cooperative or 
cmnpetitive. Smnetimes, an individual bird should go it alone; at other 
tirnes. there is safety in numbers. Ultirnately, birds n1ust share limited 
space. Whether breeding or not, birds space thernselves at regular inter
vals over large territories, congregate in large nmnbers. or cluster together 
in sn1alJ groups. At one extrerne, Montane Solitary Eagles live in pairs on 
exclusive expanses of tropical forest in the mountains of South An1erica. 
At the other extretne. hundreds ofSociable Weavers occupy gigantic conl
munal nests in the Kalahari Desert in southern Ati-ica. 

Birds establish and protect their spatial relations; aggressive assertions 
of status or rights to resources are nonnal parts of avian social life. Social 
behaviors of individual birds-territoriality, flocking, dmninance displace
nlents-vary flexibly in relation to the rnix of costs and bendits. Terri
torial birds. in particular, assert personal control over food supplies and 
n1ates but rarely achieve exclusive rights. 

This chapter provides an overvie\V of the major features of the social 
behavior of birds, including the costs and bcnef1ts of territoriality, social 
status, fJocking behaviors, and coloniality. The t1rst four sections of this 
chapter emphasize nonbreeding social behavior. The 6.nal section exatn
ines the advantages and disadvantages of colonial nesting and communal 
roosting. The next two chapters (Chapter 12. on n1ates, and Chapter 13, 
on breeding systems) explore the social behavior of breeding birds. Their 
sexual relations often do not rnatch their overt social relations. 
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Spacing pattems depend on the scale of one's perspective. When birds tly 
in flocks, the distances between individual birds within a flock may be 
small but the distances between ditrerent flocks may be large. That said. 
most birds maintain a small individual space around themselves wherever 
they go. Swallo\vs . tor example. space themselves at regular intervals on 
a telephone \Vire (Figure 11-1 ). Sparrows and sandpipers feeding in large 
tlocks also maintain small distances between one another: their individual 
spaces reduce hostile interactions. Certain highly social species overcome 
the usual tendency to stay apart. They huddle together, sometimes in large 
groups. to stay warm \vhile roosting ovemight (see page 158). 

The tendency of individual birds to space themselves promotes uni
foml dispersion patterns. l f birds landed on a field at random, some sites 
in the field would remain empty and others \vould receive several birds 
in succession, resulting in random patterns of association. Individual birds 
close to one another would move apart and fill thL· unoccupied spaces. 
Such regular. or uniform, dispersion patterns are typical of birds that oc
cupy uniform habitats . Killdeers residing in large fields . Sanderlings feed
ing on the beach, American Robins nesting in suburbia, and American 
Kestrels wintering along roadsides space thL·mselves in a regular lllanner. 

Individual distances vary not only among species but also among in
dividual members of the same species. l ndividual Barn Swallows ditTer in
nately in their sociality , as measured by the distances of their nests from 
those of their nearest neighbors and by the size of the colony that they 
join. These individual tendencies have a genetic basis that can be demon
strated by raising the young in nests of other parents and then tracking 
the social behavior of the young birds afi:er they fledge (Moller 2002). 

FIGURE 11-1 American Cliff Swallows space themselves at regular intervals on a 
telephone wire. [Courtesy of A. Cruicl<shani</VIREO] 



Territorial Behavior 
Territorial behavior is a prinut)' fonn of aggressive spacing behavior that 
has intrigued naturalists since Aristotle. H. E. Ho-vvard's Territory in Bird 
Life (1920) tonnalJy introduced scientit1c inquiry into the subject. We 
now understand that territorial behavior includes diverse patterns of ag
gressive behavior with rnultiple, often overlapping functions. Not sin1ply 
categorized, territorial behaviors -vveave together \Vith cornplex social in
teractions that tend to change fluidly and adaptively in space and in tirne. 
That said, territorial behavior usually exhibits three n1~~m· aspects (Bro\vn 
and Orians 1970): 

1. A territory is a flxed area defended continuously for some period 
of tirne, even if only hours, in either the breeding season or the non
breeding season or both. l t can move in location if centered on a nlo
bile resource. 

2. Acts of display or chases discourage rival birds that vvou]d otherwise 
enter or use the territorial sp~Ke. 

3. Prinury if not exclusive use of a territory is thereby lirnited to the 
defending individual bird and, perhaps, its mate and progeny. 

The sirnplest territories are those \Vith only one type of resource. such 
as the food territories of hununingbirds and sun birds in fields of t1ov,rers 
or those of sandpipers on a beach at lo\v tide. At the other extren1e are 
the ~1ll-purpose nesting territories of land birds, \vhich serve tor display, 
courtship, paternity. nest seclusion, and feeding. All-purpose territories 
enable individual birds to reserve essential resources, to reduce predation, 
and to control sexual inter{erence by neighbors. 

Birds broadcast their presence and intended control of a territory \Vith 
loud vocalizations (see Chapter 8) or with nonvocal sounds, such as the 
t~uniliar tree drumming or rapping by woodpecke!·s. Both males and fe
males may display and defend, sometimes together. Territory residents 
chase trespassers until they leave, resorting to physical contact as needed. 
Sometimes these contests tor the control of a territory last t()r hours. Be
neath the conspicuous smi~lce of territorial control and O\Vnership exists 
an inconspicuous underb'TOund of subordinate individual birds, w·hich vvifl 
surface and take charge \Vhen the ovvner is absent or dies (see page 551). 

In suitable habitats, tenitories are usually contiguous areas separated by 
well-defined. though invisible boundaries. The dense nest territories of 
colony-nesting IZoyal Terns actually pack into a hexagonal configuration 
resernbling the cells in a bee's honeycornb (Buckley and Buckley 1977). 

The tetTitorial defense of food resources is flexible and dynamic, cor
responding to the balance between its costs and its bendits. For nectar
feeding birds, the economics of territorial defense can be rneasured in 
ten11s of the calories invested into defense and the extra calories gained 
by feeding at protected flowers with tnore nectar (Box 1 1-1). Across 
species, territory size increases directly in relation to body size, energy 
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TERRITORY DEFENSE BY SUNBIRDS DEPENDS ON ECONOMICS 
The costs and benefits of 
the feeding territories of 
nectar-feeding birds are 

unusually straightforward and easily defined. 
Hummingbirds and their African counterparts, 
the sun birds, defend clumps of flowers for several 
days to several weeks or longer. Golden-winged 
Sunbirds in Kenya , for example, defend about 
1600 mint flowers, which produce enough nectar 
each day to satisfy an individual sunbird's energy 
requirements (see illustration). Territorial sun
birds benefit by having an assured, adequate food 
supply. They defend these territories when the 
energetic benefits exceed the energetic costs of 
defense (Gill and Wolf 1975, 1979). 

A territoria I sunbi rd invests energy at a rate 
of approximately 12.5 kilojoules per hour chasing 
intruders. It recovers this investment and more 
by feeding at nectar-rich flowers on its territory, 
this feeding time being less than that required at 
nectar-poor, undefended flowers visited frequently 
by other sun birds. Raising the average nectar 
volume from 1 to 2 microliters per flower cuts 
feeding time in ha lf. The territorial sun bird, there
fore, can spend more time sitting than can a 
nonterritorial sunbird and save energy. In this ex-

ample, a defense investment of 20 minutes cost
ing 3.7 kilojoules reduces the sunbird 's total costs 
from 32 kilojoules per day to 26 kilojoules per 
day, a net savings of 6 ki lojoules (Table 11-1). 

When the projected savings are less than the 
investment, sunbirds do not defend a feeding 
territory. 

Golden-winged Sunbird, a species that often defends 
territories of nectar-rich flowers. [Courtesy of C. H. 
Greenewalt/VIREO] 

~~~~~;=!~~~~~~~~~~i~~;~~~~Jl~~t1;~~I-~r:t~~dN~~~:t?i.~~n-~I~d;f~!?(.~~:~'~~~~rf~f.0'f:Yn·~ ·-:·~-
Undefended flowers 
(1 j.Ll nectar/flower) 

Time Energy Time 
spent Energy rate spent spent 

Defended t1owcrs 
(2 j.Ll nectar/flower) 

Energy rate 

Activity (kj/h) (h) (kj/h) (kj) (h) ________________ __________ _ __:____ __ 
Foraging 
Sittin g 
Defe nse 

T mal energy spent 

8 4. 0 32.0 

32.0 

Energy saved by feeding on defended fl owers: 6.0 kiloj oules 

From Gill and Wolf 1975 . 
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4. 0 
1.7 
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26.0 
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FIGURE 11-2 Territories or home ranges of birds increase directly in relation to body 
size, energy requirements, and selection of food types. The correlation suggests that 
territory size is geared to the food and energy requirements of the bird. Predators 
(white circles) have higher daily energy requirements than do herbivores (black circles), 
which have correspondingly smaller territories. Half-shaded circles indicate species with 
mixed diets. [After Schoener 1968] 

requirements, and food habits (Figure I l-2). This observation suggests a 
general importance of t"t1od resources to the territorial individual bird. 
Variations within species are even more revealing. Pomarine Skuas, for 
example, defend small breeding territories when lemmings, their princi
pal food. are abundant and defend large territories \Vhen lem1nings arc 
scarce (Wiley and Lee 2000). The feeding territories of hununingbirds 
decrease in size \Vith increasing flower density, and thus the density of 
nectar. 

Birds assert themselves more eHectivcly \Vhen they ~1re on f.1miliar 
ground or on hmne territories than when they are strangers in a new 
place. The ability of territorial rnale Stelkr's Jays to win fights, for ex;un
ple, decreases with distance trorn their nesting areas rather than ceasing 
abn1ptly at a territorial boundary (Bro\vn 197 5). Territory o\vners usually 
\vin encounters \Vith intruders. For one thing, the ovvner can use t~m1il
iar details of the territory to its O\Vn advantage during high-speed attacks 
and chases. 
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FIGURE 11-3 The granaries of Acorn Woodpeckers are valuable, defensible resources 
that contain essential supplies of acorns for the winter. [Courtesy of M. H. MacRoberts 
and W. Koenig] 

Because territorial owners have an investment to protect, they do not 
usually give up a fight as easily as a ne\vcomer. Acorn Woodpeckers, tor 
example, vigorously det"i:·nd their tree granaries against squinels, jays, and 
other Acorn Woodpeckers. The granaries hold valuable stores of winter 
food. In addition , each of the many holes (as many as 11 ,000 per tree) 
represents an investment of30 to 60 minutes of drilling time. These wood
peckers defend trees that are riddled \Vith empty holes as well as those 
·with holes that contain acorns (Figure 11-3). 

Territory size also depends on the density of competitors for the avail
able space. When po pulation density is low, nesting American Tree Spar
rows regularly use frorn only 15 to 18 percent of their large territories 
(Weeden 1965). They concentrate their activities in the core section but 
also defend a less ti·equently used buffer zone. In years of high popula
tion density and increased competition for breeding space, denser pack
ing of smaller territories eliminates the butter zones. 

Territorial defense not only incurs costs but also produces benefits (Fig
ure 11-4). Conspicuous display can attract predators. The time and en
ergy required to display, to patrol territorial boundaries , and to chase 
intruders can be a m~~or investment. Territoriality is fwored when the 
resulting benefits out\veigh the incurred costs. The central requirement is 
that adequate resources must be economically defensible (Brown 1964a) . 
Two features of resource distribution-temporal variability and spatial 
variability-determine whether territories are econom.ically detensible. 
Resources that change rapidly in time invite opportunistic use . not site-
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FIGURE 11-4 Territories of intermediate sizes (A to B) are economically defensible 
because the benefits exceed the costs. The costs of defense increase as territory size 
increases. The benefits relative to need (dotted line) increase rapidly at first but then 
reach a maximum value when needs are filled, as would be the case when food is in 
excess. Optimum territory size is at X, where the net benefit is greatest. [From Davies 
1978) 

specific investment or long-term commitment. Aet;al insects whose loca
tions and densities shitl tl-equently . for example . are usually not defensi
ble food resources. Territorial hummingbirds will sit side by side in a bush 
while they catch p;lSSing insects but will chase each other out if one or 
the other attempts to take nectar ti·om the wrong t1o·..ver. 

Sites I;ch in resources may also be indefensible because they attract 
hordes of competitors. No gull \Vould attempt to maintain a feeding ter
I;tory on a garbage dump \Vhere thousands of other gulls vie t()r the same 
scraps. Similarly. Sandcrlings do not defend their feeding tenitories on 
California beaches. when prey is either abundant or scarce (Myers et al. 
1979; Figure 11 - 5). 13each space with dense concentrations of prey 
(isopods) is not defensible, because no single Sanderling can keep the 
hordes of other Sanderlinbrs away. Low prey densities also are not worth 
defending. Sanderlings, however, vigorously detend beach territories at 
intermediate prey concentrations. The size of the tenitories they defend 
is then related to the required detense et1t)rt; increased competition forces 
smaller territories. 

The ten-itorial behavior of Sanderlings is atTected by two additional 
factors: tide and predation risk. At high tide, they teed or roost in tlocks. 
In years when J\;\erlins, a small blcon. take up residence in their area. 
Sanderlings stay in flocks even when intem1ediate prey concentrations 
would favor territorial behavior. Isolated territorial Sanderlings would be 
vulnerable prey (Myers et al. 1 <)85). 

Birds typically defend tcrrirories against others of the same species. 
Sometimes. they also expel other species. Territorial hummingbirds de
fend their territories against a variety of nectar-feeding birds. Wintering 
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FIGURE 11-5 Sanderlings 
may defend exclusive feeding 
territories or feed in large 
flocks. Note the leg color 
band . This territorial 
Sanderling returned each 
winter to defend its section 
of a Texas beach. [Courtesy 
of A Amos/VIREO] 



314 
CHAPTER ELEVEN Northern Mockingbirds defend berry-rich feeding territories against other 

species, especial1y those that \Vould eat the berries. 
Territories may be occupied and defended by a single bird, a mated 

or cooperating pair of birds, an extended family, or even a group of un
related individual birds. Sn1all groups of \vintering tits and chickadees, tor 
exan1ple, defend \VOodlot territories containing both food and roosting 
holes. Groups of unrelated Black-capped Chickadees establish conunon 
winter territories by late summer (Sn1ith 1991). Group nletnbership. which 
includes male and ten1ale pairs of both resident adults and ne\vly settled 
tlrst-year birds, is stable throughout the \Vinter. In addition to the pro
tection of food stores for the winter, spring territorial breeding opportu
nities etnerge tt·om the conununal \Vinter efiort. Group defense of prime 
territories is also typical of a \vide variety of tropical bird species that breed 
cooperatively (see page 391). 

Migrant species returning tl-mn winter in the Tropics \Vaste no time 
establishing their presence on a prime territory for nesting. Retun1ing 
male Blue-winged Warblers, \vhich \Vinter in Central Atnerica, start 
singing at d<l\Vn on the first (:la-y of their return, using perches favored the 
preceding year (personal observation). They also feed actively on insects 
in the etnerging leaflets (to replenish reserves used to t1y north) and sys
tenlatically patrol the outer edges of the territory. Fights bet\veen new ar
rivals rnay be intense or prolonged, accon1panied by active singing, short 
flights, and aggressive display postures. But, vvithin a week, fights subside, 
incited 1nainly by nevv arrivals looking for territorial openings or \·villing 
to challenge an established male. TypicaUy, 1naks arrive a week or more 
betore fernales, \vhich announce their presence with distinctive buzzing 
notes. The territorial 1nales then redirect their attention to prospective 
mates. 

Social Rank 
Social conflict is a nonnal part of the daily lives of birds, causing increased 
concentrations of stress (glucocorticoid) horn1ones. an1ong other costs (see 
page 257). Dominance and the aggressive reinforcetnent of social status 
reduce this conflict. Individual birds that prevail in aggressive encounters 
becmne dominant; losers becon1e subordinate. As social ranks arc estab
lished in ne\v groups of birds, losers cease challenging don1inant birds, 
\vith the result that stable dmninance relations lc)\,ver the frequency and 
intensity of overt hostility. 

Dorninant birds use threat displays to assert their status and reserve their 
access to Jnates, space, and food. They tnove vvithout hesitation to a feeder 
or desirable perch, supplanting subordinates and pecking those that do not 
yield at their approach. Subordinates are tentative in their actions and fre
quently adopt subrnissive display postures. Age, sex, physiology, genetics, 
and possibly parasite load all afiect dmninance. 

R .. ank has its privileges, advantages, and, potentially, some costs. High
ranking birds obtain options tor access to t()od, reduced risk of predation 



-BOX 11-2 

DOMINANT BLUE TITS ARE MORE CAUTIOUS THAN 
THEIR SUBORDINATES 

Experiments with captive 
flocks of Blue Tits demon
strated that dominant 

members were more cautious during periods of 
danger than were subordinate members. Robert 
Hegner (1985) flew a model Eurasian Spar
rowhawk over his aviary and watched to see which 
tits were the first to emerge from their hiding 

places to feed. Low-ranked birds fed first, followed 
by high-ranked birds. Hegner suggested that high
ranked birds can afford to be cautious because 
they have the ability to control food sources and 
thus to ensure adequate foraging, whereas low
ranked birds must take more chances to get to 
food ahead of their dominant flock mates. 

(Box ll-2), and longer residency; low-ranking birds h~1ve less access to 
good feeding sites and are usually the first to leave. The fl.·eding behav
ior of White-throated Sparrows in \vinter, for example, is atll:-cted both 
by their dominance status and by the distance of tt1od from protective 
cover (Schneider 1984). Dmninant birds feed more often near shelter than 
did subordinates, sacrificing their t(Jraging efficiency but reducing their 
exposure to predators. Don1inant members of species such as the Carolina 
Chickacke and the Tufted Tittnouse stay leaner than subordinate nleln
bers throughout the winter (Pravosudov et al. 1999). They ;H.id just enough 
EH at dusk to get through the cold night. Subordinate birds carry 1nore 
tat all day long, increasing the risk of predation. The ditTcrence between 
thetn is that dmninant birds can eat when they want, whereas subordi
nates ftce a less certain meal schedule. 

Social status may· have a m~~or int1uence on stress loads and the abil
ity of individual birds to tnaintain physiological balance, called borneo
stasis (Goymann and Wingfield 2004). Det1ections t1·om optimal balance 
cause the release of corticosteroids. stress honnones that are positive in 
the short run but are detrimental if kept at high levels. If an individual 
bird must tight others to become dominant and to 1naintain this status, 
its stress-hormone levels tend to be high. It~ on the other hand, domi
nance status is inherited or due to logical succession, the hormonal costs 
of being dominant are minor. 

Stable group membership facilitates the development of a dmninance 
hierarchy. Most dorninance hierarchies in stable bird groups and flocks 
are linear-or "peck right"-hierarchies, in \.Vhich each bird clearly ranks 
above or below a set of others. Social status is directly related to age and 
sex. Generally. large birds dominate small ones, rnales dominate females, 
and old birds dominate young ones. Within that framework, social rank 
increases gradually in relation to time, individual tenure, and changes in 
group composition. 

Generally, birds can distinguish among members of their O\Vn species 
by n1eans of variations in plurnagc patterns, size, voice, and behavior. The 
extent of yello\v on the bills of Tundra Swans and the variable. harlequin 
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FIGURE 11-6 The 

harlequin face and neck 
patterns of Ruddy 
Turnstones vary among 
individual birds. [From Fems 
1918] 

8 

color patterns on the heads of Ruddy Turnstones provide a simple basis 
for individual recognition (Figure 11-6). Field omithologists learn m rec
ognize individual birds by these differences and more subtle ones-the 
extent of plumage wear or a missing feath er in combination with eye col
ors or plu mage colors typical of certJin age and sex classes. Budgetigar 
parakeets can learn to discriminate among individual members of their 
own species in photographs (Trillmich 1976). 

The va ried plumage colors of Harris's Sparrows serve as badges of their 
social sta tus (R.ohwer 1982; Figure 1 '1-7). Top-ranked, dominant birds 
have conspicuous, contrasting black markings on the plumage of th e head 
and neck; low-ranked, subordinate birds have few such markings. Many 
birds are intermediate in appearance. Such variations faciJjrate individual 
recognitio n among the members of the large flocks that th ese sparrows 
typically form during w inter. 

The evolution of the variability seems directly tied to the advantages 
of being dominant versus the advantages of being subordinate. Dominant 
birds assert the prerogatives of their rank. including access to food. Con
versely, subordinates of plain appearance benefit fi·om fl ock membership, 
which they can maintain because they do no t threa ten the dominant birds 
having visual badges of high status. W hen dyed w ith black to look like a 
dominant bird, subordinates su tTer more frequent attacks but do nor rise 
in status, because they are no t inherently aggressive. 

!-:l ead-colo r pattern also controls social st<ltus and access to communal 
feeding groups of the Jackass Penguin of South Africa (Ryan et al. 1987; 
Wilson ct al. 1 987). Adult penguins, whi ch have bold black-and-white 

2 3 4 5 6 7 

9 10 11 12 13 14 

FIGURE 11-7 Plumage variations among ma le Harris's Spa rrows indicate their social 
staws. Dominance is correla ted with an increasing extent of black markings on the 
head and neck: Numbers 1 through 3 are most subord inate; numbers 12 through 14 
are m ost dominant. [Courtesy of S. Rohwer and Evolution] 



FIGURE 11-8 The hierarchy of interspecific dominance among birds that follow army 
ants. Large, dominant species such as the Ocellated Antbird control central sites (zone 
A), where foraging for flushed insects is best; they displace smaller species to outer 
zones-for example, Bicolored Antbirds to zone B. In turn, the Bicolored Antbirds 
displace Spotted Antbirds to zone C. Sometimes, a subordinate species can infiltrate 
the central zone, but only such zone C antbirds as the White-plumed Antbird do this 
regularly. [From Willis and Onil<i 1978] 

head patterns, feed communally on schools of tish. They aggressively ex
clude gray-headed juveniles t1·om the communal feeding groups, because 
juveniles, \Vhich are poor s\vimmers. intedere with the coordinated adult 
etTort. Additionally, the conspicuous black-and-\vhitc color pattern of 
adult plumage causes loose schools of tlsh to coalesce, making them eas
ier to capture. Son1e older inunatures, ho\vevcr. acquire an adult appear
ance by undergoing partial head molt, which reduces adult aggression and 
allows access to exclusive adult feeding clubs. 

Even in the absence of social color badges, birds can inter their social 
rank relative to others by \~'atching \Vho is dorninant to whom. Pinyon 
Jays of the soutlnvestcn1 United St<ltcs t(>rm large t1ocks with a clear dom
inance hierarchy. They monitor interactions among other individual birds 
and decide their appropriate social rank without direct testing (Paz-y
Mino et al. 2004). Simply sunnnarized, Jay X reasons that, if a ne\v bird, 
called Jay Y, is dominant to Jay Z, known to be a dominant bird, J;ry X 
will respL·ct Jay Y's domin;mce also. 

Dominance hierarchies among diff(Tcnt species are a conspicuous tea
ture of the associations of bin.l'i that t(Jllow raiding parties of tropical army 
ants. Tropical antbirds and woodcreepers habitually associate \Vith ant 
S\Vanns. These ant swarms tlush large numbers of insects and small rep
tiles that are usually camout1agcd and hard to tlnd. More than 50 species 
of Neotropical birds an.· "professional" ;mt tollovvTrs; that is, they obtain 
more than half of their food fi·om the vicinity of ant swarms. Large, 
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CHAPTER ELEVEN dominant species, such as the large ()cellated Antbird, control the cen

tral zone of the ant S\vann \Vhere prey are most likely to be flushed by 
the dense. leading colunms of ants. Smaller, subordinate species such as 
Bicolored Antbirds and Spotted Antbirds are chased from this zone, tak
ing up stations in peripheral, less productive foraging zones but moving 
to\vard the center when opportunity arises (Figure ll-8). 

Agonistic Behavior 
When two birds interact each has selfish purposes that can foster either 
hostility or cooperation. Birds can manipulate one another to individual 
or sometimes mutual benefit. Inherent in all social interactions governed 
by rules is the threat of cheating by those that \\lould take advantage of 
the existing systen1. For many years. students of bird behavior have tended 
to assl!lne the morality of truthfulness in their interpretations. Now it ap
pears that avian social con1n1unication 1nay not be as straighttorward and 
honest as once supposed. Individual birds serve their O\Vn interests in many 
\\rays. The nature of comn1unication betvveen rivals as \veil as between 
partners. theret(we, invites our attention. 

The cmnpetitive encounters bet\veen rivals-cmnplex mi.-xtures of ag
gression (attack. threaten) and escape (submit. t1ee)-are called agonistic 
behavior. When birds fight over smnething-mates, food. or territory
they usually avoid direct contact and risk of injury by using threat and 
appeasement displays. 

Threat displays. \Vhich etnphasize the bill and wings as vveapons, her
ald ;l real attack if the 111atter is not resolved quickly. Appease1nent or sub
mission displays signal the opposite intent, a willingness to yield on the 
matter. a signal that defitses the conflict and thereby protects the yielding 
bird t1·on1 direct attack (Figure 11-9). Graded or variable displays convey 
information about the intensity of n1otivation and the probability of a 
sender's subsequent actions. The high-crest positions assumed by a defen
sive Steller's Jay indicate that it will probably attack rather than tlee its 
opponent (Figure 11-1 0). Often. the submissive bird turns its head and 
bill away t!·mn a threatening rivaL a tnovement that reduces the level of 
provocation and prevents a physical attack. An appeasing avocet. for ex
ample. hides its long bill beneath its back feathers and adopts a sleeping 
posture. l1ther species tlutT their feathers. in contrast with the sleeked pos
tures associated with threat displays. 

Comnumication of aggressive intent or submission is a central func
tion of the social displays of birds. Even courtship usually starts vvith ag
gression by the n1ale toward the female. If the female stays, the actions 
of the male shift fi·orn bostility to appeasement, subordination, solicita
tion, and, ultin1ately, the establishrnent of a pair bond v\'·ith regular con
tact and copulation. The courtship of Common Black-headed Gulls 
illustrates this process (1\!loynihan 1955). Bef(Jre the arrival of the females, 
male Common Black-headed Gulls gather in large areas near the nesting 



FIGURE 11-9 Threat display of a Great Tit (right) and submissive posture of a Blue 
Tit (left). 

colony called "clubs,., where each bird establishes a small temporary pair
ing territory. ltival m~1les avoid physical battle and risk of injury by ritu
alized aggression. As they await the an-ivai of a potential mate, they 
threaten each other with the upright-threat display, with the cmnbina
tion long-call display and oblique display, and \Vith the tonvard display 
attack posture (Figure I I-I I). The contrast bet\veen the upright-threat 
display and normal posture detlnes unambiguously whether the recipient 
is \velcon1e. If stylized threats do not succeed, physical attacks may ensue. 

Fenule Common Black-headed Gulls visit pairing ten-itories in the 
club to find a mate. A male greets an approaching fenule as a potential 
rival with the aggressive oblique display and long calls. lnste1d of fleeing 
or challenging him as would a rival n1ale, the fernale gull stretches her 
neck upward and t~1ces away (being-away display). revealing her sex and 
her potential as a mate. In response, the aggressive male reduces the sever
ity of his threat by redirecting the oblique display to the side. The tem;1le 
keeps returning to a selected male and stays longer each time. Rittulized 
appeasetnent replaces ritualized aggression. The potential mates engage in 
tnutual displays, such as t;King away. Gradually, the fenule moves closer 
and begs t(Jr food. which the tnale reguq;.,ritates onto the ground in tront 
of her. Copulation t()llows. The tnale then deserts his pairing territory 
and assists the fernale in nesting and the rearing of young. 
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FIGURE 11-10 The 
positions of the crest of a 
Steller's Jay signal the 
likelihood of attack (high 
crest) or retreat (low crest). 
[From Brown 7964b] 
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(B) Meeting ceremony 

posture 
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4 0blique 

and long call 
1--
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FIGURE 11-11 Displays of the Common Black-headed Gull. (A) Aggressive displays 
using fofl.vard postures. (B) Meeting ceremony display, including oblique display with 
long-call display (left), fofl.vard display (center), and facing-away display (right). [From 
Tinberqen 1959] 

Flocks 
The large flocks of wintering \Vateliovvl, of tnigrating shorebirds, and even 
of roosting blackbirds are spectacles of nature. Flocks range in cmnposi
tion fl·om loose, tetnporary aggregations to organized foraging associations 
of diverse species. At one extretne are the millions of blackbirds in the 
United States or the Dramblings in Europe that converge each evening 
at traditional roost sites. Tcn1poraty feeding aggregations of herons and 
seabirds also are open gatherings of individual birds responding oppor
tunistically to special situations. Multispecies tlocks of tropical birds are 
closed social systen1s, similar in 1uany \vays to n1uch srnaller Eunily units. 
The tnernbers of these flocks teed together as a group throughout the year 
and they actively exclude new members. 

Like territoriality. flock fonnation is a flexible behavior that includes 
tradeoff~ between its benefits and its costs. On the positive side of the 
ledger, flocking behavior enables cooperative foraging and reduces the 
risk of predation. Members of a flock are attentive and sensitive to what 
their flock n1ates are doing and adjust their O\Vn behavior accordingly. A 
\vealth of intonnation is available from one's neighbors. Which ones find 
food and \".'here? High on the list of costs are increased cmnpetition tor 
linlited food supplies, increased risk of disease, and increased aggression 
to tnaintain individual distances. 

Feeding in Flocks 

Casual aggregations of individual birds at rich feeding grounds are fortu
itous, but vvhy do unrelated birds forn1 stable foraging partnerships? Some 
of the advantages are straightfonvard, practical ones, including coopera
tive feeding. At one leveL flock 1ne1nbers nuy sitnply benefit fi·cnn the 



Family hunting parties of 
two to six Harris's Hawks 
cooperate to catch rabbits 

(Bednarz 1988; and see illustration). The hunting 
party assembles at dawn and then splits into small 
subgroups that search for prey by moving in a co
ordinated "leapfrog" fashion through the desert 
scrub. They then converge on a rabbit that is spot
ted and kill it with successive, relay strikes by dif
ferent hawks. When a rabbit hides in thick cover, 
the group surrounds the area and waits for one 
or two of its members to deliberately flush the 
rabbit into the open. All members of the party 
then feed on the kill. Team hunting improves the 
probability of catching a rabbit and raises the av
erage amount of energy available to each hawk 

relative to that available when hunting alone. 
Team hunting also enables these hawks to kill 
larger prey than they could by hunting alone. Be
fore this study was undertaken, cooperative hunt
ing and sharing of prey had been documented 
only for large social mammals such as lions. 

Sequence of movements of Harris's Hawks that 
culminated in the capture of a rabbit. Although all 
five hawks in the group remained in view, Jim 
Bednarz and his assistants specifically monitored a 
subunit that included hawk number 995, which wore 
a radio. Perched hawks in this illustration indicate the 
number of hawks that joined the subunit at each 
location. Subunit size remained unchanged from the 
preceding location if no hawks are pictured. [From 
Bednarz 1988, with permission from Science! 0 

''beater effect''; prey that is flushed (and missed) by one bird can be grabbed 
by another. Ground hornbills in Atl·ica, for ex~unple, walk in a line across 
tlelds to catch insects flushed by one another. Drongos and flycatchers 
participate in mixed foraging tlocks and specialize in prey flushed by other 
birds. At a more advanced leveL flocks of pelicans deliberately encircle 
and trap schools of tlsh in shallo\v \Vater. At a still more advanced level, 
predators. trom ravens to ha\-vks, hunt cooperatively (Box 11-3). 

The ;Jdvantagcs of social t(x;lging 611 into tvvo main categories: inf(w
mation sharing and producer-scrounger (Giraldeau and Caraco 2000). 
Sharing successes in tlnding tood defines infon11ation-sharing models. All 
birds in the t1ock search for food, and then they benefit t1·om a discov
ery by one of them. as in the subadult ravens (sec page 322). This be
havior is cornmon atnong social animals of all kinds (Giraldeau and 
I3eauch~unp 1999). Group foraging by pigeons and tinnice helps then1 to 
find t(Jod because members can join successfi.1l individual birds at rich 

Cottontail kill 
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012:27 

Start monitoring 

321 



322 
CHAPTER ELEVEN clumps or concentrate their search etlorts nearby (Krebs I 973). Groups 

of tour ritmice in captivity found more hidden food together than alone. 
They w·atched one another's successes and rnodified the intensity and di
rection of their searches accordingly. 

Information sharing. however. leads to selfish behaviors and cheating. 
Dominant birds can usurp the sites discovered by subordinate members 
of the tlock or pilfer hidden food (see page 205). Some birds may not 
look tor tood themselves but rely on others to find it. The exploitation 
of actively searching birds defines producer-scrounger models. Some birds 
(scroungers) don't look tor new tood patches themselves but, instead, wait 
tor others (producers) to find food and then eat some of it. Competition 
increases at small food patches and with the number of scroungers trying 
to take advantage of the discovery. Flocks of Scaly-breasted Munias. also 
called Spice Finches. typically include both producers and scroungers. Pro
ducer munias have definite strategies that match predictions (l3eauchamp 
and Ciraldeau 1997). They abandon discovered tood more treguently once 
scroungers arrive when it is easy to discover another patch of food . They 
also move on predictably \Vhen more scroungers are present or when the 
patch of tood is small. 

FIGURE 11-12 Postures and feather positions portray a Northern Raven's social 
status. A vagrant at an adult-protected carcass (1) keeps its head up and the feathers 
on its head fluffed out. A raven first approaching food (2) lowers its head. When 
juveniles swamp a carcass, a resident adult performs a dominance display (3) , which 
includes erect posture, raised bill , raised ear/ike feathers and fluffed-out throat and leg 
feathers. A raven at an uncontested food source (4) holds its head up and keeps its 
feathers smooth across its head . [From Heinrich and Marzluff 1995] 



Groups of young or subordinate birds gain access to defended tood 
sources by outmaneuvering or just overwhehning dominant or territorial 
birds. Northen1 Ravens. fbr example, depend on carcasses of moose or 
other large anirnals to survive the winter. Resident adults usurp and de
tend these valuable finds t(lr themselves (Heinrich and Marzluff 1995; Fig
ure 11-12). They can defend a carcass successttllly against tewer than nine 
subadult ravens. In response, a wandering subadult actively recruits other 
subadults. It does so by using a loud vocalization, called the ··yell,'' and 
by leading others ti·om conm1unal roosts to the food. Typic1lly. the 
subadult circles a newt"l1und carcass but does not feed. It Hies otT and re
turns the next day vvith a ''gang" of 40 other ravens that proceed to over
\vhelm the adult defenses. In the course of a \veek, the gang grows to 
100 or more ravens drawn to the noise or to their well-fed roost mates. 
What appeJrs to be altruistic behavior-sharing limited food resources 
with unrelated ravens-is really in a young r~1ven's self interest. It gets ac
cess to the carcass that it spotted and participates in a wide-ranging, all
\:\,'inter network of carcass discovery and social availability. 

Safety in Flocks 

Joining a Hock theoretically decreases the risk of being caught and eaten, 
because there is satety in nmnbers. A bird's chances of being a victim de
crease as the number of potential victims in the flock increases, and they 
decrease even further for birds ncar the center of the Hock (Hamilton 
1971; Figure 1 1-13). Field observations support this logic. The hunting 
success of a l\!lerlin, tor example, varied according to the size of sandpiper 
tlock that it attacked (Page and Whitacre 1975). It t:u·ed poorly with 
medium-sized sandpiper t1ocks but did \vell \vith isolated birds and with 
large t1ocks, which were less able to maintain a tight tormation. 

(A) (B) 

+ 

FIGURE 11-13 Common Starlings, \'\'hich normally fly in (A) loose flock formations, 
form (B) tight formations when threatened by a hawk. [From Tin bergen 1951] 
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OPTIMAL SIZE OF A QUAIL COVEY 

··4 a.. ~:st2:';d ~~:v:~:~e~,~~~~ 
called ''coveys" in the fall 

and winter. The coveys hold tight when ap

proached by a predator. including a hunting dog 
that points them until its master hunter catches 
up. The coveys then explode as if on cue, causing 
poor shots by novice quail hunters. 

time spent in exposed feeding areas. Individual 
survival was lower in small coveys than in large 
coveys. However, optimal covey size was only 11 
quail. Large coveys also had low individual sur

vival owing to increased competition for food and 
thus lower body weights. as well as more move
ment and exposure to predators. The intermedi
ate covey sizes achieved the best individual 
survival because of the combination of low group 
movement, improved foraging efficiency, and bet
ter individual predator detection. 

Covey sizes in Kansas range from 2 to 22 quail 
(Williams et al. 2003). Larger coveys exhibited re
duced individual vigilance, increased group vigi
lance, faster detection of predators, and more 
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\ 

\ 

---
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Optimal flock size 

-

Predator detection improves in flocks: greater individual security is the 
result. ()striches. tor example, stick their heads up randomly to look tor 
lions that may be stalking the1n: at any given time, at least one in the 
flock functions as a lookout (Bertrarn 1980). Group vigilance increases 
\Vith covey size of the Northern Bobwhite, but big coveys are not nec
essarily best (Box 11-4). 

Flock me1nbers vvan1 one another of danger so that they can hide or 
flee at the same tirne (Box 11-5). Ducks signal one another with head bobs 
to flush together at the approach of a predator. Alarm calls serve to alert 
other me1nbers of a social group to possible danger. Giving an alam1 call 
Vv'otdd seem advantageous to all but the one that revealed its position by 
calling. Warning calls thus seen1 to be heroic or altruistic acts. but they carry 
bcnetlts for the caller as \vell if others in the flock are genetic n:latives, such 
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FIGURE 11-14 (A) The optimal flock size theoretically results from a balance 
between time spent fighting other members of the flock, time spent scanning for 
predators, and time spent feeding. An intermediate flock size permits the most feeding 
time. (B) When a predator hawk is present, more time must be spent scanning and 
the optimal flock size increases. [After Caraco eta/. 7980] 
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as siblings. parents. or offspring. Each flock member can also count on a 
certain degree of reciprocity. Most in1portant, by calling loudly, the poten
tial victirn robs a predator of the den1ent of suq1rise and thereby reduces 
the likelihood of attack. By warning others in the flock. the vigilant sounder 
of an alarrn reduces its O\Vn danger as it alerts kin and neighbors. 

SOCIAL BEHAVIOR 

By relying in part on such mutual protection. each individual bird in 
a flock can actually be less vigilant-that is, spend less time looking for 
predators, as well as more time feeding, than when alone. The time saved 
by each bird in a tlock because of decreased vigilance. ho\vever, is ofiset 
by aggressive interactions. which increase in tl-equency with group size 
(C~uaco 1979). The anlotmt of time available for feeding should, there
tore. be greatest in flocks of intermediate size. Moreover, optinnun group 
size should increase when predators are near and when each bird n1ust 
spend n1ore time in surveillance, which was confirmed by Thomas Caraco 
and his colleagues ( 1980) in classic studies of Yellow-eyed Juncos in Ari
zona. In one expet;ment, avL·rage tlock size increased fi·om 3. 9 to 7.3 jun
cos when he t1ew a tame Harris's Hawk regularly over the feeding grounds 
(Figure 11-14). 

- s-{lx 11:.:s 

WANTED: EXPERIENCED PARROT FLOCKS FOR CONSERVATION 
The only two parrots na
tive to North America dis
appeared 50 years ago. 

Subsistence hunting and habitat degradation ex
terminated their populations. One of them. the 
Carolina Parakeet of the eastern United States, is 
surely extinct, but declining numbers of the other 
species, the larger Thick-billed Parrot, persist in 
high mountain refuges in western Mexico. Noel 
Snyder and his colleagues have undertaken an 
ambitious conservation program to restore Thick
billed Parrots into the rugged Chiracahua Moun
tains of southeastern Arizona, where they once 
lived (Snyder et al. 1999). They used the captive
bred offspring of confiscated Thick-billed Parrots 
from the illegal pet trade. Their initial efforts were 
often thwarted because the young parrots lacked 
predator-avoidance training by experienced flock 
mates. 

Experienced wild Thick-billed Parrots protect 
themselves from hawks through their wary, vigi
lant social behavior and through their ability to 
outfly a pursuer. Northern Goshawks, which are 
common in the Arizona mountains, found inex-

perienced, captive-bred parrots to be easy prey 
because they did not scan the sky for predators, 
did not freeze or flee when they saw one, and did 
not react quickly enough to alarm calls of expe
rienced wild birds. The captive-bred birds seemed 
fearless, despite the fact that they had seen rap
tors in action from their cages. 

Study of their behavior revealed that strong 
socialization with experienced flock mates is re
quired to learn essential survival skills. The captive
bred birds also required lots of exercise to attain 
the condition required to keep up with wild flocks 
and to fly faster than a pursuing hawk. Further, 
flock mates teach one another to identify pine 
cones as food sources and how to extract the 
seeds from them. Finally, well-socialized parrots 
develop an essential sense of security. Without the 
sense of security that comes from joining other 
parrots to feed, pairs of adults seem unwilling to 
undertake the risks of breeding. The future suc
cess of such parrot-conservation programs will de
pend on the training and gradual release of 
socially mature flocks of birds that work together 
to find food and avoid predators. 
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FIGURE 11-15 Blocking the view of their flock mates causes Common Starlings to 
increase their time scanning and directly checking what their neighbors are doing. This 
imposes a cost to their foraging time: (A) experimental setup for determining the 
effect of an 8-centimeter barrier on the ability of a starling to see other starlings while 
its head is down; (B) effects of the barrier on scanning time when starlings were 3 
meters apart; (C) effects of the barrier on food -searching rate (events per minute) 
when starlings were 3 meters part. [After Fernandez-juricic et a/. 2005] 

The foraging and scanning behavior of Common Starlings is sensi
tive to that of their flock mates. They increase their search eft(Hts and 
success at feeding if others in the flock are doing so. They increase 
their rate of scanning for predators when others in the flock do so. In 
a clever experiment. Esteban Fernandez-Juricic and his colleagues 
(2005) made it harder tor starlings to keep an eye on th eir neighbors 
\vhile feeding (Figure 11-15) . The starlings spent more time scanning 
and less time searching for food when a barrier blocked their view 
while feeding. 

When they discover a predator, such as an owl or a snake, birds scold 
them vocally and sometimes attack them physically. The advantages of 
mobbing behavior include discouraging or driving away an enemy. In ad
dition. mobbing refines an individual bird's ability to recognize predators. 
which reduces titture risk to self and family. Inexperienced birds quickly 
associate potential danger with the commotion of mobbing behavior. They 
then learn to recognize predators by observing the mobbing behavior of 
their parents or their tlock mates . Common Ulackbirds of Europe will 
even learn to attack a detergem bottle if in experiments, they an: tricked 
into associating the mobbing behavior of others with such an inanimate 
object (Curio et al. 1978). Species that join mixed-species foraging tlocks 
tend to respond reciprocalJy to one another's alarm ca11s and to mob pred
ators cooperatively, possibly sharing their knowledge of potential enemies 
(Mclean and R .. hodes 1991). 



Mixed-Species Flocks and Social Signals 

Flocks are not limited to 111e1nbers of the same species. Rich assemblages 
of diHerent species form toraging flocks. Flocks of chickadees, titmice, 
nuthatches, woodpeckers, creepers, and other associates are 6miliar both 
in the United States and in Europe, and several species of warblers may 
join them in the \Vanner months. Noisy gatherings of antbirds, ant\vrens, 
\Voodpeckers, tlycatchcrs, and honeycreepers surge through the rain forests 
of South America. Tropical tlocks nuy include ()() birds of 30 ditferent 
species, \vhereas tetnperate flocks average l 0 to 15 birds of 6 or 7 species. 
Curiously, flock size increases primarily as a result of the addition of new 
species, not more individual birds of a fl.-w species. Furthermore, flock 
composition changes regularly as the flock moves along, a result of new 
birds joining and others leaving. Individual birds join the flock as it moves 
through their territory. only to be replaced by neighbors as the flock 
n1oves ti-on1 one territot)' to the next. 

Flock stn1Cture is defined by one or more so-called nuclear species that 
attract other species and that lead the tlock's movetnents. In temperate
zone \Voodlands of North Atnerica. tor example, titmice and chickadees 
are nuclear species. Large antbirds and greenlets take this role in lowland 
tropical torests. In eastern Pen1, the Bluish-slate Antshrike and the Dusky
throated Antshrikc assemble 30 other species with their loud rallying calls 
early every rnorning. Plain-colored Tanagers and l3lue-gray Tanagers are 
the usual nuclear species in canopy flocks in lowland Panama. Other 
species, the '"t()llovvcrs," join the Hocks opportunistically and are subor
ditlate to the nuclear species. 

Why do birds of diverse species assemble to fet'd together? In partic
ular, \vhy do subordin~1tc species join the nuclear species? Raiuced pred
ator vigilance and increased foraging etl1ciency arc part of the answer. 
Do,vny Woodpeckers, for example, sacrit1ce feeding titne tor high levels 
of vigilance when foraging alone (Sullivan 1 984a, I CJ84b). They stop fre
quently to look t()r predators, \\·ith a distinctive head-cocking behavior. 
When they teed \Vith large rnixed-species flocks, they cock their heads 
intl-equently and feed at higher rates. The woodpeckers tnonitor the calls 
of tlock mates to assess their numbers and their tendency to be alarmed 
by possible predators. 

Territorial or rare species that are unable to put together a flock of 
their own kind can benetlt by tlocking \Vith other species even though 
they are subordinate. Their foraging success increases in such tlocks. Mixed 
flocks of several species. each \Vith its own searching skills, increase total 
scanning et1orts for clumped, unpredictable prey. Individual birds of dif
ferent species monitor one another's f()raging success and then modify 
their search etTorts accordingly. Sitnilar advantages accn1e to the mixed
species nesting colonies ofherons. storks, and ibises. Their combined nunl
bers m;~xinlize antipredator behavior, social interactions, and information 
transfer, but their ecological difTerences minimize nest competition and 
food cmnpeti tion (Burger 1 981). 
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I TABLE~lt-2 Bird~ ~fnatflock to~etb~tin the motlnt~Jns of tropi¢aJ!:.t\merka 

Northern Andes 
Western Panama 

(black and yellow) 

Y ellow-thighcd Finch 

(blue, blue and 
yellow) 

South Central Andes 
(blue. chestnut) 

Y ellO\v-thro,ltcd Brush Finch 
Sooty-capped Bush Tanager 

Blue-and-black Tanager 
Blue-capped Tanager 
Santa l'vbrta Mountain Tanager 

White-browed Conebill 
Blue-backed Conebill 
Chestnut-bellied 

Silver-throated Tanager 
Slate-throated Whitestart 
Collared Whitestart 
Black-cheeked Warbler 

From J'v1oynihan 1968. 
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Hooded l\1ountain Tanager 
1\1asked Ivlountain Tanager 
Blue-\vinged Ivlountain Tanager 
But1-=-breasted Mountain Tanager 

Mom1tain Tanager 
Ulack-eared Hemispingus 
Golden-collared Tanager 
Plushcap 

The advantages of tnultispecies feeding associations are so marked that. 
in some cases, unrelated bird species have similar plmnage color patten1s 
that promote flock cohesion. Subordinate species increase acceptance by 
rescm bling dominant flock members. The color patterns of birds that tlock 
together in the mountains of Central and South Arnerica otTer striking 
examples of such social adaptations (Table 11-2). Those species that par
ticipate regularly in the montane flocks of \Vestern Panama are typically 
black and yellow. smnetin1es variegated \Vith brown and white. Bright 
blue or cotnbinations of blue and yello\V prevaiL instead, in the humid 
temperate region of the northern Andes. Farther south. in Bolivia. the 
flock colors are blue or blue gray above and chestnut belo\v. Such dis
tinctive color patterns possibly serve as flock "'badges,., which enhance 
the social integrity of multispecies flocks. 

Colonies 

About 13 percent ofbird species, including n1ost seabirds, nest in colonies 
(Figure 1 1-16). Colonial nesting evolves in response to a combination of 
tvv·o environrnental conditions: ( 1) a shortage of nesting sites that are safe 
tl·om predators and (2) abundant or unpredictable food that is distant from 
sate nest sites (Siegel-Causey and Kharitonov 1990). Colonial nesting has 
both advantages and disadvantages (Box 11-6). First and foremost. indi
vidual birds are safer in colonies that are inaccessible to predators, as on 
small rocky islands. In addition. colonial birds detect predators more 
quickly than do small groups or pairs and can drive the predators from 
the vicinity of the nesting area: in one classic exatnple, the effectiveness 
\Vith which Common Black-headed Gulls mobbed predators increased 
with the number of participants (Kruuk 1964). Because nests at the edges 
of breeding colonies are n1ore vulnerable to predators than those in the 
centers, the preference tor advantageous central sites promotes deme cen
tralized packing of nests. 
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FIGURE 11-16 Northern Gannets, an abundant seabird of the North Atlantic, nest in 
densely packed colonies on oceanic islands. [Ke11i11 Schafer!CORBIS] 

Coordinated social interactions tend to be \veak in the initial evolu
tionary stages of colony formation, but tme colonies provide extra ben
efits. Synchronized nesting, for example, produces a sudden abundance 
of eggs and chicks that exceL·ds the daily needs of local predators. Addi
tionally, colonial neighbors can improve their t()raging by watching oth
ers. This behavior is especially valuable when the otT-sitL' food supplies 

.. IJQ~.· ll~; 

COLONIALI1Y IN YELLOW-RUMPED CACIQUES 
REDUCES PREDATION 

The Yellow-rumped 
Cacique nests in colonies 
in Amazonian Peru. These 

tropical blackbirds defend their closed, pouchlil<e 
nests against predators in three ways (Robinson 
1985). First, by nesting on islands and near wasp 
nests, caciques are safe from arboreal mammals 
such as primates, which destroy more accessible 
colonies of other birds. Caimans and otters also 
protect the island colonies by eating snakes that 
try to cross the open water surrounding the 
colony. Second, caciques mob predators as a 

group. The effectiveness of mobbing increases 
with group size, which increases with colony size. 
Third, caciques hide their nests from predators by 
mixing active nests with abandoned nests. Over
all, nests in clusters on islands and near wasp 
nests suffer the least predation . Female caciques 
switch colonies after losing nests to a predator, 
usually to sites that offer better protection against 
that predator. By such mechanisms, the best 
colony sites accumulate the largest numbers of 
nests. 
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FIGURE 11-17 A large nesting colony of King Penguins on Possession Island, Crozet 
archipelago. The large, dark "furry" ones in front are young penguins. [H G j Eril<sen! 
VIREO] 

are restricted or variable in location. as are swarms of aerial insects har
vested by s\vallows or schools of small fish harvested by seabirds (Figure 
11-17). The colonies of American ClitT Swallows. fi.))" example, serve as 
information centers ti·om which unsuccessti.!l individual birds tollow suc
cessti.Jl neighbors to good feeding sites (Brown and Brown 1995) . ClitT 
swallows that were unable to find food returned to their colony. located 
a neighbor that was successful, and then followed that neighbor to its food 
source. All birds in the colony were equally likely to follow or to be fol
lowed and thus contributed to the sharing of information that helped to 
ensure their reproductive success. As a result of their enhanced foraging 
etliciency, parent swallows in large colo11ies returned with food for their 
nestlinbrs more ofi:en and brought more food each trip than did parents 
in small colonies. 

To suppmt large congregations of birds, suitable colony sites must be 
near rich . clumped fc)od supplies. Colonies of Pinyon Jays and Red Cross
bills settle near seed-rich conifer forests, and Wattled Starlings nest in large 
colonies near locust outbreaks. The huge colorlies of Guanay Cormorants 
and other seabirds that nest on the coast of Peru depend on the produc
tive cold waters of the Humboldt Current. The combination of abundant 
food in the Humboldt Current and the vastness of oceanic habitat can 
support enormous populations of seabirds, which concentrate at the tev.· 
available nesting locations. The populations crash when their food sup
plies decline during El Nir'io years. 

Amo ng the costs. colonial nesting leads to increased competition for 
nest sites and mates. increased cuckoldry, the stealing of nest materials, 



and increased physic1l interterence. In spite of f(Jod abundance. large 
colonies sometirnes exhaust their local t"l)od supplies and abandon their 
nests. 

Large groups also attract predators, especially raptors. and £1cilitate the 
spread of parasites and diseases (Tella .:2002). The globular nmd nests in 
large colonies of the Atnerican ClitT S\vallow, for exan1ple, are more likely 
to be infested by fleas or other bloodsucking parasites than are nests in 
sn1all colonies (Brown and Brown 1986). Experiments in which some 
burrows were fmnigated showed that these parasites lowered survivorship 
by as tnuch as 50 percent in large colonies but not significantly in snul1 
ones. The swallO\;\,'S inspect and then select parasite-fi-ee nests. In large 
colonies, they tend to build ne\v nests rather than use old, infested ones. 
On balance. the advantages of colonial nesting clearly outweigh the dis
advantages. given the rnany times at w·hich colonial nesting has evolved 
independently among ditTerent groups of birds. Still lacking, hovv·ever. is 
a general fi-ame\vork f()r testing dit1erent hypotheses tor the evolution of 
coloniality (Danchin and Wagner 1997). 

Communal Roosts 
Large nun1bers of sotne bird species congregate tor the night in conlnm
nal roosts. especially during the nonbreeding seasons. The evening flights 
of crows and their relatives. herons and \Vatert()wl of many species, 
Y cHow-headed Blackbirds, Common Starlings. and 1nany others con
verge to their respective roost sites by the thousands-millions in smne 
cases. Cmnmunal roosting potentially confers n1any of the san1e benetlts 
as does colonial nesting-reduced predation, increased foraging etli
ciency. and, sometimes, reduced energy expenditures tor thermoregula
tion (Beauchamp 1999). A role as information center emerges as one of 
the best demonstrated of these benefits. 

Experi1nents with Northen1 Ravens in Maine illustrate ho\v individ
ual birds learn where to look for food on the day after a carcass discov
ery (MarzlutT et al. 1996; Marzluff ;md Heinrich 200 I). Their interactions 
at a carcass were described earlier, including the need of young birds to 
recruit allies to get past adults that defend a carcass. In this experirnent, 
naive ravens released into a roost f"l)llowed roost mates to their feeding 
sites the next morning. Conversely, 3 of .:20 ravens rele;1sed at a carcass 
led roost n1atcs to it the next day. l::;our additional lines of evidence tl-om 
this study support the intonnation-centcr hypothesis: 

1. The roosts included knowledgeable and naive foragers. 

2. Most roost n1embers departed together in one direction in the monling. 

3. The departure direction changed ti-om day to day. 

4. The same individual birds switched leader and follower roles, de
pending on their kno\vledge of where food was. 
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intricate social interactions, including dominance relations and mate 
choice, in the cmnpkx societies of these intelligent birds. 

Summary 
The defensibility of a given space, the variability of ±ood resources, and 
the probability of attack determine spatial relations and social behavior. 
Territorial behavior is characterized by acts of display intended to discour
age the presence of rivals and by the exclusive continued use of a ddined 
area by the clefending individual bird and perhaps its mate and progeny. 
The relative costs and benefits of territorial behavior govern its tlexible 
expression. Donlinance status stn1ctures the relations among individual 
birds in flocks. a system that reduces strife. DitTerences in plmnagc color 
nuy serve as badges of dominance status. 

Flock formation reduces the risk of predation and improves t"lJraging 
et11ciency. Flock rnembers benefit ±1-om one another's vigilance for dan
ger as \Vell as fl·mn one another's prospecting ft)r scarce food. Team hunt
ing i1nproves teeding success in some species. Flocks may be loose 
opportunistic aggregations or highly structured social systems \Vith closed 
memberships. Mixed-species Hocks increase the benetlts of mutual pro
tection \Vithout the costs of sharing space or t()od with competing mem
bers of the s:1me species. The advantages of rnembership in mi-xed-species 
flocks tnay pron1ote conver~ence in phnnagc color patterns and social 

,, 
mmucry. 

Many bird species congregate in large nun1bers to nest in colonies or 
to roost communally. Reduced predation risk in safe places, by virtue of 
large nmnbers and through group defense, is one of the primary benefits. 
Reduced energetic de1nands of thennoregulation, especially in cold cli
tnates or seasons, is another benefit. Studies ofswallov\'·s and ravens demon
strate that colonies and roosts also serve as int(1rmation centers where 
young or unsuccessful birds can follo\v others to new tood locations. 



PART 5 

AVIAN Ll FE HISTORIES 



Mates 
The appliccltion of molcwlar gmetic techniques has 
ret~olutionized o11r t~iell' c~( al'imz mating systellls. 

[Grit11th eta!. 2002, p. 21951 

T he eggs of the flightless Bro-wn Kivvi are huge. each 25 per
cent of a female kiwi's body size (Figure 12-1). They are an 
extrerne example of a female bird's reproductive investment. 

In contrast, nule kiwis and other birds invest ditlercntly, producing v:1st 
nurnbers of tiny sperm. capable of fertilizing many such eggs. 

The diHerent investments that males and females nuke in their 
garnetes drive ditTerent options for maxi1nizing individual reproductive 
success. including their mating opportunities and how best to invL'St in 
quality otTspring. Most birds fonn a pair bond with a bird of the oppo
site sex. They raise their oHspring together because both parents are needed 
to provide adequate care. But, beneath the veneer of cooperation lie ma
jor conflicts of interest and cryptic initiatives. Fen1alcs have an arsenal of 
ways to protect their investments in large, expensive eggs. J\.1ales, instead. 
must balance the options of rnating with extra ten1ales against caring for 
their ovvn young. 

Conversely, females can irnprove the quality of their oHspring through 
extra-pair copulations with high-quality tnales. DNA fingerprinting analy
ses reveal chicks £ithered by neighbors in rnost broods. In R.ed-\vinged 
Blackbirds, for exarnple, t1·mn 23 to 4R percent of nestlings are sired by 
a 1nale neighbor. not by the fenule 's mate (Y asukawa and Searcy I ()l.J5). 
In addition, fenules that consort with neighbors produce 1nore young than 
do females that are t~1ithfitl to their nutes. Adding fi.trther uncertainty to the 
genetic identity of chicks in a single nest is the possibility of brood par
asitisnl by other temales, resulting in nestlings unrelated to either parent. 

This chapter starts with a look at the attributes that ~1fiect birds' life
titne reproductive success. Front and center are the ch~1llenges of 111atc 

choice. Pair fon1ution requires critic1l assess1nent of potentia] mates, 
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FIGURE 12-1 The Brown l<iwi produces an enormous egg relative to its body size. 
This species provides an extreme example of the great investment of reproductive 
energy that female birds put into egg production. This x-ray reveals the egg in the 
oviduct just before laying. [Copyright 1978 by the Otorohanga Zoological Society . used 
with permission] 

especially by temales, which are able to evaluate traits that may indicate 
a rnale 's quality. Females can use elaborate male courtship displays and 
plumages to assess male condition, but these displays and plumages may 
also help males to achieve dominance and access to females. Featured 
examples include species that display on conununal courtship grounds 
known as leks, such as manakins and Ruffs, as well as bovverbirds and 
their artistic crafts. The chapter concludes \Vith an overview of monogamy 
(one male to one female). the most common avian mating system, with 
emphasis on the role of the extra-pair copulations th<lt sire a substantial 
tiaction of otTspring in most species of songbirds. Alternative breeding 
systerns-polygyny (one rnale to multiple females) , polyandry (one female 
to multiple males). promiscuity, brood parasitism, and cooperative breed
mg-are the province of Chapter 13. 

Life-History Strategies 
N atural selection favors individual birds that achieve the greatest lifetime 
reproductive success. The acquisition of a prime mate is a first and criti
cal step toward success. DitTerent investments into annual reproductive 
efforts then add to the diverse lite histories of birds. Some birds lay many 
eggs, whereas others lay just one. Some birds typically live for decades 
and others tor just t\VO or three years. 



Inherent in such strategies are tradeotlS between annual reproductive 
investment and longevity. Individual Common Kestrels that t1edge fewer 
young each year live longer (see Figure 17-9). To maxitnizc their con
tribution to the next generation, individual birds must achieve optitnal 
cmnbinations of variables that at1ect their lifetime reproductive output. 
For example, the costs and often poor results of attempts to breed by year
ling or inexperienced birds tlVor delayed Inaturity in sorne species. Re
call the costs of prolonged molt incurred by male American Redstarts that 
invested more time in parent:1l care during the summer (see page 266). 

Field experiments detnonstrate the interdependence oflife-history traits 
and the expression of sexual plumage badges of male Collared Flycatch
ers (Gustafsson et al. 1995). I\lblcs '"'ith brge \Vhite f(xehead patches mate 
with more fen1alcs and achieve higher lifctin1e reproductive success than 
do males with smaller patches (Figure 12-2). However, increased parental 
etiort. imposed by experin1entally adding more young to a nest, causes a 
tnale ·s forehead patch to be smaller the toll owing year. Such a 1nale then 
sufters a reduction in its breeding success in subsequent years, with cas
cading negative etTects. 
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FIGURE 12-2 Collared Flycatcher experiments demonstrate the tradeoffs between 
reproductive effort and size of their white forehead patch. Males with large patches are 
more likely to win territorial disputes and produce more young per breeding attempt. 
But extra reproductive effort in one year leads to smaller sizes of the white-colored 
forehead patch in the following year. (A) Experimental decreases in the number of 
young in a nest fostered an increase the next year in the size of the forehead patch of 
the males that tended those nests. Conversely, experimental increases in the number 
of young and thus increased parental effort led to smaller patches. (B) Males that 
switched from one to multiple mates (monagamous to polygynous) the next year also 
had a larger forehead patch size the second year. [After Custafsson eta/. 1995] 
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ofCollared Flycatchers. First-year males raised in the enlarged broods have 
smaller patches than those of first-year males raised in small broods. They 
are then handicapped w·hen they co1npete few mates the following year. 
In all these examples . lite-history strategies are based on the balancing of 
the short-term and long-term dli.:cts of mate choice. 

Mate Choice and Sexual Selection 
Striking sexual difterences in plumage (and size) are typical of many birds. 
Darwin concluded that exaggerated sexual differences such as the tail of 
a peacock or displays of the Wild Turkey evolve as a result of what he 
called sexual selection-namely. contests among males for mates and 
female preferences tor particular males (Figure I 2-3). As potential male 
reproductive success increases. so does the value of the characteristics-

FIGURE 12-3 Strutting male Wild Turkeys cooperate in courting a hen. Only the 
dominant male in a coalition of brothers actually mates with the hen. The remaining 
siblings benefit by virtue of being kin when some of the genes that these siblings have 
in common with their brother are passed on to the next generation. [Co11rtesy of 
A. Cruicl<shani</VIREOJ 



large size, Eu1cy plumagL'. intricate songs, and striking dispLiys-that are 
responsible for the success. The resulting evolutionary process of sexual 
selection leads to dif1en:nces betvveen the sexes in size and ornamenta
tion, c1lled sexual dimorphisn1. D;1rwin 's insights into the evolutionary 
role of sexual selection are novv largely confirmed. but the eftects of com
petition among males, tenule choice, and resources other than mates 
intert\vine in even tnore intricate ways than Darwin proposed. 

Choice of Superior Mates 

Mutual assessrnent of prospective p~1rtners is a vital aspect of the early 
stages of courtship and pair tonnation. The ornaments and displays El
vored and tnaintained by sexual selection are those that reliably retlect the 
superior condition of certain tnales, enabling temaks to select the best 
possible mates. For example. House Finch temales prefer brightly colored 
males. \Vhich have better survival rates and are better f:unily providers (see 
Box 4-4). The familiar t1ight displays of male Bobolinks over lush fields 
advertise their condition. Fernales Ewor tnales that display longer. Such 
rnales have larger 6t reserves and consequently t1edge more young than 
their neighbors do (Mather and R.obertson 1992: Figure 12-4). Experi
ments confirmed this fetnale preference: tnales with clipped w·ings had 
shorter tlight displays (3.5 s) than those of control males (5.8 s) and ac
quired significantly fewer tnates (aver;1ge = 0.67) than did control males 
(average = 1.0). 

Studies of birds kd to the tonnulation of robust hypotheses that now 
guide research on the mating systems of animals of all kinds. Two types 
of hypotheses explore why females choose males with tnore elaborate 
plmnage or displays. They are called ''good genes" and ''arbitrary choice 
with runaway selection'' hypotheses, respectively. 

The good-genes hypotheses propose that exaggerated male plumage 
and courtship displays truthfully signal genetic or physiological superior
ity. Females should recognize superior males and select them to sire otT
spring. What aspects of genetic or physiological superiority might exag
gerated courtship displays serve to index? One possibility \~'ould be a male's 
superior survival skill. For exarnple, the enonnous tail of a peacock might 
actually be a handicap during tlight or escape. So would be bright colors 
that might attract predators (Zahavi I {)75). Males that survive to display 
such handicaps \Vould have superior stamina or abilities to escape preda
tors. Evolution would tend to En,.or bigger and bolder badges of this so
called handicap superiority if fenules preferred to mate \Vith the males 
that bore such badges. 

Another application of the good-genes hypotheses asserts that orna
tnented plumage provides an index to a male's health, particularly its re
sistance to pathogens and parasites (Hamilton and Zuk 1982). Females 
could dctecr disease-prone nules by the lower quality of their displa)' 
plmnage or by their reduced display stamina. Strong evidence now exists 
for this hypothesis. Among their many dlects, parasites reduce the sheen 
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FIGURE 12-4 Honest advertising. (A) Female Bobolinks prefer males in good 
condition that display their superior condition with longer flight displays. (B) The 
average number of females that (unaltered) males attracted increased with their 
relative condition, defined in terms of their total body mass relative to wing length. 
!After Mather cmd Robertson 7992] 

of ultraviolet coloration of bird feathers. The iridescent blue plumage of 
male Satin Bowerbirds, for ex~unple, has a single wavelength peak in the 
ultraviolet (Doucet and Montgmnerie .2003). The visual intensity of this 
peak predicts the male's level of infection by blood parasites, because ul
traviolet sheen decreases with increasing intection. Ultraviolet signals are 
important t"lw nute choice in bluebirds (see page 1 00), Blue Tits (Box 
12-1). and rnany other species as \Veil (Siitari et al. 2002). 

Other evidence tor the use of a bird's appearance as an index to its 
health cmnes fi·om studies of Red Jung1efowl. which are the ancestors 
of domestic chickens. Marlene Zuk and her colleagues (l990a, 1990b) 
first established that hens of the Red Junglefowl mated more quickly 
\Vith roosters bearing large, fleshy, red combs on their heads. The hens 
use comb size as an index to the health of a potential mate. Comb size 
is strongly aff-ected by the level of blood testosterone. which, in turn, af
fects the binfs physical condition. lntestin:1l nemJtode -vvorms reduce 
comb size, \Vith the result that hens prefer roosters without \Vorms over 
those that are infected. 

Parasites also afi:ect the quality of male on1aments that serve as the basis 
t(Jr female choice in Barn S\vallo\vs. The long, forked tail streamers of 



the Euniliar Barn Swallow may be a male's most important ornarnent 
(Moller 1994; Evans 1998). Strearners have important aerodynamic func
tions, including the reduction of flight costs. In addition. the stre;;uners 
are subject to sexual selection. Male swallcnvs attract fen1ales by singing 
and displaying their outermost tail feathers, \Vhich are larger than those 
of females. Tail length serves as an index to a tnale's load of ectoparasites, 
particularly bloodsucking mites, which reduce weight, tail-feather length, 
the survival of nestlings. and the reuse of nests. Unmated tnales have n1ore 
parasites than mated rnales. and rnated pairs exhibit similar parasite loads; 
that is, males and females with the lowest parasite loads tend to pair \Vith 
each other. Female S\vallows Inate more readily with n1ales that have 
longer tails. Often these rnales are older because tail length increases \vith 
age, but fenules still prefer same-aged males with the longest tails. Once 
paired, females also preter longer-tailed, unn1ated males as partners for 
extra-pair copulations. Balancing the attractiveness of males with long tail 
streamers, then, is their reduced ability to guard their tnates t!·om other 
tnales (Smith et al. 1991). Thus, long-tailed nule Barn Svvallows are cuck
olded more often than their less attractive neighbors. 

The large sizes and conspicuous plumages favored in reproductive dis
plays may be liabilities in other regards. Large size itself requires greater 
energy expenditure. There is sorne evidence that large 1nale Red-winged 
Blackbirds are at a disadvantage because they n1ust sacrifice display time 
tor feeding. Among species of North American blackbirds, males that are 
n1uch larger than fen1ales tend to sutrer greater mortality as nestlings 
(Searcy and Yasukawa 1983). Similarly, because they grow t\vice as 6st 
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Male and female Blue Tits look almost 

·. the same to the human eye but not 
to each other (Andersson et al. 1998; 

Hunt et al. 1998). The plumage of both sexes in
cludes strong ultraviolet (UV) reflectance, which 
makes the birds more conspicuous to each other 
against the background colors of the woods in 
which they live. Males also have a brilliant purple 
crown patch that we cannnot see. The males dis
play their ultraviolet crown patch prominently 
during courtship, especially in the early morning 
light. Consistent with the process of sexual selec
tion, females prefer males with the brightest 
crown patches. Females also pair assortatively: 
those with the brightest UV reflectance in their 

own plumage pair with the most brightly colored 
males. 

The intensity of the male's crown patch indi
cates its viability. predicting its survival to the next 
breeding season (Sheldon et al. 1999). In addi
tion, males that are genetically more heterozy
gous (at protein loci) have brighter crown patches 
than those of males with less genetic variability 
(Foerster et al. 2003). Even more startling, female 
Blue Tits increase the proportion of male offspring 
in their broods in proportion to the UV re
flectance of their mates. They skew the sex ratio 
of their young to favor the best males. Experi
mental masking of the crown patch of their mates 
erases the bias toward male offspring. 
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FIGURE 12-5 Male 

reproductive success varies 

greatly, depending on the 

quality of the territory that 

they defend. Shown here is 

the variation in the sizes of 

harems of male Red-winged 

Blackbirds in Washington 

State. [After Searcy and 
Yasufwwa 1983) 

as females to reach thc·ir fi.111 adult size by the end of their first sununer. 
tnale Western Capercaillies, a huge species of Eurasian grouse, are n1ore 
vulnerable than females to starvation when food is scarce (Wegge 1980). 

The same bright colors that announce a tnale's presence to potential 
rivals or mates may also attract precbtors. l"tock Ptarmigans provide an 
unusual case study of the tradeot1s between display and risk (Montgmnerie 
et al. 200 I). Males of this alpine grouse are bright white and conspicu
ous when in courtship mode at the beginning of the breeding season. Still 
in their \vinter \\,.hite, \Vhich blends with the sno\v cover, they stand out 
against the ;1lpine colors vvhen the sno\v tnelts. For a while, therefore, 
they are extremely vulnerable to predators. One in tour is eaten in June 
and July alone. As soon as they pair, ho\vcver, they soil their finery \Vith 
mud and dirty \Vater to camoutlage thL'mselves until they molt into cryp
tic brown summer phnnage. 

Male Quality versus Territory Quality 

1\!lost birds are monoganwus: that is, they tonn simple pairs of one nule 
and one tem;1le on one territory. Sexual selection is manifest in the ini
tial stages of competition atnong males for a breeding territory and then 
in the decisions by females to reside with particttlar n1ales on their prop
erty. Where they can control high-quality teni.tories, some species such 
as the Red-winged Blackbird of North Atnerica are polygynous, often 
pairing with tvv'O or n1ore fenules. They also exhibit sttiking sexual di
morphisn1 and large variation in their sexual success (Yasuknva and Searcy 
1995). 

Male Rcd-\vinged Blackbirds are jet black \vith bright red and yellow 
shoulder p;ltches, or "epaulettes." Females are snuller and plainer, streaked 
bro\vn. Males establish and defend large territories in n1arshes throughout 
North Atnerica. Those \Vith the best territories attract harems of as tnany 
as 13 fen1ales (Figures 12-5 and 1 :2-()). The tnale's red epaulettes are es
sential to winning in cmnpetition with other 1nales for quality territories. 
Males on which the red is experimentally dyed black sutTer more tlTquent 
challenges and usually lose their territories, although those that are not 
challenged still attract n1ates. The epaulettes have evolved in relation to 
nule-nule competition, not to female choice. 
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FIGURE 12-6 A territorial male Red
winged Blackbird in aggressive display 
posture. [From Orians and Christman 
1968) 

Sexual selection among male R .. ed-winged Blackbirds operates through 
competition tor the best territories. Female Red-winged Blackbirds con
sistently choose high-quality territm;es rather than particular males. Wa
ter leveL nest cover. and abundance of food determine territory quality 
and, therdi.we, a tl:·male 's nesting succe-;s. A temale's nesting success is not 
lowered by the presence of other females and may actually improve ow
ing to lower 1;sk of predation. Male age is a secondary criterion tor te 
mak lted-\vinged Blackbirds in some parts of the country. Females pre
fer older, more experienced males in Indiana, where males help feed the 
young, but not in Washington. where males do not help feed the young. 

An extraordinary, unrelated counterpart of the Red-winged Blackbird 
lives in East Atl~ic1. The male Long-tailed Widowbird is a convergent 
species that is jet black with bright red epaulettes. It defends marshland 
territories in the highlands of Kenya. Sexual selection has gone a step or 
two further in the enhancL·nwnt of the male display that is characteristic 
of this species. True to its name. the Long-tail ed Widowbird has an enor
nlous tail , as much as half a meter long. Like temale !ted-winged Black
birds, tl:·male widowbirds arc small, brown-streaked birds. Sexual selec
tion bvors the long tail of the male because it enables temales to spot him 
tl~om a6r. Humans can spot a displayin~ Long-tailed Widowbird frorn 
more than a kilometer away. 

In an elegant experimL'IH, Malte Andersson (1lJX2) increased the tail 
lengths of some male \Vidowbirds by 25 centimeters and decreased 
the tail lengths of others by that same amount (Figure 12-7). Males \Vith 

Shortened Control Control Elongated 
I II 

Tail treatment 
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FIGURE 12-7 Female 
Long-tailed Widowbirds 
prefer males with long tails. 
In this experiment, the tails 
of some rna les were 
shortened and the tails of 
others were extended . 
Control I males had their 
ta i Is cut off and then 
resrored, and control II 
males had unaltered tails. 
The ability of males to 
attract females to their 
territories directly correlated 
with their tail length . [After 
Andersson 1982] 
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··super'' tails attracted more fernales to nest on their territories than did 
nulcs ·with shorter tails or tails of normal length. These experimental ma
nipulations did not, however, afiect a tnale's ability to hold his territory. 
Female preference, rather than n1a"le competition, -vvas the source of sex
ual selection in Long-tailed \Vidovvbirds. 

Evolution of Displays 
Paralleling the good-genes hypothesis for fen1ale selection of exaggerated 
1nale ornamentation is the concept of arbitrary choice and runaway se
lection. This concept stresses a rnore arbitrary process of ornament and 
display elaboration based on intrinsic female preferences for Emcier 
tnales-dubbed ·'fashion icons" (Ridley 1992). Asscsstnent of male qual
ity by a good-genes hypothesis \Vas not part of the original concept, 
but the tvvo hypotheses potentially overlap and reinforce each other. Once 
the process of bvoring slightly tnore elaborate displays or plumages be
gins, it 1nay go to extremes, as in the bizarre plmnage displays of birds
of-paradise. Genetic models of runavvay selection require the linking of 

(B) 

(D) (E) 

FIGURE 12-8 Elaborate plumages and displays of male birds-of-paradise: (A) Twelve
wired Bird-of-Paradise; (B) Lesser Bird-of-Paradise; (C) Magnificent Riflebird; (D) Superb 
Bird-of-Paradise; (E) Magnificent Bird-of-Paradise. [From johnsgard 7967] 



the genes controlling male traits to the genes controlling te1nale prefer
ence t()r those traits. The process of in1printing in young birds innately 
fbsters adult preferences tor new and t;mcier on13Jnentation (see Chapter 16). 

Sexual selection drives the evolution of courtship displays and other 
behaviors. In 6ct, we can infer the phylogeny of behavioral displays in 
much the same way as we inter the phylogeny of morphological traits. 
The t\vo tend to evolve in concert. For example, the formidable displays 
of the birds-of-paradise feature elaborate arrangements of specialized feath
ers (Figure 12-8: see also Figure 1-1). 

Closely rebted birds tend to have similar display behaviors. Specific 
displays. for example. distinguish thL' main groups ofpelecanit()nn sL·abirds. 
Members of the Suborder Pelecan i-pelicans, boobiL·s, an hingas, ~md cor
morants-have a similar "bowing'' courtship display that is absent fiom 
the courtship behavior of tropicbirds and fi·igacebirds. The closely related 
boobies and gannets have ''head wagging" displays. \vhereas the closely 
related anhingas and con11orants have ·'kink throating'' and ·'pointing'' 
displays. Pelicans. however, lack these displays as well as "sky pointing," 
"\ving waving.'' and the ''hop" used by boobies, anhingas, and cormorants 
(Figure 12-9). 

Some displays are evolutionarily conservative, whereas others change 
in concert with ecology. In the Boat-billed Heron, a shift in feeding ecol
ogy prmnpted the transformation of its displays (Mock 1975). The Boat
billed Heron is a Neotropical night heron with a wide bill evolved for 
touch-feeding in seasonally flooded lagoons. Its repertoire of social dis
plays dif1ers substantially fi-om that of other herons. For example, its dis
plays en1phasize sounds rnadL' \Vith the bill. This heron also uses dramatic 
visual displays such as the tall-rocking displa·y (Figure 12-1 U). A shift in 
the Boat-billed Heron's feeding niche fostered the evolution of a wider. 
n1ore sensitive bill and n10re sensitive eyes tor nocturnal feeding. The 
ecological and accompanying 1norphological transfonnations then led to 
radical n1odiflcations of displays f{>r better communication in the dense 
nesting habitat where visibility \Vas poor. 

Manakins 

Courtship displays and structures evolved together in tiny. promiscuous 
forest bird-; of the New World tropics. called nunakins (Pipridae) (Fig
ure 12-11 ). Male manakins, as well as a variety of other bird species. dis
pby in courtship arenas that contain no resources. They f(>rn1 no lasting 
pair bonds. The promiscuous tnales of such species will mate with as rnany 
females as possible. Females visit displaying males t()l- one purpose only
tertilization-and then build their nests and raise their young elsewhere 
by thetnselves. 

Some of the 40 species of manakins pertcm11 circus! ike, \vhirling co
operative displays or strut up and down t~1llen logs (see p~1ge 352). Video 
filn1s of these \Vondcrful behaviors are available on the Web (Google Im
ages: video + manakin). M;my components ofmanakin courtship displays, 
such as the backward dances of species in the genus Pipra, are conserved 
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(B) 

(D) 

FIGURE 12-9 Displays of pelicaniform birds. (A) Bowing displays: 1, quiver bowing of 
Brown Booby; 2 and 3, front bowing of Great Cormorant; 4 and 5, wing bowing of 
Northern Gannet; 6 and 7, front bowing of Red-footed Booby. (B) Pointing (left) and 
kink-throating (right) displays of male Anhinga. (C) Sky-pointing displays (left to right): 
Brown Booby, Masked Booby, Red-footed Booby, and Blue-footed Booby. (D) Wing
waving displays (left to right): Great Cormorant, Neotropic Cormorant, and Pelagic 
Shag. [After Von Tets 1965] 
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OTHER NIGHT HERONS NEOTROPICAL POPULATION 

j NEOTROPICS: Rainy 
~ season floods make 

SHIFT IN FEEDING NICHE: ephemeral abundances 
Touch-feeding and increased of lagoon prey 
nocturnality (at least when 

/breeding) 

Widerbill / \ 
More sensitive bill 

Light-sensitive eyes 

Need to be near food 

I Predation pressure 

/ 
SHIFT IN NESTING HABITAT: 
Mangrove thickets under canopy 

+ 
MODIFICATIONS IN DISPLAY REPERTOIRE: 
For better signal transmission in dense habitat 

FIGURE 12-10 Tall-rocking display of the Boat-billed Heron (right), a species in 
which shifts in ecology (diagram) have led to major modifications in its repertoire of 
displays. [After Mocl< 1915] 
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FIGURE 12-11 Displays of the White-bearded Manakin. 
[After Snow 1916] (A) The grunt jump: "Landing transversely 
on one of the uprights within a fevv inches of the ground, it 
becomes momentarily tense, with beard extended-a slowed 
down film shows the bird quivering as if bracing itself for the 
effort-then ... it projects itself at lightning speed headfirst 
down to the ground, turns in the air to land on its feet for a 
split second, and with a peculiar grunting noise rockets up to 
land in a higher position than the one it has just left. The 
whole evolution lasts about a third of a second." (B) "It may 
then do what I called its 'slide-down-the-pole': with fanning 
wings and taking such short rapid steps that it seems to slide, 
it moves down the perch for a foot or so and remains near 
the bottom of the upright for a moment, usually to resume 
its to-and-fro leaping and snapping" (Snow 1976, p. 42). 
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through the evolution of groups of species. The changes trace their evo
lution history and match the changes of the sy1inx (Prum 1990; Bostwick 
20(Hl). 

As another example. three species-Crimson-hooded Manakin, Band
tailed Manakin. and Wire-tailed Manakin-have in common the p1imitive 
"v,·ing shivering'' and "about t':1ce " displays. The Wire-tailed Manakin en
hances these displays with lengthened. paintbrushlike extensions of its tail 
feathers , v.;hich svvish back and forth across th e tace of the visiting female 
bet(we mating. In each of these cases, and in others as well, evolutionary 
changes in display behavior tend to precede and to ·'d1ive'' the evolution 
of enhancing plumage traits. 

Species of P1)Jr<1 manakins ;md the unusual Club-winged Manakin use 
modified secondary wing feathers to make mechanical noises with their 
displays. The Club-winged Manakin is extreme in the modification of the 
secondaries (see page H5) , as well as in the diversity of unique mechani
cal so unds made during its bachvard. wing-thsh dance (Figure 12-12). 
Phylogenetic analysis of behavioral and syrin.x characters reveals that the 
Club-winged Manakin evolved its extreme displays and mechanical sounds 
tl·om homologous characters of the ancestors of P1pra manakins. Phylo
genetic analysis of manakin relationships also suggests that (1) modifica-

.--;c 

~:i 
'.' 

FIGURE 12-12 The displays of the Club-winged Manakin include a 
backward wing-flash display. (A) In this display, the bird slides back 
along the branch and then flashes its wings upward, producing at the 
same time a loud mechanical noise (double ting) by snapping its 
secondary wing feathers together. (B) Phylogenetic analysis of behavioral 
and morphological traits (such as syrinx anatomy) reveals that the 
Club-winged Manakin is most closely related to manakins in the genus 
Pipra (e.g., Wire-tailed to Red-headed in this phylogenetic analysis) . 
which also do the backward dance. Elaborations of the wing feathers of 
the Club-winged Manakin into castanet-like instruments has led to an 
unusually diverse repertoire of mechanical sounds that subsitute for the 
vocal sounds of other manakins, leading, in turn, to the loss and 
simplification of the syrinx anatomy. !From Bostwicl< 20001 

.------- Ourgroup 

,.------- Colde~~-winged Manal<in 

.------ White-bearded Manakin 

.----- Blue-crowned Mcmakin 

,----- White-crowned Mannl<in 

.---- Club-winged Manakin 

Wire-tailed Manal<in 

Band-tailed Manal<in 

Crimson-hooded Manakin 

Scarlet-IJOrned Manal<in 

Red-capped Monal<in 

Colden-lleaded Manal<in 

Red-headed Manakin (B) 



tion of the \Ving feathers to produce mechanical sounds by both Pipra and 
Club-winged Manakins follo\ved the evolution of the back\:vard dance 
and (2) Club-winged Manakins h~1ve simplited the structure of the syrinx 
through losses and reversals of character change in deference to the use 
of n1echanical rather than vocal sounds. 

Lek Displays 

The lek is nature's version of a singles b~Jr. fShcrnlJn 1999, p. 1191 

The display grounds of prmniscuous birds such as rnanakins vary fi·om 
solitaiy courts to large, communal display grounds, or leks. At one extrerne, 
Great Argus males in Malaysia hold t<.1rth on isolated dcep-f(xcst courts (Fig
ure 12-13). At the other extren1e, dozens of Black Grouse fKe otr on the 
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FIGURE 12-13 The mating 
grounds of promiscuous 
birds include (A) communal 
leks of Black Grouse and 
(B) isolated display courts of 
the Great Argus. [From Lac!< 
7968] 
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FIGURE 12-14 Andean Cock-of-the-Rock, a brightly colored lek species of the 
tropical forests of South America. 

moors of northern Eurasia. Andean Cock-of-the-Rock males (Figure 
12-14) will garber like glowing orange ornaments on leks in the under
story of the rain forests of South Ame1ica . and Sage Crouse strut on the 
open plains of the western United States (see Figure 3-14). Such avian dis
plays have even provided inspiration tor human cultures. The Jivaro Indi
ans of South America copy the Andean Cock-of-the-Rock in a sensual 
dance ceremony. Blackfoot Indians of the western United States mimic the 
foot stomping, bowing, and strutting of the Sage Grouse \vhile wearing 
costumes matching the grouse's spread pointed tail. 

Competition among males and hence sexual selection reach extremes in 
these species. Intense competition ranks males in a dominance hierarchy 
that detennines w·hich males sire most of the next generation. In the v'>,;ell
smdied Sage Grouse of western North America. one or two dominant males 
achieve fi·om 54 to ~6 percent of all matings on their leks (Schroeder et a!. 
1999). One male Lesser Bird-of-Paradise displaying on a lek with six other 
males made 24 of the 25 observed copulations (Beehler 1983). 

Why should promiscuous males gather in leks in which a few domi
nant birds mate most trequently? The potential costs are substantial. 
Among them is predictable f1ilure to consummate copulation because of 
disruption by competitors (Trail 1985) . 

Field studies on ditlerent species support three primary models tor the 
evolution of leks (Sherman 1999). They are (l) the ·'hot spot" model
males gather at sites where they are most likely to encounter roaming fe
males; (2) the " hot shot model"-males gather around experienced, at
tractive . or dominant males to increase their chances of being noticed 
within large aggregations: and (3) the temale preterence model-temales 



prefer to visit large clusters of males over small clusters or solitary males. 
In the tlrst two models. good regional positioning t(.:>r a male more t,han 
ofrsets the costs of cmnpetition within the lek, especially if a male is dmn
inant or has a chance of attaining dominant status. In the third 1nodel, 
the grouping of males allovvs the temale to make safer and more et11cient 
comparisons dun is possible vvith scattered males. More than one of the 
forces defined by these 1nodels 1nay be at work, but experiments that 
clearly identify the primacy of one over another are ditlicult to design. 

Female cmnparisons of male quality are an important ingredient. Com
petition among males produces a dominance hierarchy that aid" the process 
of cmnparison. Dominance is a 1natter of age, experience, and ability. By 
rnating with a dominant male, a tt.·male may obtain for her oHspring the 
genes responsible for the male's superior traits. The dmninancc hierarchy, 
in effect, selects among males and thus simplit1es the selection of a good 
rnale. In the Sage Grouse, successfi.1l males are (1) socially dominant birds 
that (2) hold central positions on the lek and (3) are n1ore active and vi
sually or vocally attractive or both than are unsuccessful males (Schroeder 
et al. 1999). They are also in better health: female Sage Grouse prefer males 
that are free of lice and avian malaria Oohnson and Boyce 1991; Spurrier 
et al. 1991). Females can identit)r n1ales \Vith louse infestations by the red 
blood spots on their air sacs, which the males inflate \Vhilc strutting. 

In the clustering of males on leks, young, inexperienced males gather 
near older or successful males. In this \vay, the young males get occa
sional matings and gradually achieve a controlling position in the systern. 
Extreme cases of such :1ssociations are seen in Chiroxiphia manakins (Fig
ure 12-l.S). When an interested female visits the lek, t\vo or three male 
l3lue Manakins line up on a single branch and petiorm the cartwheel 
dance. This tearn performance becomes more and more fi·enzied and then 
suddenly stops. The oldest. dominant rnale does a brief solo precopula
tory display and then mounts the female (Foster 1981). Only cooperative 
group displays attract and excite females, but subordinate tnales are not 
being altruistic. They occ1sionally copulate when the dmninant rnalc is 
absent. More irnportantly, they establish themselves in a social queue. 
They so develop their expertise. and sorne of them eventually attain the 
status and rights of a dominant 1nale. 

Kinship relationships arnong lekking males have been documented (by 
using microsatellite DNA comparisons) for several species. n1ost notably 
Black Grouse, peacocks, and Wild Turkey. In regard to Black Grouse. males 
on the same lek are rnore closely related to one another than to 1nales on 
other leks. possibly the result of \vintering together in extended £unily gath
erings. In regard to peacocks, related males tend to display near one another, 
even \Vhen they have been raised separately to prevent p1ior knowledge of 
one another (Penie et al. 1998). How they £1vor kin is not kno\vn t()r sure, 
but it seems to be ;LChieved by finding others n1ost si1nilar to self 

In regard to Wild Turkeys, several males routinely court temales but only 
one of them actually mates with a willing temale. The original work ofWatts 
and Stokes (1971) suggested that 1nales in the coalition were brothers, but 
24 years passed betore this relationship was confinned by Alan Krakauer 
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FIGURE 12-15 Cooperative courtship display of the Blue Manakin. Males leap over 
one another in rapid succession before a waiting female, which may then copulate 
with the oldest, dominant male. !After Sic/< 1961] Here are the details of this amazing 
group effort. "The males (blue with red crown, black wings and tail) perch closely side
by-side, in a row, on a slightly sloping (or horizontal) twig, face the same direction, all 
crouched, tripping [moving back and forth with tiny steps]. forming a vibrating mass. 
They call in the recurrent rhythm of a perfectly synchronized 'frog chorus.' Suddenly 
the lowest male on the twig [A] rises straight into the air one to two feet and hangs 
momentarily suspended facing the female. He delivers a sharp dik dik dik, then lands 
at the upper end of the row of males at the side of the motionless female. He pivots 
immediately in the direction of the other males and joins the other males in tripping. 
Now the lowest bird [B] performs in a similar manner and so on. The entire 
performance occurs rapidly, giving the impression of a turning wheel; the speed varies" 
(Sick 1967, p. 17). 

(2005) with the use of n10lecular. nlicrosatellite tecluliques. The microsatel
lite genotypes of dominant and subordinate me1nbers of a coalition \Vere 
more sinribr than those of 1nales dr~nvn randomly il-on1 the population and 
were close to the expected value of r = 0.05 tor fi1ll siblings (Figure 12-16A). 
Next, he documented that dominant males in coalitions achieved more mat
ings and sired more ot1spring than did solo males (Figure 12-1613). 
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FIGURE 12-16 Kinship 
and reproductive success in 
Wild Turkey coalitions. 
(A) Members of male 
coalitions are usually 
brothers. Estimates of their 
genetic relatedness based on 
microsatellite comparisons 
of genotypes are close to 
those of known siblings and 
of mothers and their offspring. 
(B) The dominant male of a 
coalition achieves more 
matings and produces more 
offspring than do solo males 
that are not part of a 
coalition. By virture of their 
brothers' better performance, 
subordinate males in a 
coalition achieve a greater 
net genetic contribution 
to the next generation than 
they would have achieved 
on their own as solitary 
males. [After J(ra/<auer 2005] 
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coalitions meet two of the three criteria of Hamilton's theory ( 1964) of 
"inclusive fitness through kin selection." According to this theory, a bird 
can prmnote its own genes by helping kin with son1e of the same genes. 
Turkey coalitions also meet the third criterion of this theory-namely, 
that genetic benefits of helping outweigh the costs of helping compared 
with trying to breed independently. The cost of helping is basically the 
sacrifice of reproductive output if alone, \vhich is equivalent to that of 
the solitary tnales included in the study, calculated as 0.9 offspring per 
male. By helping a brother, a subordinate turkey produces the equivalent 
of 2.6 oflSpring, tor a net benefit of I. 7 offSpring. 

Ruffs and Reeves 

The Ruff is a large sandpiper ·with an extraordinary social structure (Fig
ure 12-17). Fenules, which are called Reeves, are ''nonnal" sandpiper 
bro\vn in color. Males, hcnvever, have ebborate breeding plumages-buff, 
chestnut, black, \Vhite, barred-that are as variable as the coat colors of 
domestic cats (visit David Lank's Web site http:/ /wv\-'\V.sfu.ca/biology/ 
wildberg/rutihttnl). The lek mating systen1 of the Rutr fosters a stable set 
of cornpeting genetic strategies-territorial males versus satellite males
responding to ten1ale preferences. 

Briefly. here is how it works: the highly variable breeding plumage 
colors of 1-tuHs divide into two distinct social classes. The more prevalent 
dark-plumaged, territorial males defend clustered lek mating courts against 
other residents. Light-plmnagcd, nontcrritorial satellite males track \van
dering females and, 1nore importantly, nuy be recruited as submissive 

FIGURE 12-17 The Ruff is an unusual species with individually variable male 
plumage. Two social classes of males associate on the display territories of the lei<. The 
white-ruffed satellite males are subordinate to the variably colored dark-ruffed resident 
males. [From Lac!< 79681 



partners onto the court of a territorial 1nale. They then share nutings with 
visiting tl.'tnales. Satellite males get an average of 15 percent of the mat
ings. Their lovv-cost, lo\v-bencfit strategy, combined with greater 
longevity, achieves a lifeti1ne reproductive success equivaknt to that of 
the territorial males (Widen1o 199!-S). 

The genetic basis of the ditlerence between territorial and satellite males 
is well docmnented (Lank et al. 1999). Controlling the dichoton1y (dark 
versus light plumage) is a simple (autosomal) genetic polymmvhisn1. All ter
l;torial males are hornozygous recessive. \vhereas almost all satellite males 
are heterozygous. Fenules have the san1e genes and hence the san1e plumage 
color capacities as those of males. but they are nor nonnally expressed. David 
Lank and his colleagues discovered this flct by implanting testosterone un
der the skin of l~eeves and transton11ing them into Rutis, with t~mcy 

phnnage and male behaviors as well. Removal of the hormone transplant 
returned these temporary transexuals to being Reeves that bred normally. 

The uneasy alliances bet\veen territorial and satellite males persist and 
lead to the stable social polyn1orphisn1. because H .... eeves visit COinbos of 
r~ufis more often (on ;1 per capit~l basis) than they visit solo territorial 
1nales. Territorial males tolerate satellite males because rnore fernale visits 
offset the costs of losing son1e matings to satellite males. lVlore broadly. 
l~eeves visit multiple leks and favor larger aggregations of males on leks. 
More than half of the females mate with more than one male and have 
clutches fertilized by more than one n1ak. The fi·equency of multiple pa
ten1ity tor this species is thf' highest known tor any lekking bird species 
(Lank et al. 2CH12). 

The Crafts of Bowerbirds 

Bo\verbirds are large songbirds found only in New Guinea and Australia. 
They have display courts on which they construct and decorate architec
turally elaborate stick or grass structures, called bo\vcrs. that provide plat
fon11S t(x both courtship and copulation (Figure 12-18). (}rnithologists 
initially considered bowers to be ritualized courtship nests, but the origin 
ofbowers probably had little to do \Vith nests (Borgia et al. 1985). l~athcr, 
the bowers display a male's social status and ability. In Satin Bo\verbirds. 
both bower quality and plumage color signal rnale quality (Doucet and 
Montgomerie 2003). Multiple measures ofbower quality predict both ec
toparasite load and body size of the attending male. 

Male bowerbirds build bo\vers of t\vo general kinds: maypole bowers 
and avenue bowers. Maypole bo,vers consist of sticks built around a cen
tral sapling. or maypole. Avenue bowers are walled structures placed on 
the south side of a display court. Five species of bo\'verbirds build may
pole bowers, and eight species build avenue bowers. Phylogenetic analy
ses of DNA base-pair sequences indicate that n1aypole bo\ver builders are 
nearest relatives of one another. The same is true tor the avenue bovver 
builders (Kus1nierski et al. 1997: Figure 12-19. p. 358). 

Interestingly, in these unique species. the visual aspects of courtship 
displays have shitted t1·om plumage color patterns, used by most birds, to 
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the cre~1tion of bo\vers. Thom;ls Gilliard ( 1969). an intrepid ornithologist 
who pioneered the study of the birds of New Guinea, t1rst noticed the 
transfer of function tr01n plumage elaborations to bo\ver displays. Phylo
genetic studies support this "'transterrance hypothesis" tor avenue builders 
(Kusmierski et al. 1997). Modestly colored species tend to have rnore 
e1aborate bovvers than do brightly colored species. In addition, the size of 
a bowerbird's brain correlates with its bower-building behavior (Madden 
2001). Bower builders have larger brains than those of nonbuilding species. 
and species that build complex bowers have larger brains than those of 
species that build simpler bowers (Figure 12-20). 

Bo\verbirds decorate their bo\vers with brightly colored objects. The 
decorations are as extraordinary as the bower structures themselves, can
didates f(w true art (Di~unond Jl)86). Some species paint the walls of their 
bo-vvers with fruit pulp, charcoal, or shredded dry grass tnixed with saliva. 
Other species decorate their bowers \Vith mosses. living orchids. fresh 
leaves turned upside do\vn. or colorful tl·uits. The birds replace wilted 
flo\vers or leaves with ti·esh ones daily. Modern-day bowerbirds inlpro
vise. The Spotted Bowerbird of Australi~1, tor example, is notorious for 
pilfering household and camp items-scissors. knives, silverware, coins. 
je\velry, car keys. and even a glass eye snatched tl·om a man's bedside 
(Marshall 1954). Despite such variety, male Spotted BovvTrbirds show 
strong and consistent preferences for certain objects that increase their 
rnating success (Madden 2003). The n1ale Spotted I3cnverbird places these 
objects, such as green Solarii/111 berries. in the most prominent positions 
in the avenue of the bower and presents them directly as props to visit
ing females, making sure that they -vvill be seen. 

Males of another species, the Satin Bowerbird, which has brilliant blue 
eyes, decorates its large avenue bo\vers with anything blue that it can find 
(see Figure 12-1813). Originally confined to natural objects, including par
rot feathers and flowers, this species now exploits human trash. lJne bower 
\Vas decorated with glass tragments, patterned crockery, rags. bus tickets. 
candy vvrappers, a child's blue mug, a toothbrush. hair ribbons. and a 
blue-bordered handkerchief 

Constructing a bower and provisioning it vvith tl-csh decorations re
quire experience and considerable effort. By monitoring the activity at 
bowers \Vith video carneras triggered by intrared sensors, Gerald Borgia 

FIGURE 12-18 (A) The bowers of bowerbirds include (1) simple forest clearings with 
ornaments on the ground; (2) a mat of lichens decorated with snail shells; (3 through 
S) a maypole built of sticks about a central sapling or fern and surrounded by a raised, 
ornamented court; and (6 through 9) a decorated avenue built with varying complexity 
of stick walls opening onto a platform. 

(B) The male Satin Bowerbird builds an avenue bower of sticks (top left), at which 
it courts visiting females (top center). Females judge bower quality and then may solicit 
copulation by crouching in the bower (top right). Other males destroy the bower in 
the absence of the owner (l10ttom left) and may try to interrupt copulation (bottom 
center). Mated females lay their eggs and rear their young without male help at nest 
sites away from the bower (bottom rigf1t). [From Borgia 1986, with permission from 
Scientific American] 
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FIGURE 12-19 Cladogram of bower evolution. Phylogeny of the species is 
constructed from sequences of mitochondrial DNA. The catbirds, represented here by 
the Green Catbird, are basal in the phylogeny and do not build bowers. [From Madden 
2007] 
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FIGURE 12-20 Bowerbirds that build bowers have larger brains than those of the 
related catbirds that don't build bowers and other species of passerine birds. [After 
Madden 2001] 

and Mauvis Gore (I 9~6) discovered that male Satin Bowerbirds tear one 
another's bo\vers apart, if they can, and steal prized decorations of rival 
males. Decorations that are rare in the environment, such as blue panot 
feathers in northern Queensland, are particularly prized and subject to 
theft. J )ominant males, better able to protect their bowers, have more 
titne to visit and degrade the bowers of nearby competing tnales, \Vhich 
must constantly rebuild and struggle to keep up a minitnally acceptable 
bovv·er. The quality of the bovver, in this respect and others, indicates the 
ability and status of a male. 

Borgia and Gore's video cameras also recorded the bower visits and 
the preferences of female Satin Bo\verbirds tor well-nude and well
decorated bowers (Borgia et al. 1985). A female Satin Bowerbird visits an 
average of 3.6 bowers in a local area bet()rc mating \Vith a particular tnale. 
The temales clearly prder well-made bowers \vith special decorations. Of 
22 rnales. 5 accounted for 56 percent of the 212 copulations recorded in 
1981. These 5 males had the most blue parrot teathers, snail shdls. and 
leaves as decorations. as well ~1s the best bower structures, judged in re
gard to synunetry, stick size, stick density, and quality of construction. 
Males whose leaf decorations were experimentally ren1ovcd from their 
bovv·ers obtained fewer matings than did control males. 

Monogamy 
The preceding examples of elaborate displays and sexu;ll selection include 
species that are subject to the most intense sexual selection because they 
are promiscuous or polygynous (one male to multiple fernales). Only a 
tninority (less than 1 () percent) of bird species adopt such tnating systen1s. 
which we explore in further detail in Chapter 13. Most birds arc monog
arnous, ~1t least supertlcially so. An introduction to monogamy provides 
the foundation for further understanding avian nuting strategies. 
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CHAPTER TWELVE Monogan1y refers to a prolonged pair bond with a single member of 

the opposite sex tor puq1oscs of raising young. l3irds are classically among 
the most monogamous of organisms. Traditionally. ornithologists have 
viewed n1onogamy as the mating system of choice. Most birds spend 
weeks or n1onths tending their eggs and young. In contrast, most reptiles 
simply lay their eggs and leave rhein. Not only do avian eggs and chicks 
require more parental care than do the ofrspring of most vertebrates, but 
the participation of both sexes is frequently essential. 

The parental-care roles of monogarnous male birds can be substantial. 
Ddense of the territorial space, usually by the male, secures food supplies 
for the tenule and young. Most monogamous males also help their mates 
build nests and teed young, and son1e share incubation. Hence, a monog
amous fen1ale bird should assess her prospective mate's conunitment and 
ability to sustain d1orts in raising young. Some year-old Barnacle Geese 
even san1ple prospective mates by tanning trial liaisons before making a 
finaL lifelong choice \Vhen two to three years old (van der Jeugd and 
Blaakmeer 20(ll). As a result, they achieve greater lifetime reproductive 
success than that of birds that pair right ;;n:vay. 

Monogamous pair bonds may last for a breeding season or for lite. 
Most pairs of parrots, eagles, and pigeons sustain lifelong associations. 
Long-lived birds-including swans and geese, albatrosses. and son1e 
shorebirds-also rarely divorce, which would penalize their reproductive 
output (Ens et al. 1996). Even long-distance migrant shorebirds main
tain their partners. Paired male and female Black-tailed Gochvits migrate 
and winter separately, but they return at the saine time (vvithin three 
days) to their nesting territories in Iceland and rene"\v their pair bond 
(Gunnarsson et al. 2004). Failure to arrive together (Inore than eight days 
apart) leads to divorce. 

In other species, divorce initiated by the female increases her reproduc
tive success. Female oystercatchers. tor example, leave their mates to move 
to better nesting sites close to good teeding grounds (Heg et al. 2003). They 
produce Inore chicks as a result. Abandoned partners ren1ate and continue 
to con1111ute tiom the nest to the n1ud flats to feed, thereby exposing otT
spring to predation and new mates to opportunities tor infidelity. 

Similarly. temale Blue Tits and Bbck-capped Chickadees typically di
vorce tor better options. Blue Tits tonn pair bonds that endure many 
breeding seasons on the mainland of Europe. ()n the island of Corsica in 
the Mediterranean, however, tetnales leave their 1nates 59 percent of the 
time (Blondel et al. 2000). Breeding sites vary greatly in quality on this 
island: so, when there are openings. ten1ale tits shift to habitats with more 
food, denser vegetation, and te\ver parasites. Reproductive performance 
with their former mates is not an issue. A study found that. in North 
America. feinale Black-capped Chickadees typically left their partners be
tween the first and second breeding seasons tor males ofhigher social rank 
and did not leave on the basis of previous reproductive success (Ramsay 
et al. 2000). The feinales that left their partners, ho"\vever. had a more 
signi 6cant tendency to\vard broods of mixed paternity betore divorce than 
that of fetnales that stJyed with their t:irst p~1rtners. 



Cuckold ry and Promiscuity 
Well over nine-tenths (<JJ<,X',) of all passerine subfanlilies are 
nonnally monoga1nous .... Polyandry [multiple n1ale Inates] 1s 
unknown. [Lack 1968. p. 35; see Griffith et a!. 20021 

These statements by David Lack-the Elther of avian life-history theory
summarize the \Vorking assun1ptions of 40 years ago. Since then. research 
with the use of the latest DNA technologies has brought about a dramat
ically diHerent view of monogarny ;nnong most birds. Monogamy is a so
cial relation between n1e1nbers of opposite sex that is built on the assump
tion that the ot1spring are truly their genetic offSpring. Yet this assumption 
is only rarely true. Only 14 percent of socially tnonogamous bird species 
studied to date are also genetically 1nonogan1ous. 1 nstead, the broods of 
tnost species exhibit mixed paternity due to copulations by fenules vvith 
additional males-called extra-pair copulations. l)n average, n1ore than 
ll percent of otTspring are sired by rnales other than the social father 
(Griffith et al. 2002: Figure 12-21). The proportion of chicks sired through 
extra-pair copulations may be tnore than SU percent in sorne Tree S\'val
lo\v populations (Litjeld et al. 1993). Extra-pair copulations ;ue also a sig
nificant source of sexual selection for bright plurnage and other indica
tors of 1nale quality (Moller and Birkhead 1 994). These startling statistics 
result frmn the application of a variety of DNA ''fingerprinting" tech
nologies (Gritl:lth et al. 2002). 
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FIGURE 12-21 Frequency of extra-pair paternity (percentage of offspring that are 
fathered outside the pair bond) in 130 species of birds. [From Gr~ffith eta/. 2002] 
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CHAPTER WJELVE Cuckoldry in Purple Martin Colonies 

The social lite of the colonial Purple Martin , a t:lVorite backyard species 
throughout North America, has been unveiled (Wagner et al. 1996; 
Brown 1997). Native Americans used to attract Purple Martins by hang
ing hollow nesting gourds. Elaborate. multistory, white condominiums
sometimes with hundreds of nest chambers-now attract local colonies of 
martins (Figure 12-22). Appreciation of his b;lckyard martins piqued 
Smithsonian ornithologist Eugene Morton and his colleagues ( 1990) to 
learn more about social life inside his 24-room backyard martin mansion. 
Among his findinbrs \Vas rampant cuckoldry. 

This cuckoldty• be!-,rins when older. experienced males arrive first and 
take charge of the top tloors . where the nests are safest trom predators. 
After establishing themselves with their mates in the best available con
dominiums, the experienced male martins sing a special song high in the 
dark predawn sky to attract late-aiTiving yearling males to the colony. The 
older males then concentrate on copulating with the mates of their naive. 
young neighbors-with much success. Through their extra-pair copula
tions, adult males added to their reproduction scorecard an extra 3.6 fer
tilized eggs to the 4.5 eggs produced by their own mates. They fathered 
43 percent of the ofEpring in the nests of yearling males. In some years , 
a si ngle older male is responsible for most or all of th e cuckoldry (Wag
ner et al. 1996). Conversely. yearling males tlthered only 8 percellt of the 
offspring in the nests of a tew of the older males. 

Female purple martins are active participants in these social interac
tions. Those that pair \Vith oldl'r males generally avoid extr;1-pair copu
lations , where;ls those that pair \Vith the younger males actively accept 

FIGURE 12-22 Colony of Purple Martins, a species in which older males recruit 
young males to the colony and then exploit the weal< mate-guarding abilities of these 
young males to increase their own reproductive fitness. [Leonard Lee R11e Ill/Photo 
Researchers] 



extra-p;1ir copulations by older males. cuckolding their young Iuates. Ho\V 
successt\.d these females are in 1nixing the paternities of their ot1spring de
pends on the guarding dl()rts of their mates. Young males that are larger 
than their mates and that activel~l guard them are better able to prevent 
extra-pair copulations by their nutes and to achieve higher levels of pa
tenlity of their otf-;pring. Regardless, some offspring are better than none 
at all. More itnportantly. \Vith tin1e, yearling males inherit the pritne nest 
chambers and sing their predawn songs to attract junior neighbors to thL· 
suites below. 

Qua I ity Offspring 

Socially monogan1ous female birds may actively seek extra-pair copula
tions to increase the quality of their otlspring-the broad conclusion of 
nuny studies of paten1ity in birds (Petrie et al. 1998: Gritlith et al. 2002). 
Whereas males can increase their reproductive success by siring additional 
ot1spring, females are limited by their clutch size. Quality rather than 
quantity improves a female's lifetime reproductive success. 

How then do extra-pair copulations improve the quality of one's off
spring? Insurance against the infertility of one's mate is one possibility 
(Krokene et al. 1998). Increased genetic variability, h(nvever, is the prin
cipal source of improvement. Genes ti-om Inultiple males can i1nprove the 
quality of ot1spring through itnproved iinn1unocompetence Qohnscn et 
al. 2UOU) and. more generally, through the titness adv;lntages of heterozy
gosity. Across a variety of bird species, the proportion of extra-pair otT
spring directly con-elates with genetic variability among males and, hence. 
variability in the quality of potential mak nutes (Petrie et al. 1998). 

Blue Tits of Europe provide one of the best examples of ho\v fe
nules improve their breeding success through extra-pair copulations 
(Foerster et al. 2003). In a long-term study of two populations of Blue 
Tits, one in Germany ;md the other in Norway. distant tnales less re
lated to the female than her nute or her neighbors sired half of the otT
spring. Deliberate outbreeding with genetically difterent nules increased 
the heterozygosity of those oHspring, which, as a result, were n1ot-c likely 
to survive their first \Vinter and to breed locally. Heterozygous young 
sired by distant males \Vcre rnost likely to beat the low odds (I I II) of 
making it to the next spring. In addition, heterozygous young males in 
this study had brighter ultraviolet crown patches, which also confer ad
vantages (see Box 12- 1). 

Female Blue Tits also consort with neighboring males that do not, on 
average, increase genetic diversity. But the females chose quality neigh
bors \Vith ··good genes,'' specifically those that were Luger and older than 
their social mates. Thus, ternales increased the diversity and quality of 
their broods by two initiatives-deliberate outbreeding and selection of 
superior neighbors. Studies of the related Black-capped Chickadee re
vealed that a fernale also listens carefidly \Vhen her m;ltc c·ngages a neigh
bor in ;1 dominance-controlling singing contest. If the mate loses, the t"l:
tnale chickadee is more likely to consort and copulate with other males, 
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FIGURE 12-23 Experimental enhancement of the intensity of the rusty belly 
coloration of male Barn Swallows increased their paternity of replacement young in 
their own nests. [After Safran eta/. 2005] 

thereby increasing the number of extra-pair young in the brood (Mirmell 
et al. 2002). 

Barn S\vallo\vs provide a tinal exan1ple of \vays that birds adjust the 
genetic cmnposition of their ofTspring. Levels of extra-pair paternity in 
Barn S\vallows change dyna1nically fi·orn clutch to clutch in relation to 
the intensity of the rusty breast and belly coloration of a tnale swallow 
(Figure 12-23). Belly coloration of North American Barn Swallows is a 
sexually selected trait, like the length of tail streamers in the Ban1 Swal
lo\vs of Europe. In a series of elegant experitnents Rebecca Satl·an and 
her colleagues (2005) enhanced the rusty coloration of son1e randomly 
chosen but already paired tnales. They surveyed the levels of extra-pair 
paternity of embryos in the first clutch of eggs of each pair and retnoved 
that clutch to induce the production of a replacen1ent clutch. Males with 
experitnentally enhanced plmnage increased their paternity of young in 
their nests, con1pared with control and shan1-treated rnales. Whether fe
male n1ates of the enhanced males were n1ore faithful to thern or the en
hanced n1ales guarded their mates better to achieve these results is not yet 
knO\Vn. 

Reproductive Strategies 

While being assessed as a prospective n1ate by a te1nale, a male must judge 
during courtship hovv receptive the fen1ale is. Most of alL he must strive 
to be the father of the chicks that he will care for. The advantages to the 
female of nuting vvith other nules, cmnbined with the irnperfections of 
mate-guarding behavior, tnake it likely that the spenn of several males 
\vill con1pete to fertilize a newly released ovum. 

Sperrn con1petition is intense in Srnith's Longspurs, a sparrowlike bird 
of the subarctic tundra with the highest copulation rate known for any 
bird backed by enorn1ous testes (Briskie 1993). High copulation rates in 
Srnith's Longspurs help to displace the spenn of other nules. During the 
peak \Veek in June, a temale longspur copulates frequently \vith one to 



three ditlerent males. Fetnales solicit copulations an average of seven times 
per hour and are mounted hy their mates three tirnes per hour. An av
erage of 365 copulations precedes each clutch of eggs laid. Such extraor
dinary sexual efTort probably evolved as an adaptation to sperm compe
tition in \Vhich frequent copulations dilute or displace the ejaculates of 
rival tnalcs. 

The next chapters consider sperm cotnpetttton and other features of 
birds' reproductive strategies in a continued but expanded context of life
history theory. The complexities and conflicts between what is best tor 
males versus females. spenn versus egg, and groups versus individual birds 
foster diverse breeding systems that range tl·om competitive to coopera
tive to parasitic. 

Summary 
Natural selection t~1vors individual birds that achieve the greatest lifetiine 
reproductive success. The investments of males and females in stnall sperrn 
and large eggs, respectively, drive diftcrcnt options, including their mat
ing opportunities and how best to invest in quality otlspring. Nlost birds 
pair with a single mate and both then raise the ot1spring together. Both 
parents are needed to provide adequate care tor their young. Fenules strive 
to protect their investments in large, expensive eggs. Males nmst balance 
the options of mating with extra tennies against cu;ng for their ovv·n 
young. Conversely, females can improve the quality of their oHspring 
through extra-pair copulations \Vith high-quality 1nales. 

C01npetition tor mates fosters sexual selection tor elaborate courtship 
displays and sexual dimorphism in size or plumage. The bo\:verbirds of 
Australasia compete by constructing and decorating mating arenas. Dis
tinctive male features are favored by female choice. especially if the male 
features convey intormation about the quality or health of the 1nale. Com
petition tor mates and therefore sexual dimorphisn1 is especially intense 
in lek species, ranging fron1 open-country grouse such as the Sage Grouse 
to tropical forest species such as the birds-of-paradise and manakins. 

Monogamy is the n1ost common avian mating systetn. But the social 
pair bond is often not mirrored by sexual fidelity or genetic monogamy. 
Instead. extra-pair fertilizations usually initiated by the temalc sire a sub
stantial fraction of ot1spring in tnost species of songbirds. Through extra
pair paternity. temales improve the quality of their otispring by increas
ing heterozygosity and by adding the genes of superior male neighbors to 
some young. 
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CHAPTER 13 

Breeding Systems 
TI1e Reucrcnd F. 0. ;\1orris ( 185 6) cncortragcd his parishioners to Cllllllatc tltc 
lnunl>lc lffe (~(the d11nnock, or lu·~(l!.e spt7rrorl' Prunella modularis .... 1-l11d his 
toll~~re,garion _/(J/IOII 1Cd s11it, there ll'ordd h~wc bcc11 chaos i11 the parish. 

(Davie-; IIJ1):2, p. II 

T he pair bonds of birds vary from brief sexual unions to sus
tained mutual associations. For rnany species, the raising of 
young requires a major and consuming dTort by two or more 

adult birds. Males ~md females may share the parental effort equally or un
evenly. They may allocate their time to several broods. At stake are their 
individual selfish best interests, which often conflict with each other's and 
with the interests of their otlspring. 

From an evolutionary perspective, all that really counts in the end is 
a bird's genetic contribution to future generations. There are two primary 
\vays to do so: (1) directly by producing young vvith one's own genes and 
(2) indirectly by helping relatives to raise young that possess some of one's 
o\vn genes. Many birds do both. 

Microsatellite DNA analyses, however. reveal that extra-pair copula
tions, leading to extra-pair tertilizations, increase the genetic diversity of 
many broods, as stated in Chapter 12. The prevalence and patterns of 
extra-pair fertilizations blur the classical distinctions of breeding systems 
based on the overt social relations of individual birds. Similarly, birds can 
increase their lifetime reproductive success by helping kin. Studies of in
clusive fitness expose new depths of the social behavior and extended t~llll
ily structures of birds. 

This chapter shifts our attention trom sexual selection ~md the social 
veil of monogamy, discussed in Chapter 12, to the diversity oLwian breed
ing systetns themselves. We bq . .,rin \IIlith the diversity of the so-called mat
ing systems of birds. their relation to the availability of f()od, and their 
adjustn1ents to the requirements for the parental care of ofEpring. Then, 
we look more closely at overtly polygynous bird species (one male to 
nutltiple females) and overtly polyandrous bird species (one female to mul
tiple nules). Close study of breeding behavior often reveals a complex rt'
productive fabric that weaves together elements of difierent systems. 
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CHAPTER THIRTEEN Next, vvrc consider brood parasitism. The females of many species lay 

extra eggs in other birds' nests. ()bligate brood parasites such as co\vbirds 
and cuckoos take this behavior to extre1nes. The tlnal sections explore 
cooperative breeding and the roles of helpers, v;,rhich are often young birds 
that stay at home rather than disperse to establish their O\Vn breeding ter
ritories. Concluding the chapter, the elaborate f1mily structures of bee
eaters of Africa illustrate the potential cmnplexities of the relationships 
among kin in cooperative-breeding systen1s. 

Diversity 
The diversity of avian breeding systerns is rooted deeply in the evolution
ary history of n1ajor taxa <lnd has been refined in response to local eco
logical opportunities (Ligon 1999). The ability of each sex to nwnopolize 
or control access to n1en1bers of the opposite sex helps to define the prin
cipal rnating syste1ns of birds. Table 13-1 presents an ecological classit1-
cation of 1nating systen1s. 

Guiding the evolution of alternative systen1s are life-history tradeot1s 
bet\veen current and tl.1ture dtorts. as well as uncertainties about parent
age. Son1e individual birds cheat, \Vhereas others help. Cuckoldry and 
brood parasitisn1 are nonnal behaviors. 

The options for rnating and parenting are likened to an evolutionary 
game in which each parent has to choose betvveen taking care of rhe 
young or abandoning then1 and seeking additional1nates (Ivlaynard Smith 
1977). At one ex.tren1e, reduced contldence of paternity can promote de
sertion or in6nticide. Tree S\vallows, tor exan1ple, practice deliberate in
t~n1ticide. Intense competition among males for nest sites results in a 
floating population of umnated 1nales. In one study, tive of seven such 
nules replaced 1nales that were experimentally removed. The replace1nent 
males then killed the nestlings of their predecessors (Robertson and Stutch
bury l988). One of the killers mated \Vith the \:vidowed female, but two 
others brought in new mates. 

At another extreme. the flcade of a cooperative social order often hides 
a svvirl of cornpetition, strife. and harassment. Helpers may deliberately 
interfere \Vith parental reproduction to increase turnover and thereby in
crease their o\vn chances of breeding. Conversely, adults nuy sabotage 
the initial breeding efforts of young to increase the incentives for the 
young to stay at the nest as helpers. Young helper rnales sometimes mate 
\Vith their stepmothers. and helper te1nales so1netimes slip an egg of their 
cnvn into the parental clutch. 

In a different direction, cooperative social interactions appear to be al
truistic but are actually seltish. Individual selfishness prevails beneath the 
suti:1ce of communal breeding by Groove-billed Anis, large black cuck
oos of the Ne\v World Tropics that tonn social units of one to four 
monogamous pairs. All1nernbers of the unit lay their eggs in a single nest. 
and all the birds in the unit help incubate and teed the conununal brood. 
The main advantage of conununalnesting in this species is in sharing the 



TAIJLE 13--l An ecological.classification of mating~systerr(s 

Monogatny (Creek: 11/0IIO, single; ~\!(1//IOS, marriage) The predominant avian mating system in \Vhich 
neither sex has an opportunity to monopolize additional members of the opposite sex. Shared 
parental care maximizes reproductive success. 

Polygan1y (Greek: pt1/)', many; gmnos, marriage) Any mating system including multiple mates of the 
opposite sex. Only 3 percent of all birds practice polygamy. 

Polygyny (Greek: poly, many; g)'llll, woman) The kind of polygamy in \vhich males frequently 
control or gain access to two or more females. It is called bigamy if the male pairs with only nvo 
females. For polyb'ynous birds, the breeding success of males is more v~n;able than that of females. 
About 2 percent of all birds are poly~rynous. 

R.estllJrcc d~fcnsc ptl/):1!)'11)' fvlales control access to females indirectly by monopolizing critical 
resources. 

Fe111alc (or harcl!l) ihf('IISC pol)~\?}'fl}' Males control access to tcmalcs directly, usually by virtue of 
female grega1;ousness. 

Alalc-dolllillancc pol}~!I)'IIY Ivbtes or CI;ticd resources are not economically monopolizable. Ivlales 
compete tor females by sorting out positions of dominance or by directly demonstrating quality 
through display or by both. Extreme aggregation (leks) occurs. \Vhere female home ranges are 
mobile, a female pursuit strategy may develop. 

Polyandry (Creek: poly, many; (1/Jdro~:. man) The kind of polygamy in which temaks frequently 
control or gain access to multiple m;des (i.e., the opposite of polygyny). Each male may tend a 
clutch of eggs. For classically polyandrous birds, female breeding success is more variable than that of 
males. Fev,rer than 1 percent of all birds are polyandrous. Extra-pair tl.Ttilizations due to socially 
monogamous females lead to clutches with mixed paternity and blur the distinction between 
monogamy and polyandry. 

Polygynandry (Greek: poly, many; gpw, woman; ,111dros. man) The kind of polygamy in which 
several females and several males form a commtmal breeding unit. The males defend territories and 
provide p~1rental care to broods in proportion to their confidence of paternity. This mixed mating 
system. which is common among tlshes, is characteristic of tinamous, the t1ightless ratites (ostriches, 
rheas, emus), and some um1sual sonbbirds-Smith 's Longspurs, Dunnocks, and Bicknell's Thrush. 
Male ratites and tinamous incubate mixed clutches of eggs from SL'Veral females, which deposit eggs 
successively with ditlerL'nt males. 

Aftl.'r Oring 198:2. 

high nocturnal predation risks durin~ incubation and brooding, thereby 
improving individual survivorship (Bo\ven :2002). 

Fernale anis, however, compete among themselves to ensure the suc
cess of their respective contributions to the clutch. Because one nest can
not hold all the egbrs, the females thn)\V one another's eggs out to make 
room for their own. Young subordinate females start laying first. The 
older ternalcs toss out some of these eggs to make room tor their own 
eggs, which nuke up most of the clutch. Subordinate ten1ales counter 
these actions by increasing the total number of eggs that the)r add to large 
clutches. They do so by prolonging the interval between eggs laid and by 
producing a "'late egg'' as the clutch size nears completion. There arc nat
ural limits to a subordinate fen1ale 's attempts, because the last-born nestling 
is the smallest and most vulnerable member of the brood. 
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CHAPTER THIRTEEN Generally, n1onoganry prevails when rnale help is essential tor raising 

young or when rnales cannot commandeer the resources that they need 
to support extra mates. How young birds develop intluences their need 
for biparental care and thus the evolution of alternative breeding systems. 
When one sex alone can take care of young, multiple mates become a 
viable option. Individual birds that are able to control the best territories 
attract the most nutes. 

Arctic s~mdpipers, tor example, produce a fixed brood of tour young. 
Their £i.-xed clutch size and reduced parental-care requirements tlVor in
creasing the nlllnber of clutches produced through nonmonogamous mat
ing systerns (Ligon 1 tJ93). As a result, they exhibit a diversity of mating 
systerns: monogamy, polygyny, and polyandry. Fifteen species are monog
anlous, \Vith shared incubation at a single nest. T\VO or three species are 
socially polygynous or polyandrous. and difterent birds incubate succes
sive clutches. Two or three other species feature polygynous males that 
provide no parental care. Three species are lek species, such as the Ruti 
described in Chapter 12. 

Extra-pair copulations ~1nd mixed paternities of broods blur the dis
tinction bet\.veen monogamy and alternative mating systems. as noted in 
Chapter 12. Extra-pair paternity is a core theme in each of the mating 
systems. Fem~1les increase the genetic diversity of their ot1spring by nut
ing with multiple males. regardless of which sex actually cares tor the 
young. What amounts to covert polyandry is widespread. 

A c01nprehensive vie\V of avian breeding systems en1braces the full di
versity of social systems that describe individual etTorts to maximize their 
lifetitne reproductive success. DitTerent roles atTect individual reproduc
tive output. Fernale birds can increase their reproductive success by ot1-:.. 
loading some or all of the parental care and by producing additional 
clutches. Conversely, tnalcs can allocate energy to extr:1-pair fertilizations 
or to varied levels of sustained parental care. The expansion of the breed
ing systern fi·on1 a pair of mates to a cooperative fatnily group adds the 
n1attcrs of ecological constraints, such as the availability of territories, and 
inclusive tltness, or the value of siblings (Emlen 199Sa). 

Polygyny 
Careti1l vigilance of color-marked birds ot1:en reveals a few bigamous males 
in an othenvise n1onogarnous species. ()nly 2 percent of all birds. however, 
are overtly polygynous. In North America, these birds include 14 of the 
27H breeding songbird species, II of which nest in rnarshes or gr~1sslands 
(Ford 1983). Throughout the Tropics, birds that nest colonially in ''safe" 
trees or in marshes with abundant or easy-to-find food tend to be polygy
nous (Figure 13-1). Females of nuny marsh-nesting blackbirds, wrens, 
European warblers, and sparro\~'S care tor their young \Vith little or no help 
tl-om males by exploiting aquatic insect'i etnerging on prime tenitmies. 

Control of quality resources leads to the evolution of w·hat is called 
resource-defense polyf.ryny. Clumped resources are easier to monopolize 



than are unit(mnly distributed resources. Extending Brown's concept of 
economical defensibility (see Chapter I I). the environmcn tal potentia I t()r 
polygyny increases with clumped resource distributions. Variation in qual
ity of comrollable territories therefore leads to polygyny. Females that join 
a harem do so because they can do as well as or better than when paired 
alone with a male on a tLTritory of poorer quality. Poln,,')' llous male M:n-sh 
Wrens, Red-winged Blackbirds, and Indigo Buntings, :nnong others. all 
control better-quality territ01ies than do unmated or monogamous male's 
in the same.: area. The mating success-number of mates-of male Marsh 
Wrens. for example, increases with the proportion of the ten·itory that 
provides good nest sites (Kroodsma and Verner I997). 

Females in a harem share male help-at a cost. Among Great Reed 
Warblers. t()J' example, more nestlings of polygynous 1nales die from star
vation than those of monogamous males (Dyrcz 1977). Starvation is most 

FIGURE 13-1 African 
weavers have different 
breeding systems. (A) The 
Dark-backed Weaver and 
other species of stable forest 
habitats with uniform food 
distributions tend to be 
territorial, solitary. and 
monogamous. (B) The 
Southern Red Bishop, a 
territorial polygynous species, 
and (C) the Golden-backed 
Weaver, a colonial 
polygynous species, both live 
in highly seasonal or 
unpredictable savanna 
habitats. They practice 
resource-defense polygyny. 
Males of these species can 
control the limited safe nest 
sites near good food 
supplies. (D) The most 
abundant of the savanna 
weavers, the Red-billed 
Quelea is monogamous even 
though it nests near 
abundant food . Queleas nest 
in colonies so large that 
their members deplete 
nearby food stores during 
nesting and must commute 
farther and farther to gather 
food for their young. Male 
assistance becomes essential 
to ensure that older 
nestlings are fed . 
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CHAPTER THIRTEEN ti-equent during cold, \Vet spells when tood is scarce and the young de

pend on food delivered by· the 1nale as well as by the temale parent. Be
longing to a haren1 is still advantageous because reduced nest predation on 
polybrynous territories with better nesting sites otlsets losses to starvation. 

Fruit diets favor the evolution of polygynous mating systen1s in birds. 
Males of tnany tropicaL fruit-eating birds do not help cue tor their young. 
Fruit and floral nectar are conspicuous food sources that require little 
searching. After a bird has located them, regular revisitation minimizes 
!()raging dltHt. Incubating females em easily slip otr the nest to feed 
quickly. As long as the energy requirements of nestlings can be mostly 
satisfied \Vith fi-uit, one p;:m:nt can raise them successt1dly. Males of these 
species devote themselves, instead, to display to attract additional mates. 
Most species of birds-of-paradise, therefore, are polygynous. They feed 
on predictable. highly nutritious truits, and so tt.·males can raise their young 
alone. 

Extra-pair fertilizations are frequent in polygynous species, as they are 
in monogan1ous species. Two \VOrking hypotheses describe the tradeoffi 
between the nmnber of rnates that a male has versus the ti-equency of 
extra-pair fertilizations that he can attain. They are the male tradeoff 
hypothesis and the ternale choice hypothesis. Support exists tor both. 

The male tradeotT hypothesis predicts that polygynous males should 
experience rnore ti-equent cuckoldty than do monoganwus 1nales because 
polyf,ry·nous males opt to attract new mates rather than to guard their cur
rent mates fi·mn neighbors (Hasselquist and Sherman 2( )() 1 ). In support of 
this prediction, polygynous rnale R.ock Sp~11-rows spend less time guard
ing thL'ir mates during their tet-rile period than do monogamous males. 
The polygynous n1ales were cuckolded more fi-equently as a result. About 
half of the young in the nests of polygynous males were sired by another 
male, compared \vith only 6 percent of the young in the nests of monog
amous males of this species (Pilastro et al. 2002). More generally, the over
lapping of the fertile periods of fenules in a h;1rem increases the probability 
of cuckoldry because their shared nute cannot guard them as eHectively 
(Neudorf 2CHJ-t). 

The alternative fernale choice hypothesis predicts the opposite result
namely, less tl-equent cuckoldry in polygynous species. According to this 
hypothesis, a ternale can pair \vith the (best) male of her choice. Males 
with multiple temales, therefore, have less incentive to seek extra-pair 
copulation. In support of this hypothesis, extra-pair chicks are twice as 
fi·equent in 1nonogamous species (in north temperate species) as in polyg
ynous species-0.23 percent cmnpared \Vith 0. II percent (Hasselquist and 
Sherman 200 I). 

Serial polygyny \Vith successive tcmales sets up a diH"l-rent option. To 
acquire extra females. males of the hole-nesting Eurasian Pied Flycatcher 
set up side territories where they advertise for an additional late-arriving 
tennies (Alatalo and Lundberg 1984). The male flycatchers sing on their 
secondary territories after their first mate starts laying and incubating the 
eggs. Their extra territories are typically tar enough away fi·om their pri
mary territory to allo\v then1 to project themselves as unmated males, 



tricking secondary t(·males into an unt~worable situation. Secondary tc
malcs get less male assistance than the do primary females and tledge fewer 
young as a result. 

Conversely, female tlycarchns widowed during incubation solicit cop
ulations ti·om neighboring paired males. A tenule thereby entraps her 
neighbors into helping to r;1isc otlspring fathered by her former, deceased 
mate (Gjershaug et al. I ()X<J). 

Polyandry 
Females control ;md p;1ir overtly with several males in only a t"t·w bird 
species. Their maks then incubate the eggs and take care of the young. 
Such tcmales ddeJH.i territoriL·s, compete tor males, and take the lead in 
courtship. In some cases, sex-role reversal has led to the evolution oflarge 
and brightly colort•d t"t·maks. Female phalaropes, a kind of sandpiper, fix 
example, are the brightly colored sex. They compete t()r m;1ks in con
gregations at productive feeding sites and initiate courtship with males. 
Males incubate the resulting clutch of eggs by themselves and do not tol
erate the female near the nest after the clutch is complete. Females then 
lay additional clutches for other males . 

Classic polyandry has evolved primarily in tvvo orders of birds. In the 
Order Gruit(mncs, the buttonquails, ro~uelos. and some rails arc polyan
drous. In the Order Ch;lradriit(mnes, the jacanas, painted mipcs, the 
ploverlike Eurasi;lll Dottercl, the Plains Wanderer of Australia, ;1nd a tew 
sandpipers are polyandrous. 

The Spotted s~tndpipcr of North America provides a cla~sic CJSL' study 
of avian polyandry (Orin~ et al. 1997). Female Spotted Sandpipns are 25 
percent larger than males. They dct"t·nd large nesting territories and fight 
one another t()r the available males (Figure 13-2). Initially. tem;dcs pair 
monogamously, and many, but not alL share parental duties. ,A..s additional 
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FIGURE 13-2 With raised 
wings. a polyandrous female 
Spotted Sandpiper defends 
her territory against a 
neighboring female. 
[Piwtography by S . .f. Maxson, 
courtesy of L. 06ng] 
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reproductive success increases directly \Vith her ability to obtain extra 
n1ates. At son1e locations. Spotted Sandpipers breed monogamously. and 
fernales help care tor young. At other locations, including Minnesota, 
son1e fetnales become polyandrous and attract as many as four rnales. In 
this case, a fen1ale lays separate clutches of tour eggs each sequentially for 
her prirnary rnale and for one to three secondary 1nales. Each male as
sunles 1nost of the parental care. It incubates its clutch of eggs. ddends a 
surrounding ten·itory against other n1ales. and cares tor the brood. When 
a n1ale loses its clutch of eggs to a predator, the fetnale quickly replaces 
the clutch with a new set of eggs. One female produced five clutches tor 
three males in 43 days. 

Changes in the levels ofhonnones that rnediate aggression and parental 
behavior nutch the reversal of sex roles in this sandpiper (Oring and Fiviz
zani 1991; Figure 13-3). levels of the sex hornwne testosterone are lower 
in tnales than in their aggressive fetnales. Testosterone also inhibits incu
bation behavior. Lo\v levels of this honnone in male Spotted Sandpipers 
facilitate their increased incubation eB:ort. Conversely, high levels of the 
honnone prolactin prornote incubation and other parental behavior. 

Male incubation seen1s unlikely to evolve unless the male is confident 
of his paternity of the clutch that he parents (Oring et al. 1997). Cuck-
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FIGURE 13-3 Seasonal changes in the circulating testosterone levels of male Spotted 
Sandpipers and Semipalmated Sandpipers. In male Spotted Sandpipers, which perform 
all or most of the parental care, testosterone levels drop sharply from (b) the elevated 
levels that support sexual activity before eggs are laid to (a) basal levels at the onset of 
incubation. Numbers above the word "Lay" indicate first, second, and third eggs of a 
four-egg clutch. In male Semipalmated Sandpipers, which share incubation with their 
mates, testosterone levels decline gradually throughout the parental-care period. [After 
Dring and Fivizzani 1991] 



oldry accounts tor about 1 () percent of Spotted Sandpiper young. Fenules 
store spen11 tc1r as long as a month and use it to fertilize some eggs in 
later clutches. Mixed paternities therefore are the result of fertilization by 
spenn that tetnales store t-l·om their prirnary mates. Experienced, older 
male Spotted Sandpipers speed to the breeding grounds bcfcwe younger 
males and cmnpete vigorously to bL· a female's prin1al)' mate. 

Paternity assurance accrues tor both primary and secondary males in 
several ways. First, \Vithin-pair copulation rates peak when fcmaks ;ll-c most 
likely to be fertilized-on the day before the tlrst egg is laid. Second, 
mates copubte ti·equently vvithin I minute when they are reunited after 
a separation. Third, females usually reject attempts at extr;t-pair courtship 
(Oring et al. 1993). But, in the end, younger, secondary males incubate 
and then parent some young that are not their own. Doing so is better 
than not reproducing at all. And, as if to compensate, they get more as
sistance trom the temale than does the primary male. All's 6ir it seems. 

Sex-role reversal is even more striking in the jacanas (Ennily Jacanidae), 
long-toed marsh birds of the Tropics. They provide the most extreme 
examples of reverse sexual size dimorphism among birds (Emlen and 
Wrege 2004). Females are tram 50 to 83 percent larger than males in 
seven of the eight species in the t:11nily. Fenule \Vattlcd Jacanas also have 
more elaborate ornamentation (tacial shield and \Vattles) and weapons 
(\ving spurs) than do males, which they dmninate physically. M~1les and 
te1nales of another speciL·s, the Lesser Jacana, are the same size and share 
equally in all aspects of parental care. In the remaining species. males build 
the nest, incubate, and raise their young Qcnni and Mace 19<J9). 

Female Northern JKan;ts and the closely related Wattled Jacanas bond 
\Vith as 1nany as four males simultaneously in rich habitats \~rith high den
sities of 1nales. Each male ddends its o\vn nesting territory, aided by the 
tenule. When Stephen Em len and his colleagues ( 1989) retnoved resident 
tenules-thereby creating opportunities for new fetnales to take over the 
undefended territories and associated 1nales-the takeover females killed 
or evicted three of four existing broods of chicks. They solicited copula
tions tron1 tour of the five "'wido\ved" males to start all over again with 
their O\Vn young. 

As with Spotted Sandpipers, multiple males in the harerns of female 
Wattled Jacanas sustain a substantial cost of cuckoldt)' in the young that 
they raise (Em len et al. 199H). Chicks sired by a nule's co-mates (the other 
1nales in a fenule 's harem) make up as 1nuch as 74 percent of the broods. 
They constitute as much as 29 percent of all chicks each year. In contrast 
\Vith Spotted Sandpipers, however, stored spenn tl-om the primary male 
is not the source of this cuckoldry. R_;tther, the female copulates tl·equently 
with all the males of her h;1rem during the production and laying of eggs. 
The risk of cuckoldl) .. increases with the number of males in the harem 
(Figure 13-4). Single mates of monogamous temaks experience no cuck
oldry. The result is that male jacanas compete w·ith one another not only 
tor the receipt of a clutch but also t<.x copulations. They compete to fer
tilize both the eggs in their primary clutch and the eggs tended by other 
nules in the harem. 
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FIGURE 13-4 Risk of cuckoldry increases with polyandry in jacanas. Single mates of 
monogamous females tended broods that were their own offspring. (A) Almost 30 
percent of broods tended by males of polyandrous females included young that were 
fathered by a sexually available co-mate-that is, a male not yet incubating or tending 
small young. (B) The more sexually available co-mates there were, the more broods 
there were that included young sired by extra-pair fertilizations. [From Em/en eta/. 
1998] 

Diverse species practice cooperative polyanc:hy, in \vhich several males 
cooperate to assist one or several females. Such species include hawks 
(Galapagos H<n:vk, Harris's I-Lnvk), gallinules (Dusky Moorhen. Tasman
ian Nativehen), a \Voodpecker (Acon1 Woodpecker), and a songbird (the 
Dunnock). 

The garnes of allocation of resources to parente1l care rnotivated by the 
probability of paternity reach their zenith in the cmnplex n1ating systen1s 
of the Dunnocks, a drab, sparrow·like songbird that lives in the dense 
hedgerovvs ofEurope. The cotnplex sexual relations ofDunnocks includc 
monogarny, polygyny, polyandry, and polyt,ry'nandty (Davies 1992; see 
also Gibson 1993). 

Dunnocks eat the tiniest soil arthropods in dense cover, \\There exclu
sive nesting territories ;;ue difficult to nuir:tain. Only the female incubates. 
The sexes establish independent, but overlapping, territories in relation to 
food density. The patterns of overlap prescribe the varied pair bonds. 
Where food is dense, one rnale nuy overlap the snull ten·itories of one 
fernale (rnonogarny) or two (bigarny). At lo\ver food densities. ho\vever, 
rnales cannot monopolize the food resources required by females and their 
chicks. Fen1ales then have large territories that overhp \Vith two (unre
lated) n1ales. Because they fledge the n1ost chicks when they have t\:vo 
nules helping then1, su~h females solicit copulations ti·om both males, 
\vhich increases the con1mitn1cnt of each mak to the parental care of her 



chicks. The experimental addition of food causes reductions in territory 
size and can promote polygyny rather than polyandry. More cmnplex 
groups of two or more females may share t\VO or more nules, depend
ing on the arrangements of their feeding territories. 

Contrary to the fema1c's best course, Dunnock males E1re best as 
bigamists. The resulting contlicts lead to intense copulation rates (as in 
Smith's Longspur; see Chapter 11 and Box 14-3) and sperm competition. 
Preceding copulation is an elaborate display in which the male Dunnock 
pecks the female's cloaca, thereby stimulating her to eject sperm from 
previous matings and sirnultaneously increasing the probability of egg fer
tilization by the latest-namely, his-ejaculate. Underneath that cotnplex
ity, each sex adjusts its personal and parental relationships in \Vays that 
optimize reproductive success. To tell whether they arc the t-:uhers of cer
tain )''Otmg and, thL·ret(we, hcnv tnuch they should feed them, the males 
monitor the appearance of eggs in the nests of the ten1ales with \vhich 
they have mated. 

Brood Parasitism 
The demands and contlicts of parental care invite both cheating and co
operation. Brood parasitism-the surreptitious addition of eggs to another 
fetnale's nest-is a comn1on t(wm of cheating. It allo\VS females to in
crease the number of eggs that they lay \Vithout increasing their costs of 
parental care. It also dilutes the genetic relationship bet\veen p;1rents and 
their dependent otEpring. 

Brood parasitism an10ng birds takes place both within species and be
tween species. Many species practice intraspecific brood parasitism; that 
is, they lay extra eggs in the nests of other ternales of the sarne species as 
a supplement to those tended in their own nest. Some species, called ob
ligate brood parasites, never build their own nests or raise their O\vn young. 
Instead, they depend on other species f(Jr the services of parental care. 

Intraspecific Brood Parasitism 

I ntraspecitlc brood parasitism is widesprc;1d an10ng birds, being reported 
in at least 234 species in 16 orders (Yom-T ov 2(1() 1). The habit is most 
prevalent atnong "\Vatertowl, but the practitioners also include grebes, f()wl, 
gulls, ostriches, pigeons and doves, and songbirds. American Cliff Swal
lov.rs nesting in large, dense colonies in southwestern Nebraska regularly 
lay their eggs in one another's nests (Brown and Brown 1995). Carefl.1l 
daily monitoring of the number of eggs in nests revealed that at least 24 
percent of the nests in colonies of tnore than 10 pairs of swallows re
ceived eggs from neighbors. P;lrasitic females quickly deposited eggs in 
host nests when the hosts \·Vere ~l\vay; in one instance, it took only 15 
seconds to do so. Such parasitism reduced the reproductive success ofhost 
females, which acted as though the parasitic eggs \Vere their own and laid 
fe\ver eggs themselves. 
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CHAPTER THIRTEEN Common Starlings commonly lay eggs in nests other than their own. 

Like those of the clitT svvallows. one of every tour early nests in both New 
Jersey and Britain acquires t()reign eggs (Evans 1 Y88: Cabe ll)<J3). Breed
ing females £-,rtlard against parasitism by removing foreign eggs deposited 
before they themselves start to lay. After a female has started her own 

-~Jpx 13-.1 

COOTS COUNT 
·.l. American Coots are almost comical. 0 ducklike rails whose name also refers 

·· -· to a simpleton or stupid person. Quite 
the opposite. They are champions of the game of 

optimizing their allocation of eggs to their own 

nests versus the nests of neighbors. They even 

keep count of how many eggs are in their own 
nests (Lyon 2005). 

Intraspecific nest parasitism is high in British 

Columbia, where 41 percent of coot nests include 

eggs placed there deliberately by other females. 

Thirteen percent of all eggs laid were in the nests 

of other females. Female coots recognize about 

half of the parasitic eggs by the timing of their 
appearance and, in some cases, by distinctive 

color patterns. They either kill such an egg by 
burying it in the nest material or move it to an 
inferior incubation position in the clutch, which 

delays hatching and increases the likelihood that 

the chick will not survive. 

An American Coot. 

Faced with the likely addition of parasitic eggs 

to the clutch, the female coot keeps an ongoing 

count of how many eggs in the nest she recog

nizes as her own. She continues to add eggs to 

the optimal clutch size. Her count excludes eggs 

that have been added by others but that she later 

rejects. She doesn't spot all the parasitic eggs, 
however, and counts some of them as her own. 

She lays one egg fewer of her own for each ac
cepted parasitic egg to reach her correct clutch 

size. 

Deciding when it pays to put some eggs in the 

nests of neighbors rather than in the female's own 

nest adds more complexity to the game. Gener

ally, coot chicks from the earliest laid eggs in a 
clutch survive best. A female coot parasitizes an

other nest when an early addition to the neigh
bor's clutch has a better chance of succeeding 
than does a late addition to her own clutch. 



clutch, however. it cannot distinguish thL· parasitic e~gs. Often, a roarn
ing, parasitic female removes one of a host's eggs and replaces it with her 
own. In addition to mak.ing detection more ditlicult, L'gg removal by the 
parasite keeps the clutch size closer to the optimal nutuber (six) tor nest 
success. to its own bendlt as well as that of" the host. At least one species, 
the American Coot, optimizes its clutch size by keepittg count of its mvn 
eggs versus distinguishable parasitic eggs (Box 13-1). 

Intraspecific parasitism could be the tlrst step in the evolution of oblig
atory brood parasitism . Occasional, or ftcultative, parasitism of the nests 
of related species would be the next step. The Black-billed Cuckoos and 
Yellow-billed Cuckoos of North Americt , tor exantple. par;lsitizc each 
other. particularly when abundant food encourages the production of ex
tra eggs (Hughes :2(H1l). The acceptance of a parasite's eggs and success
ti.J! raising of its young then lead logically to increasing parasitism and 
possibly to obligatory interspecific brood parasitism. 

Obligate Brood Parasites 

Cowbirds and cuckoos are the most i;uniliar of North American birds that 
relinquish care of all their young to foster parents of other species (Davies 
2000) . Such obligate brood parasites always by their eggs in tiJL' nests of 
other birds (Figure 13-5). This breeding strategy is unusual. A fc·w fish 
and social imects. but no malllmals, also are oblig;ltt' brood parasites. 
Among birds, the practice has evolved in cowbirds (lcte1idae; 5 of 6 
species), honeyguides (lndicatoridac; 18 species), cuckoos (Cuculidae; 53 
of 135 species), Ati·ican brood par;1sitic titJChes (Viduidae : 19 species), and 
one duck (Anatitbe) (Payne 11J98). 

FIGURE 13-5 Foster-parent Dunnock (right) feeding a parasitic young Common 
Cuckoo. [Stephen Da/ro11/Minden Pict11res!NHPAI 
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CHAPTER THIRTEEN I3y reducing their costs, risks, and commitrnents, birds that are obli

gate brood parasites are able to lay tnore eggs each season. Additionally, 
by not putting all their eggs into one nest, brood parasites improve the 
chances that some of their ot1spring \.Vill escape predation. Female Brown
headed Covvbirds lay fi-orn 30 to 40 eggs per season in weekly sets of 2 
to 5 eggs (Lo\vther 1993). Most host nests have only I cowbird egg, but 
some n1ay have as n1any as 12 as a result of visits by tnultip]e fernale cow
birds. Afi-ican cuckoos of several species lay fi·om 16 to 25 eggs per sea
son in clutches of 3 to 6 eggs. but they lay only 1 egg per nest (Davies 
2000). 

The eggs of parasitic cuckoos have thick shells and are resistant to 

cracking. Fernales drop their eggs into deep nests, sotnetimes damaging 
the hosts· eggs rather than their 0\:\,-'n. 

Son1e obligate brood parasites are highly specialized birds that target 
specific hosts. To minin1ize detection and destruction by the host, cuckoo 
eggs have cmne to resemble or rnitnic those of their pritnary hosts. In 
Ati·ica, the eggs of the Dideric Cuckoo are so similar to those of its host, 
the Vitelline Masked Weaver, that one ornithologist resorted to chromo
sonte analysis to distinguish then1 (Jensen 1980). The eggs of the I~ed
chested Cuckoo, and perhaps other species, closely match their hosts· eggs 
in the ultraviolet spectnnn and other aspects not visible to the human eye 
(Cherry and Bennett 2001 ). 

Throughout Europe, Conunon Cuckoos parasitize a variety of host 
species that have eggs with different color patterns. In these cases. the 
Con1n1on Cuckoos· eggs mimic those of their ditferent hosts (Figure 
13-6). For exan1ple, the blue eggs of the Common Cuckoo in Finland 
match those of its prirn;:uy hosts. the Comrnon R.edstart and the Whin
chat, \vhereas. in Hungary, Conunon Cuckoos lay greenish eggs with 
dark 1narkings. sitnilar to those of the Great l~eed Warbler. Female cuck
oos of such egg '·races," or <gentes} occupy different n1ajor habitats in Scan
dinavia and central Europe, but they coexist in son1e parts of central 

(A) (B) 

(C) (D) 

FIGURE 13-6 Matched pairs Uoined by dotted line) of the egg "races" of the 
Common Cuckoo (right) and their hosts (left). Identity of hosts: (A) Garden Warbler; 
(B) Great Reed Warbler; (C) Common Redstart; (D) White Wagtail. [From Rensch 7947] 



FIGURE 13-7 Baby brood parasites dispose of their competitors. A hatchling 
Common Cuckoo (left) pushes the eggs of the host from the nest, and a hatchling 
Greater Honeyguide (right) kills host nestlings with the hooklike tip of its bill. [After 
Lacl< 7968] 

Europe. Females of each race are genetically distinct, carrying the genes 
tor egg type on the tenule-specific W sex chrornosorne (Gibbs et al. 20Cl0). 
Although females that specialize on particular hosts coexist in central 
Europe, they are not different species. They cross-mate with nules that 
are not genetically distinct, uniting all as a single species. 

The eggs and subsequent chicks of brood parasites are nonnally the 
san1e size or larger than those of their hosts, thereby incre~1sing their dom
inance over the host's chicks. Some baby brood parasites are aggressive. 
It is not uncommon t()r a hatchling cuckoo to shove the unh;1tched eggs 
of its host out of the nest. Baby honcyhruides have fmglike hooks at the 
ends of their bills for killing their foster nest mates (Figure 13-7). 

Nestling cowbirds do not evict their foster nest 1nates, as do nuny 
cuckoos and honeyguides. Why not? The reason is that they benetit ti-om 
higher rates of food delivery by parents if smne host young are in the 
nest. Experiments vv·ith Eastern Phoebes revealed that cm.vbird nestlings 
gro\v t~1ster \Vith nest rnates than alone, gan1ering more than half of the 
food delivered 2.5 ti1nes as fi·equently (Kilner et al. 2004). T\vo host young 
appear to be optimal t()r the cowbird. More encroach on the co-vvbird's 
share of the t()od. 

As a rule, the eggs ofbrood parasites require less incubation time (ti-orn 
two to tc1ur days less) than do those of the host. This timing ensures ear
lier hatching and dorninance by the young parasite. The Pied Bronze 
Cuckoo and Common Cuckoo incubate eggs in their oviducts tor as long 
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CHAPTER THIRTEEN as 18 hours before laying, w·hich gives them an extra head start. Hatch

ling parasites also grow 6ster than nonparasites. enabling them to gamer 
n1ost of the parental attention. Conunon Cuckoo chicks are even more 
direct (Kilner et al. 1999). They sti1nulate the host parent Great R.eed 
Warblers to bring more food taster by inlitating the begging calls of \Var
bler nestlings. Parents increase food deliveries in proportion to the vo1-
mne of begging calls. Therefore. a cuckoo chick inlitates not just one of 
its foster nestlings but a chorus of "si ... si ... si ... si" ca1Js fi·om the 
entire brood. Initially, the cuckoo chick's loud begging calls are equal to 
the calls of four foster \Varbler nestlings. As the cuckoo chick grows, the 
volmne of its robust begging call grow·s, too, ultitnately tnatching that ex
pected ti·on1 eight \Varbler nestlings. 

The brood parasitic t1nches of Afi-ica and their hosts are sources of 
deep insight into the evolutionary dynanlics of brood parasitism in birdc;; 
(Sorenson and Payne 2001: Sorenson et al. 2004). First of alL the prac
tice ofbrood parasitisn1 in this group evolved only once. a long time ago. 
The 18 species ofindigobirds and \vhydahs (Vidua) and the distinct Cuckoo 
Weaver (Anomalospiza) had a single, ancient origin in Africa about 20 lnil
lion years ago. Together, they arc the sister group of the grass finches that 
are their hosts. The t\vo related sets of species, one parasitic on the other, 
have evolved and speciated in a long and enduring association. Whereas 
all the Vidua finches specialize on species of grass finches, the Cuckoo 
Weaver shifted to certain Old Wor1d v,rarblers as its hosts. 

The species of Vidua finches are host specialists that 1nimic the dis
tinctive nestling mouth color and n1arkings of their single grass finch hosts 
(Estrildidae) as well as the adult songs (Fif.,rtlre 13-8). The nunnery of 

Medial palate spot 

Palate 
Lateral palate spot 

Upper gape 
swelling 

Lower gape 
swelling 

FIGURE 13-8 The mouth pattern of a nestling of the host Cut-throat Finch includes 
a ring of five large black spots against a bold white palate and large white gape 
swellings. The area anterior to the spots is yellow, and behind shades to reddish black. 
The lower mouth is black and the tongue is pink with a broad black band. [From 
Payne 2005] 



mouth color and markings of their host's nestlings l;wors young Vidua 
brood parasites in receiving fc1od tl·orn their foster parent (Payne 2005). 
The mimicry of adult songs fosters the tlddity of successive generations 
of the parasite to thL·ir specitlc host. Ho\v? Briefly. both rnales and fe
males imprint as nestlings on thL· song of their host. Males of each Viduo 
species later sing the host song to attract fernales, which were raised by 
the same host. The ft·males then lay their egt,rs in the nests of the same 
hosts. which the females identif)' by the fm1iliar song. 

Ho\v, then, did the different host-specific species of Vidua tlnches con1e 
to be? Did they co-speciate-split, speciate, and cocvolve in concert with 
their grass tlnch hosts? ()r did some females S\Vitch hosts opportunistically 
and start a new host-specitlc lineage? Analysis of the patterns and timings 
of speci;ltion in both grass finches and Vidua finches suggests that co
speciation did not take place. Rather, the colonization of ne\V hosts (like 
the colonization of a new island) was the principal way that the indigo
birds evolved into new host-specific species. 

Bob Payne and his colleagues (20U2) documented a recent switch to 
a novel host species by one species. the Village Indigobird. This species 
normaHy mirnics and parasitizes the Red-billed Firetlnch. But one pop
ulation on the Zambezi River in southern Atl·ica parasitizes the nests and 
min1ics the song of the Brown Firefinch. 1 t is the only population of Vil
lage Indigobirds kno\vn to do so. Nestlings of this pioneering population 
have mouth markings that rnatch those of their traditional hosts. The two 
host-specific races, old and new, coexist as distinct breeding populations. 

Effects of Brood Parasites on Their Hosts 

Brood parasites severely limit their host's breeding success. at least in the 
short term. Parasitized nests rarely fledge young of the host itself For ex
arnple. the well-studied Brown-headed Cowbird parasitizes tl·om 20 to 

40 percent or more of the nests of local host species (Payne l99H). Host 
productivity drops fl·om 10 to 20 percent, n1ostly bt·cause the cowbird 
removes one host egg for each one that it adds to a nest. Then the cow
bird nestling takes most of the tood delivered by its (()ster parents to the 
nest, often causing nest Inates to starve. For smaller hosts, one cowbird 
nestling is equivalent to 3.4 host nestlings in its energy intake (Kilpatrick 
2002). 

The locaL short-term etFect of brood parasitism can be substantial 
(R.obinson et al. 1995). Abundant cowbirds parasitize three-fourths of the 
nests of Neotropical migrants in s1nall forest t1·agrnents in Illinois. Com
bined with high rates of nest predation, fnv nests succeed. The control 
of cowbirds is an important tool t()r the management of highly endan
gered species such as the Black-capped Vireo in T t'Xas, Bell's Vireo in 
California, and the Kirtland's Warbler in Michigan. 

Cowbirds \:vere believed to be responsible tor the precipitous decline 
of the endangered KirtlatH.fs Warbler in Michigan (Mayfield I <J<J:2). In 
1957, parasitism was high (about SS percent), and 75 percent of the nests 
exarnined bet\:veen \957 and llJ7l were parasitized. In just one decade. 
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CHAPTER THIRTEEN the nmnber of singing 1nale Kirtland's Warblers dropped from 502 (1961) 

to 201 ( 1971 ), and parasitized nests produced nearly 40 percent fewer 
young than unparasitized nests. Emergency retnoval of co\;..~birds started 
in 1972 but caused nest parasitism to drop to only 3 percent. The war
bler population stablized at about 200 pairs but did not increase until 1990. 
when it grevv in response to new habitat created by a wildtlre. Cowbird 
control may be a short-ten11, expensive nunagement tool for endangered 
species, but it cannot substitute for the acquisition and management of 
quality habitat (Rothstei11 and Robinson 1lJ04). 

The long-term etTect of brood parasitism by cowbirds may not be 
severe in species that have several broods of young a year (Payne 1998; 
Payne and Payne 1998). For exatnple. rearing a co\vbird nestling has 
little effect on the lifetime reproductive success of an adult Indigo 
Bunting. It does not affect the bunting's ability to nest again in the 
same season. Nor does it atTect adult survival and reproductive success 
in future years. 

Ho\v do host birds then1selves respond to brood parasitism? In gen
eral, they respond adaptively. Smne host birds accept the eggs of a brood 
parasite, but others do not. Stephen Rothstein (1975) placed artiticial cow
bird eggs in 64() nests of 30 species of North American birds. Tvlenty
three of these species usually accepted the eggs (1neaning that they threw 
them out less than 30 to 40 percent of the time). \Vhereas 7 species usu
ally rejected the ditTerent eggs ... Rejectors" typically threvv out the par
asite eggs as a natural extension of nest sanitation behavior. albeit at some 
risk to d::unaging their ovvn eggs. S01ne cuckoo hosts are more likely to 
eject a cuckoo egg fi-mu their nests if they have seen a cuckoo nearby 
(Loten1 et al. 1995). Son1e birds, such as the American Yello\v Warbler, 
respond to the discovery of a co\vbird egg by deserting the nest or by 
bmying the entire clutch in additional nest matet;als and la';.ring a fresh 
clutch of eggs on top. Others desert the nest and start over again (Payne 
1 09R). 

The rejection defenses of American R.obins against co\vbird parasitism 
vary with location (Briskie et al. 1992). In Churchill, Manitoba, north of 
the range of cowbirds, American 1--t.obins are more likely to accept a par
asitic egg than in southern Manitoba, \Vhere cowbirds have parasitized lo
cll birds for centuries. ()ne-third of the southern robins rt:kcted an 
experimental egg placed in their nests by "parasitic., omithologists. 
whereas all Churchill robins accepted the1n. 

Egg rejection is tricky business when a female experiences both intra
specific brood parasitism and the attentions of an obligate brood parasite. 
Rejecting eggs fi·mn nwltiple sources increases the host's risk of damag
ing smne of her own eggs. Conversely. the one duck that is a brood par
asite. the Black-headed Duck. sufters substantial costs to its o\vn eggs 
owing. incidentally, to the host coots· responses to their own high levels 
of intraspecific brood parasitism (Lyon and Eadie 2004). The Black-headed 
Duck parasitizes mainly t\vo species of coots in South America. Unlike 
those of all other brood parasitic birds. the Bbck-headed Duck young 
leave the nest upon hatching and require no parental care fi·om the host. 



Yet the eggs an: rejected at high rates (38-65 percent), and tew of those 
that remain will hatch. Like the related American Coot, South American 
coots experience frequent brood parasitism by their neighbors , and so they 
are vigilant fl>r toreign eggs. They reject the duck l·ggs at high rates as a 
result of their vigilant rejection of any other coot's eggs. 

Cooperative Breeding 
Brood parasitism and cooperative breeding lie at opposite ends of the spec
tmm of breeding-system practices among birds. Obligatory brood para
sites are selfish cheaters whose evolution is consistent with Darwin's theory 
of natural selection. Individual advantages are not as obvious in cooper
;uive breeding. in vvhich ' ' helpers'' care t(w young th;lt are not their own. 

The apparent altruism of coopL·rative breeding chalknges the basic 
tenets of evolution by nawral selection: Charles Darwin himself otTered 
the discovery of altruistic behavior as a way to disprove his theory. A 
century later, V. C. Wynne-Edw;mis (1962) shocked the evolutionary 
biology establishment whL·n he concluded that individual organisms 
place the good of their populations or spL·cies above their individual 
well-being. In particular. helpers at the nest seemed to ot1er the most 
compelling cases of altruism. Do helpers really sacrifice their own re
productive potential to help others? Or do they perpetuate their O\Vn 
genes in some way? 

The possible routes of reconciliation are many. First, helpers I night di
rectly enhance their reproduction by delaying their own dispersal to breed 
independently. Second. helpns might obtain indirect benefits, either by 
enhancing their own lift:time reproductive '>llccess through the produc
tion of genetic relatives, calkd kin selection, or by obtaining help in re
turn, called reciprocal altmism. Kin selection is one v·;ay of understanding 
complex social behavior in ants. bees. and wasps, in v.:hich sterile castes 
help their motht'r produce sisters. Reciprocal altruism could be in an in
dividual organism's best interest as long as there is no cheating. Field stud
ies of cooperative breeders shmv increasingly that helpers achieve both 
direct benefits and, in some casc.·s, indirect benefits. 

The phenomenon of··helpers at the nest ·• was first reviewed by Alexan
der Skutch ( 1961 ). We now knmv that hundreds of bird species breed 
cooperatively and that cooperation is a core tl:·ature of the breeding biol
ogy of birds (Koenig and Dickinson 2004). In Florida Scrub Jays, one of 
the best-known cases, helpers are an integra] part of the social system 
(Wooltenden and Fitzpatrick 1996; Figure 13-9). The basic social unit is 
a breeding pair with as many as six helpers that stay for one to seven 
years. About half of the breeding pairs have helpers, which defend a ter
ritory throughout the year. The helpns also protect and ti:ed the nestlings. 
More generally, helpers contribute to parental care in a diverse array of 
coopentive-breedin~ systems. 

Surveys of varied bird species consistently indicate substantial testos
terone activity in helpers, albeit at lower levels than in breeding adults 
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FIGURE 13-9 The Florida 
Scrub jay is one of the mosr 
thoroughly studied species of 
cooperative-breeding birds . 
[Courtesy of A Cruicl<shanl</ 
VIREO I 



FIGURE 13-10 Changes in 
sex-hormone levels during 
the breeding season in male 
and female Florida Scrub 
jays. The graphs show 
sex-hormone levels in 
helpers (white circles) 
compared with nonhelpers, 
or breeders (black circles). 
(A) Levels of testosterone in 
the blood are higher in 
breeding males than in 
helper males. Testosterone 
levels increase in both 
groups during the early 
stages of the nest cycle but 
then drop to low levels 
during incubation and care 
of the nestlings. (B) Levels of 
the estrogen estradiol drop 
steadi ly in breeding females 
but increase in helper 
females during the later 
stages of the nest cycle, 
when helper females tend to 
disperse in search of their 
own territory. [From Sclroech 
1998] 

386 

(A) 

2 
Males 

0 
E 

b:o 
c 
'-' 

QJ 
c 
E 
8 
or. 
3 
</> 
QJ 
f-

0 

(B) 

0.4 

Females 

~ 

E -... 
t>O 
c 
'-' 

:g 0 .2 
"'0 
~ 
~ .,., 
u.J 

0 

~~A 

" I 

~'( 

Pre nest Build nest/ lay eggs Incubate Nestlings 

Stage of nest cycle 

(Schoech et al. 2004: Figure 13-10) . Neither ~ules nor tt.·males are psy
chologically or hormonally neutered. The reproductive axis-from 
hypothalamus to pituitaty to gonad-is fully fimctional. Helpers of both 
sexes of Florida Scrub Jays . for example . are reprodu ctively capable 
(Schoech I 9(J8). No abnormal hormone profiles :li-e evident. Tesmsterone 
kvels of helpers increase and then decrease in parallel with those of par
ents. Levels of prolactin , which mediates incubation and other parental 
behavior, average lower in helpers than in parents, but they increase in 
all participants to maximal levels during incubation and nestling stages of 
the nesting cycle. 

Ian Rowley (1965) pioneered the field study of cooperative nesting in 
Australian birds. specifically in the Superb Fairywren (see Figure 1-16E). 



J\llost breeding groups consist of a female and as many as five nules, which 
provision a group's young cooperatively. Rowley's discovery that helpers 
are young fi·mn preceding broods has been conflnned in other species: 
1nost helpers help either genetic parents or stepparents to raise siblings or 
half-siblings. The functional social units are essentially extended t~unilies. 
and the production of genetically related siblings is consistent with the 
evolutionary theory of inclusive fitness. 

The cooperative social systenl of the Superb Fairy\:\,-Ten is also highly 
pron1iscuous. As nuny as <JS percent of nests contain young sired by males 
outside the cooperative social group (Mulder et al. I ()94). Solicitation and 
copulation with the large number of receptive females available in the 
population outside the cooperatively breeding group sustain high levels 
of testosterone in all males of a social group (Peters et al. 2001. 2002). 
Individual f1i1y'\vrens increase their fitness directly and indirectly. 

Help or Nuisance? 

Do helpers really help? ()r do they just hang out and intedere or com
pete tor rL'Sources bec1use they lack of a place of their ovvn? l"v1ost stud
ies show that helpers truly help. rather than hinder. the parents in their 
social unit (Figure 13-11). Parental tolerance of grown ot1spring on their 
natal territories is a key step in the evolution of cooperative-breeding sys
tenls. Reasons to tolerate the continued presence of young trorn preced
ing broods center on their helptl.tl contributions to reproduction as v ... ·ell 
as to tl1L' survival of the breeding pair itself 

Many tield studies document that the number of young Hedged in
creases vvith the number of helpers. In a classic study, breeding pairs of 
Florida Scrub Jays with helpers fledged more young per season than did 
groups without helpers, principally as ;1 result of better group ddense 
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FIGURE 13-11 Groups with helpers fledge more young. (A) Groups of Florida Scrub 
Jays with helpers produce more fledglings per nest than do pairs without helpers. 
(B) The experimental removal of helpers from breeding groups of Gray-crowned 
Babblers reduces the average number of young fledged per nest. I (A) After Woo/fenden 
1981. (B) After Brown eta/. 1982] 
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CHAPTER THIRTEEN against snakes, the pri1nary predator on young jays. Temporary removal 

of helpers fi·om son1e territories at the beginning of the breeding season 
showed that breeding pairs \Vith helpers produced more young that Hedged 
trom the nest (2.2 versus 1.6) and lived longer atter they lett the nest than 
did breeding pairs without helpers (Mmnme 1992). In addition to in
creasing the production of surviving tlcdglings, helpers improved the sur
vival of the breeding parents. More breeding Florid~1 Scrub Jays \:vith 
helpers survived than did those without helpers. Hence, helpers increased 
the lifetirne reproductive success of the breeders in this system. 

(A) 

100 

Ecological Constraints and Delayed Dispersal 

It may be in the parents' best interests to h;we helpers, but why do the 
helpers themselves not disperse tl-om their natal teiTitory and breed else
where on their own? Young Florida Scrub Jays achieve three times the 
individual reproductive success when they breed on their o\vn compared 
with helping parents produce half-siblings. Yet these young birds delay 
dispersal and reproduction on their own for several years, even though 
they may be physiologically capable of breeding. 

Stephen Emlen ( 1984) proposed the general hypothesis that ecologi
cal constraints li1nit successful dispersal and reproduction of young birds 
entering the breeding population (Figure 13-12). Unpredictable or diffi
cult breeding conditions favor cooperative breeding in some birds. For 
example, many species that live in the dry f(wests of At1-ica and Australia 
breed cooperatively. Smne are nomadic. ()thcrs, such as the White-fronted 
lke-c;1tcr of East Atii.ca, are resident ;md colonial. Nestling bee-eaters of
ten starve when adequate rains and good supplies of insects fail to mate
rialize. Helpers increase the rate of food delivery. Helpers could start their 
O\Vn nests, but they can raise young successtidly by themselves only in 
cnviromnentally good years. Consequently, the size of cooperative groups 
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FIGURE 13-12 The retention of young may result from ecological constraints. such 
as (A) territory shortage, in regard to the Acorn Woodpecker, and (B) environmental 
harshness (lack of rain) in regard to the White-fronted Bee-eater. [After Em/en 1984] 



389 
increases with enviromnental harshness, as me,lsured by lo\v raint~tll and 
poor tood availability in the month preceding the onset of breeding. 

BREEDING SYSTEMS 

Uli Reyer's (llJliO) pioneering studies of Pied Kingfishers on Lake 
Naivasha and Lake Victoria in Kenya illustrate the importance of local 
ecology in the acceptance of hdpers. A breeding male kingfisher's ;Kcept
ance of unrelated male helpers is directly related to its need t(w help in 
delivering tlsh to their young. On Lake Victoria, where fishing is dit11-
cuk a single helper doubles the average fledging survival rate fi·on1 1.8 
to 3.6 young per nest. (}n Lake Naivasha, where tlshing is easier, helpers 
have less et1ccr. and the survival rate only increases ti·mn 3.7 to 4.3 young 
per nest. Most breeding pairs on Lake Victoria have helpers, at least one 
of \vhich is not their O\Vll progeny. ()n Lake N~1ivasha. ho\vever, few 
pairs have helpers, and altnost all the helpers are the pairs' own young. 

Debyed dispersal and group living, it turns out, retlect both extrinsic 
ecological constraints, such as habitat saturation, and intrinsic social ben
efits, such as itnproved survivorship and the acquisition of essential skills. 
The shortage of quality territories. however, is the primary constraint that 
discourages and delays dispersal, leading to helping one's parents instead 
of going it alone (Box 13-2). 

-BOXl3~2 

ALTRUISM BYPASSES INFIDELITY IN AN ENDANGERED 
ISLAND WARBLER 

0 
The Seychelles Warbler is an endan

.. gered species, confined until recently 

- to the tiny island of Cousin in the Sey-
chelles islands of the western Indian Ocean. The 
territories of this drab island species consumed 
all the available habitat, and young warblers had 
no choice but to wait as helpers until a breeding 

adult died. 
As a part of the program to prevent the ex

tinction of the Seychelles Warbler, Jan l<omdeur 
(1991) transplanted breeding adults from 16 ter
ritories to the nearby and much larger island of 
Aride, in the hope of establishing a new popula

tion. All the vacancies created on Cousin were 
quickly filled, sometimes within hours, by bir·ds 
that had been helpers. The transplanted pioneers 
started to breed on Aride without help. Their 61 
young dispersed and bred independently on ter
ritories of their own the next year. Given oppor

tunities to breed on their own, they did not serve 
as helpers. In addition to being a conservation 
success story, this experiment demonstrated that 

lifting the ecological constraint of habitat allows 
the birds to shih to the first-choice practice of 

breeding rather than helping. 
With time, the territories of transplanted war

blers and their progeny saturated the habitat 
available on Aride, restoring the conditions that 
favored helping. Young females, particularly, stayed 
home and helped the parents that fed them to 
raise half-brothers and half-sisters (Richardson et 
al. 2003). But they provisioned their young kin 

mainly when the primary female, their mother, 
rather than the primary male, was present on a 
continuing basis. This practice increased the odds 

that they would raise genetically related half
siblings. because the high frequency of extra-pair 
copulations by their mother severely reduces the 
odds that young females have genes in common 
with their social father. Their altruistic helping 
behavior, therefore, tends to propagate their 
mother's genes, some of which are certainly the 
same as those of the half-siblings that they help 
to raise. 
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Breeding status may be dittlcult to obtain on an exclusive territory 
when established pairs defend most of the available lubitat. This situa
tion is most common in species that reside in stable environments and 
that have speciali zed habitat requirements and high adult survivorship. 
Florida Scrub Jays. for example, arL' restricted to undisturbed oak
palmetto scrub habitat in centr<ll Florid<1. It exists only as small islands of 
scrub surrounded by other vegetation. This availab le habitat is saturated 
by occupied territories. Female helpers wait tor openings . They moni
tor nearby groups and move quickly to replace breeding tl:males th:1t dis
appear. Maks. however, wait to inherit breeding positions on their natal 
territories . The dominant (usually o ldest) son replaces its deceased father. 
stept:aher. or brother. 

Alternatively. helper males may take over a separate part 0f che tam
ily territmy tor their mvn breeding purposes. The rerritorie:; rend to ex
pand with group size. When the expanded tenitory is large enough, one 
part is ceded to the oldest male helper, v.:hich then recruits a female !Tom 
outside the f;m1ily unit. thus preventing inbreeding. 

Delayed dispersal increases the lifetime rt·productive success of male 
Siberian Jays. These birds have limited access to quality habitat in the bo
real t(>rests of northem Sweden (Ekman et a!. 1lJ99). Young males that 
delay dispersal until a quality ten·itory becomes available breed for more 
ye:n-s on average than do males that disperse in their tlrst year (3.27 ver
sus '2..73 . and to a maximum of seven years versus five years). Males that 
stay home initially also produce significantly more ofEpring of their own 
on average than do those that disperse early: 4.72 versus 1.4 offSpring, re
spectively (Figure 13-13). 
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FIGURE 1 3-13 Lifetime reproductive success of male Siberian jays that delayed 
dispersal from their natal territory (gray bars) compared with males that immigrated 
to a territory after dispersa l in their first year of life (white bars). (A) Males that stayed 
bred more times in significantly more years. (B) Males that stayed produced 
significantly more offspring in their lifetimes. (After Elm1an eta/. 1999] 



Parental nepotism is a key t:lCtor in delaying dispersal by young male 
Siberian Jays (Ekman and Griesser 2003). Parents arc more tolerant of 
their own ot1spring than they are of immigrant birds that try to join a 
t:unily group. Experimental removal of Euhcrs led to their replacement 
by despotic innnigrant rnales and the departure of the retained sons. l3y 
blocking unrelated rnales ti-om joining a group, 6thers l~n.ror their sons 
and provide them vvith a safe haven of high quality \Vith minimal com
petition tor resources. 

Many potential bend1ts t~wor delayed dispersal. These bendlts include 
participating in a brge cooperative social unit for several years and assist
ing parents in the raising of siblings or stepsibbngs. In addition to wait
ing for a ten;corial opening in saturated habitats, a young bird might stay 
in a home territory that contains key resources not readily available else
where. For exarnple, acorn storage granaries are the key resource for Acorn 
Woodpeckers (see Figure 11-3), and tree holes for nesting and roosting 
are a key resource f(n· the endangered l~cd-cockaded Woodpecker. Both 
of these species of woodpeckers are cooperative breeders that ernploy 
young helpers fi-om preCL'ding broods. 

Young birds might not be able to breed on their own until they achieve 
the behavioral skills and social status required to control territorial sp;1ce, 
acquire mates, and teed young. The acquisition of such critical skills dur
ing a period of apprenticeship f:lVors delayed dispersal and prolonged mem
bership in an extended L1mily unit. For example, White-winged Choughs, 
an Australian crowlike bird. take almost seven months to acquire the tor
aging skills needed tor independence (Heinsohn 1991). Young choughs 
depend on fc)od provided by helpers while acquit;ng essential skills. Con
versely, helpers develop their own breeding skills by observing and prac
ticing on their siblings. 

The recruitment of help fi·orn younger siblings is sornetimes a side 
benefit of cooperative-breeding systems. GrL'L'11 Wood Hoopoes, medium
sized hole-nesting birds of the Afncan savannas, live in extended tamily 
groups of helpers (Figure 13-14). Large roost holes in dead trees are a 
key resource for these cold-sensitive birds. They stay warm at night by 
sleeping together inside a deep hole (Williams et al. 19<J I). Where suit
~lble roost holes abound in some habitats in southern Atl·ica, young wood 
hoopoes disperse readily to new territories, leaving pairs of adults to breed 
on their own (DuPlessis 1990). 

In the lakeside forests of the Rift Valley of East Ati-ica. however, roost 
holes are scarce ;md competition tc)r territories containing them is keen. 
There, pairs of young wood hoopocs, usually an older and a younger 
sibling or half-sibling, cooperate to securL· ne\v breeding space. In the 
avian version of the television series SurrJi!lor, young male wood hoopoes 
recruit help f)·om their former charges to take control of a quality terri
tory. In this way. the initial cooperation leads to long-term working al
liances between siblings. The alliance is in the younger sibling's interest 
because it \Vill eventu~11ly replace its partner as thL· breeding male of the 
ne\v unit. 
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This foursome is now able to defend a ter
ritory from neighboring flocks. o1 and '? 1 

breed when environmental factors permit. 

(C) (D) 

(E) 

Two juveniles produced. Cared ior by all four 
adults. Territory boundaries expand with in
crease in group size. 

22 and 2;; move together to a nearby territory where 
prior 2 occupants have died. 92 now becomes the 
breeder in this new territory, with 9i1 as an ally in ter
ritorial defense against other 2 2, and as a helper for 
9/s offspring. 

Original o (1) dies; o2 and 5? 1 breed, producing juve
niles oil and 9j2· 

FIGURE 13-14 Scenario of cooperative 
partnerships and reciprocity in the 
Green Wood Hoopoe, which suffers high 
and unpredictable mortality. (A through 
E) Offspring and their older helpers 
ultimately move together to take over a 
nearby breeding territory. [From Ligon 
and Ligon 1983] 

Bee-eaters and Families 
The potential for complex social re1ations is greatest where contacts with 
large nurnbers of birds are fi·equent and predictable, as tor colonial breed
ing birds. The White-fi·onted Bee-eater is a case in point (Emlen et a1. 
1995; Figure 13-15). These bee-eaters are strictly 1110110gamous. They 
breed in large colonies in the Rift Valley of East Africa, but they tunc
cion on a daily basis in clans or extended f;unilies of 3 to 17 members 
tl·om several generations. A colony usually includes from IS ro 25 t~uni-
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FIGURE 13-15 The social relations of members of a clan of White-fronted Bee-eaters 
illustrate the complexity of a cooperative-breeding system. as well as ornithologists' 
ability to follow the behaviors of known, color-marked individual birds. Core members 
of the clan are identified individually by symbols (circles, triangles, stars) . Connecting 
lines trace their social movements over time. Temporary associates are indicated by x. 

In 1977, the clan consisted of three monogamous pairs and their associates. Two of 
the pairs failed in their breeding attempts and one succeeded . Each box represents a 
breeding or roosting chamber in the colony: MB, male breeder; FB, female breeder; 
H, helper; V, visitor (i .e. , a bee-eater that roosted in the chamber but did not help in 
the nesting effort); J, juvenile. Note the rearrangements of the associations within the 
clan: redirected helping (R) by breeders whose own efforts failed; and the reciprocal 
helping between females represented by the solid star and solid triangle . [After Hegner 
er a/ . 1982; photograph courtesy of 5. Em len and N. Demong I 
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CHAPTER THIRTEEN lies. Each farnily includes an assortment of the possible relatives: grand

parents, uncles. aunts, nephe\vs. and nieces as well as parents, brothers, 
and sisters. Death or divorce of one rnernber of the two or three mated 
pairs in the fan1ily leads to replacenrent by a stepparent and the produc
tion of stepsiblings. Men1bers of ditlerent £11nilies pair, and one member 
of a pair relocates to becon1e an in-law in its mate's £1mily. 

Metnbers of each £nnily feed, roost, and breed cooperatively. They 
defend a group territory within 20 miles of the colony. Family units ex
hibit both st~1bility and instability. Men1bership in a t:Inlliy provides great 
benef1ts and exacts significant costs. 

The fabric of the complex bee-cater society is a "mixture of openness 
and fluidity of group memberships on the one hand. with stability and fi
delity of certain social bonds on the other'' (Em len 1981, p. 224). Indi
vidual birds appear to remember past associations. They leave groups to 

join other groups but return months or years later to roost or nest with 
old associates. Those that breed usually require help in feeding young. 
The open cooperative-breeding system of the White-fi·onted Uee-eater is 
adapted to the unpredictable envirorunent of the Rift Valley. In some 
years, pairs can breed succcssfi11ly by thernselvcs, but. in other years, they 
cannot do so without help. 

Despite their flexibility and fluidity, personal relations based on indi
vidual recognition and long-term 1nemory are the social foundations of 
extraordinary levels of social complexity. Bee-eater society includes sub
tle t()l·ms of reciprocal altn1ism, social manipulation, and kinship responses 
(see Figure 13-15). The nonbreeding rnale members of the f:lmily help 
the most closely related breeding pair. They practice kin selection, even 
opting not to hdp if no close kin are available (Figure 13-16). This choice 
requires sorne ability to recognize kin versus nonkin (Box 13-3). 

Unlike closed cooperative-breeding systems in saturated stable environ
ments. \Vhere young cannot disperse and must conrpete with established 
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FIGURE 13-16 Helper White-fronted Bee-eaters chose to help the most closely 
related breeding pairs, thereby increasing their inclusive reproductive fitness. Their gain 
in indirect reproductive benefits (line) increases with their degree of genetic 
relatedness to the juvenile bee-eater that they help. !After Em/en et a/. 7995] 



Like the White-fronted Bee-eaters of 
Africa, the Long-tailed Bushtits of Eu
rope help their kin. Helping in this 

system has a different basis: the redirection of ef
forts by those birds that lose their nests to pred
ators late in the breeding season. Unable to nest 
themselves, failed breeders gain substantial fitness 
benefits indirectly by increasing the brood pro
ductivity of their close relatives. By tracking ex
actly which birds a failed breeder helped, Stuart 
Sharp and his colleagues (2005) showed that 
helpers chose nests of a sibling that had been fed 
in preceding seasons by the same parents or by 
related helpers. They found these kin by their dis
tinct contact calls. Cross-fostering experiments 
demonstrated that the Long-tailed Bushtits 
learned their parents' call signatures while in the 
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FIGURE 1. Cross-fostering experiments demonstrate 
that the calls of Long-tailed Bushtits raised together in 
the same nest acquire similar "churr" calls, whether 
or not they are genetically related siblings. 

nest. Unrelated foster siblings reared together 
ended up with call characteristics more alike than 
true siblings reared apart (Figure 1). 

In another set of experiments, Sharp and his 
colleagues unveiled this system of kin recognition 
by measuring the responses of the bushtits to 
playbacks of recordings of the "churr" contact call. 
They broadcast churr calls from known relatives 
and from non relatives. They also manipulated the 
calls by erasing the highest and lowest frequen
cies of the call. The bushtits responded more 
strongly to the unmanipulated calls of their rel
atives than to those of nonrelatives (Figure 2). 
They also responded to manipulated calls of kin 
as if they were nankin. This result suggests that 
the bushtits use the high and low frequencies of 
the calls to identify their kin. 
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FIGURE 2. Adult Long-tailed Bushtits respond more 
strongly to playback broadcasts of the churr calls of 
known relatives than to those of nonrelatives or to 
playbacks of relatives' calls that were stripped of the 
highest and lowest frequencies. 

birds f(Jr breeding status. adult bee-eaters have less control over thL' breed
ing options of potential helpcrs. Thqr resort to coercion and temptation. 
Mak bee-eaters actively h~uass their sons, blocking the nest chamber or 
doing \Vhatcver it takes to disrupt their early nesting attempts. They then 
recruit their young sons as helpers t(w a couple of years hef(1JT the sons 
achieve the dominance required to breed successfully on their own. To 
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The study of £111lily structure in the White-fi·onted Bee-eater and other cooperatively breeding bird 
species has led to a general evolutionary theory of the t~unily based on four key parameters: 
(1) genetic relatc>dness, (2) social dominance. (3) benet1ts of group living, and (4) probable success of 
independem reproduction (Ernlen 1 tJ95a). In addition to its application to the diversity of cooperative 
t~mlily systems among birds, social insects. and many rnammals, this theory has application to human 
6milies and to the social sciences generally (Emlen 1995b). Studies of birds support 14 of 15 
predictions in t<.)ur categories. A few case studies do not support 3 of these 14 predictions. No data 
are ;lvailabk in support of prediction 11 or against it. The number of x's in a cell indicates whether 
the number of species totals less than 10 (x), 10-99 (xx), or more than 100 (x:x"X). 

t------------------------- ------ -"- --------------

Birds do? 

Category followed by prediction Yes No 
~------ -------------------------------------------------------~ 

Fan1i1y forn1ation: The itnportance of delayed dispersal 
I raritily groups \vill be unstable, disintegrating when acceptable reproductive 

opportunities materialize elsewhere. 
2 Family stability will be greatest in those groups controlling high-quality 

resources. Dynasties may form. 

Family dynamics: Kinship and cooperation 
3 Help with rearing ofTspring \Viii be the norm. 
4 Help will be expressed to the t,rreatest extent possible between closest genetic 

relatives. 
5 SL'Xually related aggression will be reduced because incestuous matings will 

be avoided. Pairings vvill be exogamous. 
6 BreL·ding 111ales will invest less in oHspring as their certainty of paternity 

decreaSL'S. 

Fatnily dynan1ics: Disruption after breeder loss or replacement 
7 Family conflict will sur£1Ce ;lbout tllling the reproductive vacancy created by 

the loss of a breeder. 
H Sexually related aggression will increase because incest restrictions do not 

apply to replacement mates. 
9 Replacement rnates (stepparents) will invest less in existing ot1spring than 

will biological parents. lnt~mticide may occur. 
10 Family members will reduce their investment in future ot1spring after a 

parent pairs again after the loss of a mate. 
11 Steptamilies will be less stable than biologically intact t;1milies. 

Fa1nily structure: Reproductive sharing leads to extended fatnilies 
12 Decreasing ecological constraints will lead to increasing reproduction by two 

or mort' members of the same sex in the t;unily (sharing of reproduction). 
13 Increased social equality of potential cobreeders vvill lead to increased sharing 

of reproduction. 
·14 Potential cobreeders that are siblings, ratha than parents and their grown 

offspring, will taster increased sharing of reproduction \Vithin the family. 
15 Decreasing genetic relatedness will lead to increased sharing of reproduction. 

Reproductive suppression will be greatest among closest kin. 

From Emkn 19<JSa and 1 <)95b. 
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recruit helpers, potential breeders must sometimes allow helpers to share 
thL' paternity or maternity of g-roup clutches to attract their assistance. 

Young fenules help only as a last resort. The tJ.rst goal of a young te
tnale is to pair with a male that has the status and ability to attract or co
erce others in the 6mily to help. If she t:1ils at that, she switches to the 
tactic of brood parasitism by inserting her own eggs into the clutch of her 
tnother or a dose relative. Breeding females actively discard parasitic eggs, 
challenging a parasite both to overcmne her active defenses and to add 
the parasite egg within a two- or three-day period when the host temale 
is hying her own eggs and can't afford to make a rejection mistake. 

Flexible helping and cmnplex social relatiom arc not restricted to colo
nial bee-eaters. More than 300 bird species exhibit family strucrures. de
fined as social groups in \\thich otTspring continue to interact \Vith their 
parents into adulthood (Emlen ct al. 1995). Unable to relocate to optimal 
conditions, birds that reside in permanent, fixed tcrrit01ies and defend 
them must respond flcxibl·y to ditTerent circumstances each year. Social 
flexibility with continuity enables them to keep their options open and 
cooperate \\rith kin as needed. But, for birds as \Vell as hmnans, the in
ternal challenges of optimizing relations \Vith half-kin and nankin, as well 
as with real parents versus stepparents, may destabilize the t:unily struc
ture (Table 13-2). 

Summary 
Most birds raise young that require extended and substantial anlOlllJts of 
parental care in both time and energy. Guiding the evolution of alterna
tive breeding behaviors are tradeoHs between current and future dli.n-rs. 
contlicts between parents and their oflspting, uncertainties about parent
age, and oppor-tunities to cheat or to cooperate. How much dt(wt a bird 
theoretically should invest in protecting and nurturing its chicks is basi
cally a tradeotl bet\veen the increased survival rate of chicks and the cost 
of a parent's survival or additional mating opportunities. Deliberate in
f~mticide is known in some bird species. 

The reproductive courses available to males and tl·males ditler, and un
certainties about genetic parentage govern each partner's commitment to 
care of the young. Poly~ryny is ~1 viable system \VhL·n temalcs can rake care 
of young without the assistance of males. Species that tend to be polyg
ynous include those with precocial young (which are rebtively developed 
\Vhen they hatch, compared with other hatchlings, and arc soon mobile) 
and those that feed on easily accessible resources such as ti·uit. Polyandry, 
found primarily in the ()rders Gruif(Hl.nes and Charadriif<.wmes, is a sys
tem with competitive, territorial temales, which are generally larger than 
their male counterparts. 

13rood parasitism and cooperative breeding lie at opposite ends of the 
spectrum of parental-carL· strategies among birds. Brood parasites lay their 
eggs in the nests of other birds. Cooperative breeders help other breeders 
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CHAPTER THIRTEEN (usually parents or stepparents) to raise young \vhile waiting tor an op

portunity to breed thetnselves. 
I ntraspeciflc brood parasitistn-leaving eggs in nests of other t(:males 

of the sarne species-is proving to be quite comtnon among birds. Fac
ultative parasitisn1 of other species is the next step to\vard the evolution 
of obligatory brood parasitism. Cowbirds and cuckoos are the most fa
nliliar oblig~1te brood parasites. but this practice has evolved along at least 
seven separate lines among birds. Adaptations for brood parasitism include 
egg mitnicry, nestling mimicry, host mitnicry. egg size and hardness, and 
the destn1ction of host eggs and young. A high incidence of brood par
asitisJn is responsible f()l· the decline of smne host populations. Counter
measures evolved by hosts include egg recognition and nest abandonment. 

Although cooperative breeders rnay appear to act altruistically. they 
actually act in their own best interest. Cooperative breeding evolves 
under conditions of ecological constraint-for exarnple, when lack of 
breeding territories delays dispersal and prevents young birds fi-om breed
ing on their own. Intrinsic benefits, such as learning behavioral skills. also 
n1ay f:lvor delayed dispLTsal. By helping to raise other broods. these birds 
enh~mce their O\Vn chances t(lr breeding through the inheritance of a 
territory or through other t(wms of territory acquisition. Breeding pairs 
with helpers t1edge more young than do those \Vithout helpers. primarily 
because they sutTer less stress and hence surviv~ longer and are nw1-c likely 
to renest. White-fronted Bee-eaters are ren1arkable tor their complex. co
operative social systems that feature the value of kinship fllnily relation
ships for increasing lifetime reproductive success in the unpredictable 
L'nviromnents of East Afiica. 



Bird Sex 
I think, that, ~f required, on pain (2f death. to lhmle 
instantly the most petfect thiltQ in the universe, I should risl< 
my J.zte 011 a bini's egg. [T. \fv'. Higginson 1R(J3, p. 297] 

A bird's egg is one of the most complex and highly ditl-eren
tiated reproductive cells achieved in the evolution of ani
n1al sexuality. The nuny sizes, shapes, tints, and textures 

of birds' eggs 6scinatcd the earliest ornithologists and inspired naturalists 
to collect them (Figure 14-1). Interest in the avian egg also helped to 
develop ornithology as a c01nparative science. Nineteenth-century or
nithologists published enormous tnonographs illustrating the eggs of 
British and Ati-ican birds. and serious students of oology-the study of 
eggs-undertook detailed studies of the microscopic stnlCture of eggshells 
and etnbryos. 

The avian egg is closed, or cleidoic-the type of egg that t1·eed the 
reptiles trom the aquatic mode of lite of their atnphibian ancestors. It con
tains all the nutrients, especially water, required by the embryo for its 
early development. The ernbryo inside the egg is not isolated fi-on1 the 
external environment. Its survival requires an active exchange of oxygen, 
carbon dioxide, and water vapor through the shell n1embranes. Its growth 
and well-being depend on the egg's provisions and on its ternperature. Its 
chances of hatching depend on the ability of the parents to regulate the 
egg's immediate environment ·within narrow li1nits. 

This chapter revievvs the tl1ndan1entals of sexual reproduction in birds, 
including their sex organs, or gonads; their sex chrmnosomes; their ova 
and sperm; copulation and fertilization; and the production of a ti11ly 
f(xmcd egg in the oviduct. Included are descriptions of avian sexuality 
t!·on1 the usual ''cloacal kiss'' to unusual genitalia. Then follows a detailed 
revieYv of the structure and functions of the fully co1nplete external egg 
that costs the female much to produce and, having been laid, demands 



FIGURE 14-1 Eggshell 
patterns: (1) Patagonian 
Tinamou; (2) Bronze-winged 
Courser; (3) Chilean 
Tinamou; (4) Lesser Bird-of
Paradise; (5) Cape Crow: 
(6) Gray-necked Picathartes; 
(7) Three-banded Plover; 
(8) African jacana; 
(9) Stripe-backed Bittern; 
( 1 0) White-throated 
Laughingthrush; 
( 11. 12) Brown Babbler: 
(13, 14, 15, 16) Tawny
flanked Prinia; 
( 17) Grayish Saltator; 
(18, 19, 20) Winding 
Cisticola; (21) Yellow-green 
Vireo. [From Winterbottom 
1971; painting by A Hughes 1 
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continuL·d parental care. Subsequent chapters examine thL· nests and in
cubation behavior ofbirds (see Chapter 15) and the development of young 
birds, along with the challenges of parental care (sec Chapter 16) . 

The Sexes 
Uirds are strictly bisexual animals , with separate male and female organ
Isms. Hermaphroditism-both sexes in one individual organism-is a 



t~uniliar condition arnong reptiles, tlsh, insects, and plants but is virtually 
unknnwn in birds. Birds also do not change sex \:vith age, as some rnern
bers of other animal species rnay do. 1-tather, the sexual identities of birds 
are defined tor life at tertilization. DitTercnt gene activities and honnone bal
ances govern separate sexual roles and lite-history strategies. In addition, con
tests take place between the spenn of difierent n1ales for fertilization, and 
fernales can manipulate egg quality through ditlerent doses of testosterone. 

Gonads and Chromosomes 

The males and females of sorne species of birds are dran1atically ditTerent 
in coloration or size. usually as the result of sexual selection (see Chap
ter 12). The sexes of rnany other bird species, from flycatchers to pen
guins, are indistinguishable externally. Unlike manunals and nuny reptiles, 
birds typically lack external genitalia. The gonads-paired testes in the 
n1ale and usually a single ovary in the female-are located deep inside the 
body cavity on the surface of the kidneys (Figure 14-2: sec also Figure 
6-26). These sex organs produce gametes and secrete sex honnones. 

Like n1an1rnals, birds have distinct sex chromosomes (Figure 14-3). The 
avian sex chromosornes-W and Z-evolved independently ofnununalian 
sex chromosomes from a pair of autoson1al chrornoson1es (Fridoltsson 
et al. 1 998). They difier fron1 the rnannnalian X and Y sex chrornosornes 
in genetic structure as well as in origin. Fenule birds, rather than males. 
are the sex \Vith ditTerent sex chrmnosmnes (WZ). Male birds have two 
Z chromosomes (ZZ). Patterns of inheritance of sex-linked traits corre
spond to these chrornosomal identities. 

Geneticists don't yet know ho\v the W and Z sex chrmnosmne of 
birds interact to detennine sexual identities (Ellegren 2002). In n1an1111als. 
genes on theY chrmnosorne trigger the development ofrnales. One (dorn
inant) gene inactivates part of the X chrornosorne. Another gene, called 
SR Y, sta1ts the developn1ent of the testis and, in turn, sexual differences 
in the brain. 

Occasionally, subsequent to an aberration in the first (n1itotic) division 
of the fertilized ovun1, half of a bird ernbryo becornes fc1nale, ZW, and 
the other half becomes rnale. ZZ (Figure 14-4). Called bilateral gynan
dromorphs, these birds have a testis on one side of the body and an ovary 
on the other. Externally. they have male and female plumages on the cor
responding right and kft sides of the body, '.vith a sharp division down 
the center. Bilateral gynandron1orphs have been reported among a wide 
variety of bird species, including an Orchard (Jriole, a Black-throated 
Blue Warbler, Evening Grosbeaks, American Kestrels, and House Spar
rows (Patten 1993). Nothing is known about the breeding activities of 
such birds in the \Vild. 

Sexual differences in both avian and tnan1malian brains are thought to 
be controlled by honnones tiorn the gonads. Studies of a bilateral srynan
dron1oph Zebra Finch revealed that genes on sex chrmnosornes also act 
directly on the neural circuitry of the brain (Agate et al. 2003). The 
Zebra Finch was male on the right side of its body and fetnale on the left 
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FIGURE 14-2 Avian 
reproductive systems. Testes 
of the male Eurasian Tree 
Sparrow (A) in winter and 
,1) at full size during the 
breeding season. Note the 
enlarged vas deferens 
indicated by the arrow 
(magnification of A and B, 
xs). Ovary (O) and oviduct 
(OD) of the female Eurasian 
Tree Sparrow (C) in winter 
and (D) during the breeding 
season (magnification of C 
and D, X4) . [Courtesy of 
B. Lofts] 

FIGURE 14-3 Sex 
chromosomes. Birds and 
mammals differ in the bases 
of sex determination. Their 
sex chromosomes are of 
different origins and hence 
are given the lette .·5 Z and W 
in birds rather thar X and Y 
as in mammals. M;,le birds 
are the sex with two of the 
same sex chromosomes (ZZ), 
and female birds are the sex 
with one of each (ZW), the 
converse of mammals. [After 
EL.•ans and Heiser 2004] 
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FIGURE 14-4 Rare 
individual Evening Grosbeaks 
are male on one side and 
female on the other as a 
result of an aberration in 
the first cell division of the 
fertilized egg. These birds 
are called bilateral 
gynandromorphs (middle 
bird, both top and bottom). 
Such gynandromorphism is 
not seen in mammals, in 
which hormones override 
the genetic differences 
between right and left sides. 
[From Laybourne 7967] 
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both sides of its brain, enlarged rnale song circuitry developed only on 
the right side of its brain. The enlarged circuitry \Vas a direct response to 
gene activity in cells that were ZZ (rnale). A double dose of one prorein 
(TrkB) kr1o\vn to n1ediate neural developn1ent is likely to be implicated 
(Chen et al. 2005). 

Sex Hormones 

The brain regulates the secretion of sex hon11ones through the hypothal
anlus and, in turn, the pituitary gland (see Figure 9-1 0). T\vo hormones 
secreted by the anterior pituitary control the gonads: follicle-stimulating 
honnone regulates gan1ete fonnation, and luteinizing hormone regulates 
honnone secretion by the testes and the 1naturation of toll ides in the ovary. 
The gonads then1selves secrete t\vo principal steroid sex hormones
testosterone and estrogens-that directly activate gamete production. 

The action of the principal sex hormones on specitlc receptors in the 
brain also induces reproductive behaviors. These behaviors include ag
gression, courtship, nest building. and parental care. Although testosterone 
is '"-'ell kno\vn as the rnale honnone and estrogen as the fe1nale hon11one, 
both honnones are present in males and tenules. The proportions of the 
t\vo hormones and the vvays in \:vhich body tissues react to each of them 
cause male or ternale attributes. 

Testosterone and estrogen afrect sexual distinctions in plumage, body 
size, and vocalizations. For exarnple, testosterone causes the bills of Com
tnon Starlings to turn bright yellow in the breeding season, whereas es
trogen causes the red bills of fen1ale Red-billed Queleas to tun1 yello\v 
in the breeding season. Testosterone also prornotes the growth of the red 
head on1alnents-\vattles and con1bs-of roosters and the bill ornaments 
of breeding auklets. 

Males acquire their breeding plumage as a result of increased anwunts 
of testosterone in their blood. The experirnental injection of testosterone 
triggers the gn.nvth of colorful feathers in either sex. Recall the experi
Inents on the plumage genotypes ofR .. eeves (see Chapter 12). Conversely, 
castration prevents T<...ut1s tl-om acquiring their £n1ey neck feathers. 
Phalaropes of1er another such case. They are unusual sandpipers in that 
the bright-plunuged fernales defend breeding territories and the less col
orful males assutne the duties of incubation and parental care. Female 
phalaropes nonnally have higher concentrations of testosterone than do 
nules, whose 1naxin1unr levels of testosterone re1nain below the thresh
old required to produce colorful feathers. In a si1nilar case, males of some 
breeds of chickens have fe111~1lelike feathers because the cellular chenlistry 
in the skin actively converts testosterone into estrogen. When castrated, 
they gro\v 1nale feathers. The injection of testosterone into these castrated 
rnales causes then1 to revert to the fen1ale type of plunuge (George et al. 
198 L). 

The elaboration of secondary sex traits by steroid honnones has costs. 
In particular, testosterone tends to reduce the i1nnume response in birds 



and to make then1 more susceptible to disease or parasitic intection. Ex
perimental elevation of testosterone suppresses antibody production or 
cell-mediated immunity in Dark-eyed Juncos and in House SpatTO\VS 

(Casto ct al. .2001: Evans et al. 2000). The prolonged elevations of testos
terone in polygynous male songbirds may exact a substantial cost. Still un
certain. however, is whether testosterone directly suppresses the immune 
systen1 or v/hether it does so by increasing levels of corticosteroid stress 
hormones, which, in turn, suppress disease resistance as \Veil as some as
pects of reproduction (sec Chapter 9). 

Ovary and Ovum 
The avian ovary resembles a sn1all cluster of grapes. Most birds have only 
one ovary. the left one with its associated oviduct. Tvv·o fimctional ovaries 
are typical of rnany raptors and of kiwis. They are also occasionally pres
ent in pigeons. gulls, and sotne passerines. 

In early development of the ernbryo, primordial germ cells rnigrate to 
the site where the gonads \Vill develop. More of these germ cells settle 
on the left side than on the right, leading to an unpaired left ovary in 
most female birds and a testis on the left side that tends to be larger th~m 
the one on the right side in nules. 

The pritnordial germ cells first generate what is called medullary tis
sue. It becomes the primary tissue of the testes and a seconda1y tissue of 
the ovary. ()varian medulLuy tissue normally becomes more active with 
age in females. In extreme cases, the increased activity causes overt mas
culinization of older temales. For example, \Vith age, somber femak 
Golden Pheasants acquire the spectacular plumage of males as a result of 
this phenomenon. 

A second phase of cell proliferation creates the cortex, the principal 
tissue of the ovary. Primary oocytes-the cells that give rise to ova-arc 
already present in the cortex of a hatchling bird. but distinct ova do not 
appear until the bird is older. Each maturing ovun1 resides within a fol
licle. At maturity. the microscopic ovarian granules of the in1111aturc bird 
increase in size 10 to 15 times. The toL1l nmnber of prirnary oocytes in 
a \vild bird is at least 500. and otten there are several thousand. many 
n1ore than are actually used to produce functional eggs. 

Maturation of the Ovum 

The development of a mature ovum includes t\vo difterent yet intcrde
pcndt•n t processes: ( 1) the t()nnation and deposition of yolk layers and 
(2) the ditlerentiation, growth, and maturation of the genn cell itself The 
infusion of yolk, the deposition of egg white, or albumen, and the shell 
layers all contribute to the gro\vth and maturation of the ovum. The yolk 
is added to the ovum bdt)rc ovulation. The rest of the cornponents of 
the egg arc added as the egg passes through the oviduct. 

The period of yolk t()rmation, or t"l1llicular matur~nion of the ovum. 
lasts tl·om 4 to 5 days in passerine birds, tl-mn 6 to H days in larger birds 
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ovum swells to its functional size. more than I 000 times its original micro
scopic volume. 

Albumen layers 

Yolks vary in color ti-om pale yellow or light cream to dark orange 
red or even brilliant orange. Within a species. such variations are partly 
due to diet. Hens that eat red peppers rich in carotenoid pigments. tor 
example, lay eggs with red yolks instead of the normal yellovv yolks (Fox 
I <)7()). 

The yolk is not homogeneous (Figure 14-5). Rather it comprises 
alternating layers of yellmv yolk in large globules (0.025-0. 1 5 mm in 
diameter) and white yolk in smaller globules (OJHl4-0.075 111111 in cham
eter). The layers correspond to daytime (yellow) and nighttime (white) 
yolk deposition. These layers can be counted like a tree's grm:vth rings to 
determine the time required for yolk f(wmation (Roudybush et al. 1979). 
The center of the yolk. or central latebra. is composed of a fluid . white 
substance called vitellin, which extends to the periphery through a dis
tinct. narrow passage. A thin vitelline membrane encases the yolk. sepa
rating it from the albumen to be added later. 

Outer liquid----
Dense (albuminous sac) 

Inner liquid-
............ 

...... 

_.....Vitelline membrane 
_..........- (yolk sac) 

_.....Neck of latebra 
............ Cha lazifero 

Chalaza -

\ 
\ 

Cuticle 

.....- Latebra 

Eggshell 

FIGURE 14-5 Structure of a freshly laid hen's egg. Note alternating layers of white 
yolk and yellow yolk. The components of egg structure are discussed throughout this 
chapter. [After Romanoff and Romanoff 1949] 



-:J{OX 14-1_ 

MANIPULATING EGG QUALITY AND BROOD MATES 

·~/ Female birds vary the provisions that -w- they add to eggs in a clutch and 
thereby control their quality and the 

offspring that hatch from them. For example, they 
adjust the amount of testosterone that they add 
to the egg yo I k. Some ova get more than others. 
Additional testesterone changes the behavior of 
the nestlings, with some cost in reduced immu

nity to disease and parasites. 
In the original study of this phenomenon by 

Hubert Schwab! (1993). female canaries added 
more testosterone to each successive egg in the 

clutch. The social rank and aggressiveness of the 
nestlings increased accordingly, helping to equal
ize last-hatched nestlings in the competition for 
food deliveries. Conversely, White Storks and Cat
tle Egrets short the dose of testosterone in the 
last egg of a clutch; the Cattle Egret does so by 
half (Sasvari et al. 1999; Schwab! et al. 1997). 
These species practice brood reduction (see Chap

ter 16). The last chick to hatch is a weakling that 
often does not survive, especially in years of low 
food availability. 

lvlost of the nutrients and energy supplies in the c01npleted egg are 
added before ovulation. Females also transfer hormone and health func
tions to their offspring through the egg contents (Box 14-1). They put 
substantial amounts of immune f1etors, including carotenoids, immuno
globins. and lysozymes, into the egg yolk (Saino et al. 2002a, 2002b). 
These factors improve the inunune systen1s and the fitness of developing 
embtyos and chicks after hatching. Bright yellow and orange yolks are 
rich in carotenoids. Carotenoids are not just pigrnents that add color to 
the yolk and to feathers: they are also precursors of vitamin A. They pro
tect DNA and lipid molecules fi·om oxidative damage (like antioxidants 
in our diets), and they enhance inunune timctions (Surai et al. 21 HYI ). 
Higher carotenoid concentrations in the yolk of Barn Swallow eggs, t()r 
example, increase T -cell-mediated inu11une tunction in their nestlings 
(Saino et a!. 2003). 

S\vollen -vvith yolk and nutrients, the 1i1l1-sized ovum is ready to be 
transfetTed to the oviduct and to pass through it. Only a few ova actu
ally tnake it to this stage. Ivlany follicles, called atretic t(lllicles, stop de
veloping in the early stages of tnaturation and are resorbed (Figure 14-6). 

Sex of Offspring 

A fetnale 's condition atTects the quality of her eggs, \Vhich, in turn, causes 
en1bryos to ditTer in their growth and their survival. DitTercnces in the 
survival of the embryos t;1vor one sex or the other and thus the relative 
nutnbers of males and fc·males that hatch, called the ptitnary sex ratio 
(Arnold et al. 2003). Females in poor condition tend to produce eggs with 
fcn1ale etnbryos (lz_oylc et a!. 2UU2). 

Selecting the sex of their ot1spring is a tnost in1portant strate6l)-' ~lVail
able to parents, at least in theory. Previously, only -vvasps and bL'Cs were 
kno\vn to control directly the production of rnale versus female ot1spring. 
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FIGURE 14-6 The ovary of a sexually mature chicken showing mature follicles (MF) 
with basal stalk, or pedicel (P), resorbed, or atretic, follicles (AF) , and a recently 
discharged follicle (DF). The letterS indicates a stigma, the scarlike area where the 
follicle will rupture during ovulation. [Courtesy of B. Lofts and R. K. Murton] 

Birds can apparently do so, too . Advances in technology tor the early sex
ing of bird nestlings have catalyzed a burst of field studies of brood sex 
r<Hios in birds (Hasselquist and Kempenaers 2002). Hov.· females conrrol 
the sex of the eggs that they ovulate is unknov . ..-n, but several studies now 
indicate that they can do so . 

The cooperatively breeding Seychelles Warbler (see Box 13-2) , tor 
example, t:wors female oftspring through the selective release or produc
tion of t(:male ova (Komdeur et al. 2002) . Recall that, in this species. par
ents engage helpers on high-quality territories, \vherc helpers increase their 
parents' reproductive success. Only daughters from preceding broods help 
their parents. [n this species, daughters are the valued sex when concli-
6ons are good. Sons, the dispersing sex, are valued to garner ne\V terri
tories \Vhen conditions are poor and when help by daughters is not 
advantageous. Adult k·male warblers S\vitch production as predicted 
(Komdeur et al. 1997) . Of the otlSpring of breeding pairs on low-quality 
territories without helpers , 77 percent were sons, \vhereas, of the otTspring 
of pairs on lugh-guality territories \Vithout helpers (and therefore in need 
of daughters), only 13 percent '"'ere sons. Breeding pairs transplanted from 
low-quality ten;tori es to empty high-quality territories switched to pro-



ducing female eggs instead of 1nale eggs. They did so by changing the sex 
of their eggs when ovulated, again by 1neans unknovvn. 

Recall also that the fenulc Blue Tits paired \Vith nules that have in
tense ultraviolet coloration produce n1ostly male young (see I3ox 12-1 ). 
They do so at ovulation by n1eans unknown, but not by absorbing or 
aborting fe1nale eggs after ovulation (Sheldon et al. 1999). 

Ovulation 

In ovulation, the egg is released tron1 the ovary. The fc)llicle enclosing 
the nuture ovun1 ruptures at the stigtna-a layer of stnooth tnuscle fibers. 
The enlarged ovum pops out and Ellis into the ovarian pocket-an irreg
ular cavity fonned around the ovary by the surrounding organs. 

Entry into the oviduct is not sirnply a nutter of chance. The open up
per end of the oviduct, called the infundibulun1, actively pulses back and 
t(Jrth tuward the new ovun1, partly engulfing it and then releasing it few 
as long as half an hour, before final1y taking it in. Finally inside the 
infundibulmn, the ovun1 is ready tor fertilization. 

Parthenogenesis, the develop1nent of unfertilized eggs, is a regular 
event in n:ptiks but is a rare phenomenon in birds. Smne unfertilized 
eggs develop nonnally in domestic turkeys. Bet\veen 32 and 49 percent 
of infertile eggs may begin so-called parthenogenetic developtnent, but 
their embryos usually die (Johnson 2000). All surviving parthenogenetic 
turkey chicks arc males (because they have the duplicated ZZ sex
chromosome combination) and have a tl.1ll diploid set of chrmnosomes. 
They nuy even be sexually con1petent. 

Testes and Sperm 
The testes of rnost rnanunals <1nd reptiles reside in external sacs, or scrota, 
~nvay 6-om internal body heat because spenn are sensitive to high tetn
peratures. The testes of birds are housed, instead, inside the abdmninal 
cavity at body ternperature. To con1pensate for the extra body heat, the 
fonnation and development of spenn take place prinurily at night vvhen 
body temperature is slightly lo\ver. New spen11 are then stored closer to 
the body surE1ce in swollen senlinal vesicles that are several degrees cooler 
than internal body ternperatures. 

The testes of b1rds are intern<lL bean-shaped organs that are attached 
to the dorsal body \Vall at the anterior ends of the kidneys. They usually 
are crean1 colored but are dark gray or even blackish in sorne species. Ini
tially only a fevv' mil1imetcrs long in small birds, they swell rapidly at the 
beginning of the breeding season, often reaching fron1 400 to 500 ti1nes 
their inactive mass. The testes of a rnature Japanese QuaiL for exarnple, 
increase from 8 to 3000 rnilligran1s in just three weeks. Fertility in 
don1estic geese is directly related to the \Veight of their mature testes 
(Szumo\vski and The ret 1965). 
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FIGURE 14-7 The sizes of bird testes differ among mating systems. Lei< species have 
small testes relative to their body size. Males in polyandrous and colonial nesting 
monogamous species tend to have large testes relative to their body size. Values are 
means. [After Birl<head 7995] 

Testis size relative to body size increases with the intensity of spen11 
competition (Pitcher et al. 2005). fu11ong birds. testis size is highest in 
polyandrous species and next highest in colonial species that are monog
anlous (Figure 14-7). Lek species have sn1aller testes sizes than those of 
solitary, n1onogan1ous species. 

The thick, outer fibrous sheath of the testis encases a dense mass of 
convoluted tubules. called sen1iniferous tubules. Lining the tubules are ac
tive gcnnina] epithelia that produce spenn. Doth Sertoli cells, \Vhich line 
the tubules, and Leydig cells, ·which are packed bet\.veen the tubules. 
secrete the sex-hormone testosterone. These cells undergo \vell-defined 
seasonal cycles in the accmnulation of lipid and cholesterol used in the 
development and fon11ation ofsperrn. Cells of the genninal epithelia trans
fonn into rnature spenn in synchronous \-vaves down the tubule. The en
tire length of a setniniterous tubule produces spenn at the same time in 
strongly seasonal breeders, such as Arctic shorebirds. Mature sperm quickly 
leave the testis through a series of other thin tubules-rete tubules. vasa 
efferentia. epididymis. and vas deferens (Figure 14-8). 

A typical bird spenn consists of three sections, as in other vertebrates 
(Figure 14-9). The head (acrosorne and nucleus) contains the genetic 
material. The midpiece provides tnetabolic po\ver. The tail (axial tl.lan1ent 
and tail 1nen1brane) propels the spenn fonvard. 



Testicular artery 

Epididymis 

FIGURE 14-8 Internal anatomy of the avian testis. [From Marshall 1961] 

af 

(A) (B) (C) (D) (E) (F) 

FIGURE 14-9 Structural differences in spermatozoa characterize the orders of birds. 
(A) Collared Trogon (Trogoniformes); (B) Great Black-0:;-.::ked Gull (Charadriiformes); 
(C) Common Eider (Anseriformes); (D) Blue Ground Dove (Columbiformes); 
(E) domestic chicken (Galliformes); (F) Yellow-rumped Warbler (Passeriformes). 
Abbreviations: a, acrosome; af, axial filament; mp, midpiece; n, nucleus; tm, tail 
membrane. [From McFarlane 1963] 
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some species. Nonpasserine spen11 are generally long and straight like those 
of mammals. Passerine sperm are distinct, with a spiral head and a long, 
helical tail metnbrane (see Figure 14-9F). Instead of swimming by beat
ing the tlagella-like tail, they spin. The relative proportions and lengths 
of the sections are inherited traits that vary among male Zebra Finches 
(Birkhe:1d et al. 2003). 

-;gp_~ 14-2 

Tht· serninal vesicles are the expanded bases of the t\vo ductus deter
enti:l. \vhich s\vell \Vith accumulated semen awaiting discharge. They are 
responsible for the conspicuous cloacal protuberances of breeding male 
passerine birds (see Figure 14-12A). In mammals. the seminal vesicles and 
accessory glands, such as the prostate, add nutritious ingredients to the se
tnen. In birds. the seminal vesicles supply few nutrients, and the other 
glands are absent (Kirby and Fronun 2UOO). 

Copulation 
l\;1ost birds Jack exten1al genitalia, with SOBle impressive exceptions. !Vlat
ing typically requires only brief cloacal contact, often described as a "'cloa
cal kiss." Standing or treading precariously on a female's back. a male 
twists his tail under hers and she. in turn. twists into a receptive position 
(Figure 14-1 0). The tnale may slip otr while trying to maintain contact 
f()r the fe\v seconds required. S\vifts copulate in midair. Some species take 
longer (Box 14-2). 

Sperm arc transferred when each partner's cloaca everts. Tiny papil
lae protruding into the cloaca fi-om the posterior walls of the male's 
sperm sacs come into contact \vith the opening of the female ·s oviduct. 
Ejacubtion f()llO\VS. In chickens, average concentrations of sperm are 
3.5 million per cubic millitneter of sen1en. A single ejaculation passes 
from 1. 7 billion to 3.5 billion spen11 (with records ranging fi·om 7 bil
lion to 8.2 billion by roosters). The concentration of sperm. however, 

PROLONGED COPULATION 
Some mammals. including minks
the aquatic weasel with wonderful fur 
used for coats-are notorious for their 

lengthy copulations that last for hours. The pro
longed copulation of the Aquatic Warbler also is 
extraordinary compared with that of other birds 
(Schulze-Hagen et al. 1995). This species has the 
highest known level of multiple paternity per 
brood of any bird species. Rather than the nor
mal 1 to 2 seconds, copulation in this species lasts 

25 minutes. The male and female lie together on 
the ground, male atop the female. holding on to 
her head feathers with his bill. The male insem
inates the female repeatedly just before and af
ter egg laying. This behavior ensures that his 
sperm will be positioned to fertilize the next ovum 
released from the ovary. Such attention is re
quired to win a share of the intense competition 
for paternity. 



FIGURE 14-10 Copulation 
in birds: (A) Northern 
Goshawks average from 500 
to 600 copulations per 
clutch; (B) Spotted 
Sandpipers copulate 
frequently within 1 minute 
when they are reunited after 
separation; (C) the female 
Greater Flamingo's head 
stays underwater during 
copulations; (D) the male 
Dunnock pecks at the 
female's cloaca before 
copulation, inducing the 
female to eject sperm from 
previous copulations. 
[T. R. Birl<head and A. P. 
Moller, Sperm Competition 
in Birds. Copyright 1992. 
Reprinted by permission of 
E/set1ier.] 
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display of the male Mallard, at left. The male 
then swims around the female, at right. 
I Courtesy of F. McKin11ey] 

drops rapidly after three or four ejaculations . A minimum of about I 00 
million sperm is required for the proper fertilization of hens (Kirby and 
Froman 2t 100). 

Some birds have elaborate postcopubtory displays. Immediately after 
copulation, t()r e:-;:ample. a male Mallard t]ings his head upward and back
\vard . called the bridling display, and gives a whistled call (Figure 14-11). 
Then he swims around the fema le, holding his head low to the \Vater, 
called nod swimmin g. These displays apparently announce successful intro
mission (Hailmw 1977). 

E11brged cloacal protuberances of uJale passerine birds function as cop
ulatory orgam (Figure 14-12A). The size of the protuberance varies among 
species with rhc intensity of sperm competition (see page 41 h). The cloa
cal protuberance of the male Bearded Reedling of Europe everts during 
copulation into a large red phalluslikc structure (Briskie 1998; Sax and 
Hoi 1998). Unlike that of other species. this prontberance does not store 
spenn. It sei"VL'S solely as a copulatory organ. The size of the organ indi
cates a male's reproductive status. It also matches the fertility cycle of its 
mates . 

Formal study and an understanding of the diversity of avian genitalia 
have been slo,, .. in coming, apparently owing to a long-standing Victo
rian prudishness (l3I;skie 1998). A few birds have an erectile. penislike in
tromittent organ, which is J spL·cial modification of the ventral wall of 
the cloaca (Figure 14-12B). The list of species so endowed includes tina
mous, most watertowl. screamers . cu rasso\vs and chickens, some parrots. 
and ostriches. The tl.tlly extended , bright red penis of an ostrich may be 
20 centiml'ters long. The mating ritual of these large tlightkss birds is a 
dramatic event: intromission and ejaculation last a full minute. Both chick
ens and turkl'ys have small penises , which enlarge with lymph tluid that 
adds to semen in the vas deferens. This tluid is ejaculated through a lon
gitudinal phallic groove. 

The \Vaterfowl penis probably flcilitatcs spenn transfer underwater. 
However. the Ruddy Duck and its close relative. the Lake Duck ofSouth 
America, have extraordinary copulatory organs owing to sexual selection 
(McCracken 20fl0). The spiny penis of the Lake Duck is the greater of 



Cloacal 
phallus 

FIGURE 14-12 Phallic organs of male birds. (A) Cloacal protuberance of a male 
Dunnock. (B) The cloacal phallus of a domestic duck. (C) The longest known penis 
(42.5 em) of a bird is a feature of the Lake Duck of South America. 
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duck's o\vn body and rivaling that of an ostrich (Figure 14-12C). This 
organ stays coiled inside the body until activated. The duck then \vaves 
it before a potentially receptive fen1ale. Size matters. Fetnales of a related 
species, the White-headed Duck in Europe, prefer the exaggerated dis
plays of introduced nule Ruddy Ducks to the tnodest organs of males of 
their O\Vn species. As a result. hybridization with Ruddy Ducks is inet·eas
ing and no\v endangering the lesser native species. 

BufE1lo \Veavers arc the only passerine birds kno-vvn to have a phal
luslike organ. Extra-pair paternity and spern1 con1petition are intense 
in this colonial species. \vhich practices polygynandry and polygyny: 
63 percent of broods examined had multiple sires. Located anterior to 

the cloaca, the phalluslike organ is not inserted during copulation but 
serves, instead. as a unique stin1ulatory organ (Winterbottom et aL 
2001). Endurance-18 minutes of prolonged stimulation and protracted 
copulation-leads to an orgasm that is a prerequisite to ejaculation and 
probably to better retention of the sperm by females in this highly con1-
petiti ve sexual society. 

Fertilization and Sperm Competition 
Avian spenn S\Viin directly to the upper end of the oviduct, \Vhere they 
may encounter the ripe ovum. They can reach the infundibulum in less 
than 30 rninutes. But then there is only a natTO\V window of opportu
nity for fertilization. The ovun1 quickly adds protective barriers against 
fertilization by rnore than one spenn. 

Female birds of rnany species have special spen11-storage tubules (Birk
head 1995; figure 14-1 3). The prinury storage tubules are located at the 
junction of the uterus and vagina of the oviduct above the cloaca (see 
Figure 14-17). Secondary, short-tenn storage tubules are sited at the in
fundibulmn itself. The nmnber of tubules varies greatly among species
fi·onl 500 to 20.000. Large birds have tnore tubules. The tubules can hold 
the spenn tor \\reeks, albeit \Vith son1e passive loss, and then release sperm 
at a constant rat~ shortly before ovulation. Last spen11 in are the first ones 
out. 

Nornnlly, ·eggs are fertilized within a tevv days of copulation, but some 
spenn ren1ain viable for weeks. Domestic chickens and turkeys, in par
ticular, can produce fer6lc eggs fi·otn 30 to 72 days after copulation. For 
n1ost birds. the probability of laying fertile eggs decreases rapidly tl-om one 
to t\vo \Veeks after copubtion. Some unpaired birds n1ate on migration 
and continue onward carrying stored spen11. In one set of studies, the 
presence of viable cloacal spenn during spring migration revealed that at 
least 25 percent of the ten1ales of North American nrigrant passerines cop
ulate before they reach the breeding grounds (Quay 1989). 

Fernale birds tend to mate \vith more than one tnale, even if socially 
tnonogan1ous, as noted in preceding chapters. For this reason, the sperm 
of difierent n1ales may be in the storage tubules or in the oviduct at the 



FIGURE 14-13 Photographs showing the sausagelike sperm-storage tubules of a 
japanese Quail at two levels of magnification . [From Birkhead and M!JIIer 1992] 

same time. lfso, they compete to fertilize the ova released ti·om the ovary. 
Such so-called sperm competition is prevalent among animals. It is an im
port<lnt element of sexual selection. Male adaptations to sperm competition 
include large testes , large spenn stores. long sperm. the guarding of mates, 
and frequent copulations (Birkhead l <J<JX: Pitcher et al. 2005; Box 14-3). 
Females. hmvever. control the pace. timing. and probability of paternity. 

Mating order and. to a lesser extent. the interval between copulations 
determine which male wins paternity of oHspring (Birkhead 1998). Last 
male sperm precedence is the rule, L'specially if sequential copulations are 
separated by more than 4 hours. RelatiVL' numbers of sperm determine 
the probability of fertilization by a particular male's sperm. After insem
ination. sperm are passively lost from the female 's storage tubules at a con
stant rate for days or weeks. For this reason, the interval between two 
inseminations increases the probability th;lt the second one will be better 
represented by more sperm in the oviduct. On the other hand. temales 
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The Smith's Longspur, a bunting of the 
subarctic tundra, offers an extreme ex
ample of sperm competition (Briskie 

1993). Each female pairs and copulates with two 
or three males for a single clutch of eggs. Males 
do not defend territories: instead, they pair and 
copulate with two or more females and compete 
for copulations and paternity of the offspring. 
They practice polygynandry. The male that cop-

ulates most on the day of ovulation usually fer
tilizes that ovum. It does so by diluting or displac
ing ejaculates of rival males, thereby putting its 
own sperm in position when a new ovum is re
leased. The huge testes of the Smith's Longs pur
twice the size of those of the related, but 
monogamous, Lapland Longspur-support its fre
quent copulations and supply its many ejaculates. 

actively eject rnost ne\v sperm \vhen they defecate after copulation. This 
act is part of the tnating ritual in some species. In another polyandrous 
species subject to extren1e sperm competition, the male Dunnock pecks 
at the exposed cloaca of the receptive fen1ale just before they copulate 
(see Figure 14-] OD). In response, the fetnale ejects a droplet of the sperm 
tl·on1 a previous copulation (Davies 1983). 

Last nule spenn precedence is also responsible for n1ost extra-pair fer
tilizations in n1onogarnous species (Birkhead 1998). Despite fi·equcnt cop
ulations \:vith a rnate, the spen11 of extra-pair tnales prevail for t\vo reasons. 
First females solicit extra-pair copulations ·when they are about to ovu
late and so achieve optimal tinting. Second, n1ales tend to participate in 
extra-pair liaisons after they have completed siring their own broods and 
·when they copulate less fi-equently vvith their rnates. Because they are 
''rested,'' they achieve higher densities of spenn in larger ejaculates. 

The Complete Egg 
Fertilization converts an ovum into an embryo, which then begins its pas
sage through the oviduct to complete the ton11ation of the cleidoic, or 
closed, egg. Before accornpanying the egg on its fonnative passage. we 
should exatnine the rnajor features of the cmnpleted egg (see Figure 14-S). 

Cleidoic eggs evolved tiorn the naked. amniotic eggs of ancestral rep
tiles, presumably in response to predation by soil invertebrates and mi
crobes (Packard and Packard 1980). The flexib1e shell 1ne1nbranes of 
prin1itive reptilian eggs \Vere \Vater penneable, but the harder. calcified 
avian eggshells are less so. The increased calcification of the avian eggshell 
provided better protection for eggs. Sacritlced \Vas their ability to absorb 
the water needed by an etnbryo. To con1pensate, birds added water to 
the egg contents in the fon11 of alburnen (the egg white). 

The albumen consists pritnarily of \Vater (90 percent) and protein (1 0 
percent). Besides being the embryo's \Vater supply, the albun1en is an elas
tic, shock-absorbing cushion that protects the ernbryo when the egg is 



moved or jolted. It insulates and butTers the embryo fi·om sudden changes 
in air temperature and slows the cooling rate when the parent is not in
cubating. Albumen constitutes ±1-om 50 to 71 percent of the total \vcight 
of the egg. 

In addition to the alblllnen, the freshly laid avian egg contains the yolk, 
which is an energy-rich food supply for the ernbryo. Lipids constitute 
ti-on1 21 to 36 percent of the yolk, ~md proteins make up another 16 to 
22 percent. The rest is pri1narily water. The yolk sac, or vitelline mem
brane, functions as the early analogue of a stmnach and intestines. This 
sac is ultimately absorbed into the embryo's body cavity. The yolk ini
tially cradles the tiny embryo in a small pocket. 

Bird eggs vary greatly in con1position, especially in the ~unount of yolk 
that they contain relative to their size (Sotherland and Rahn 1987). Most 
clearly, yolk increases from a low of about 15 percent in the eggs of gan
nets (Sulidae) to a high of ()9 percent in the eggs of ki\vis. The water 
content of the egg decreases as the yolk content increases. This spectnnn 
of increasing yolk cones ponds to the chicks· maturity at hatching, rang
ing from helpless (altricial mode of development) to n1obile and some
times independent (precocial) (Figure 14-14). Chapter 16 looks at these 
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FIGURE 14-14 Differences 
in the relative amount of 
yolk in the eggs of different 
birds. Typical hatchlings are 
(from top to bottom): 
Bohemian Waxwing 
(altricial); Aretic Tern (semi
precocial); Ruddy Duck (pre
codal); Malleefowl (precocial); 
Brown l<iwi (precocial). 
[From Sot/1erland and Rahn 
1987} 
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the embryos in the eggs and the implications for the early lite of birds 
and care by their parents. 

Eggshells 

Above all, the hard eggshell provides structural support and protects the 
egg tl·om soil invertebrates and microbes. ThL· external shell layers shield 
the ernbryo, conserve food and \Vater, and t~1cilitate the respiratory ex
change of gases. Eggshells vary in thickness fi·om paper thin in small land 
birds to as much as 2. 7 millimeters thick in ostriches. They are strong 
enough to withstand the \Veight of an incubating adult but delicate enough 
to allo\~' the chicks to break out. The shell usually constitutes from 11 to 
I 5 percent of an egg's total weight-as much as 28 percent in extreme 
cases. 

Among the most endearing qualities of birds· eggs are the varied and 
often intricate colors of their shells. Only birds lay eggs with pigtnent
colored shells. Ivlost eggs laid in open nest sites are exquisitely colored 
<llld patterned. Shaded ground colors, superficial blotches, and fine speck
] i ngs or scrawls provide cunouflage, helping to blend the smooth con
tours of an egg into its background. 

The eggs of some ground-nesting species, such as nightjars, are con
spicuously white. In these exceptional cases, the \vcll-camoutlaged incu
bating parent shields them fi-om the eyes of potential predators. The eggs 
of hole- or burrow-nesting species tend to be dull \vhite. The need for 
camouflage is minimal in such nest sites. Enhanced visibility of the white 
eggs in the dark interior of the nest cavity may reduce accidental break
age by the parents. The vvhitish eggs of grebes are camout1aged by brown
ish stains t1·om mud and rotting nest vegetation. 

A variety of birds, such as An1erican Robins. lay bright blue eggs. The 
brightest blue eggs of all are those of the Great Tinamou of Central and 
South America. The t\.mction of blue coloration is still not kno\vn 
(Undef\vood and Sealy 2002). Remember that most mammalian predators 
don't see color and that birds thernselves don't see colors exactly as we do. 

Besides providing camouflage, brown speckling may strengthen the 
eggshell (Cosier et al. 2005). The amount of speckling on the eggs of 
Great Tits, caused by the addition of protopmvhyrin pigtnents, varies with 
the thickness of the eggshell. Darker spots mark thinner and more per-
111L'ablc parts of the eggshell itself The intensity of brown speckling also 
varies ;unong locations according to the availability of the calcium needed 
hy birds to produce the eggshells. Eggs produced in locations with re
duced calcium are both thinner and more intensely speckled. Andrew 
Cosier and his colleagues suggested that the protoporphyrin pigments re
sponsible f(x the brown speckles n1ake the thinner eggs less brittle by 
lubric1ting the crystalline microstructure of the eggshell. 

I )itTerent shell textures characterize the various families of birds. Ac
centuating the bright blues, greens, and violets of tinamou eggs is their 
polished, enamel-like texture. The eggs of ibises and megapodes, in con-



trast, have dulL chalky textures, \Vhereas duck eggs arc oily and water
proof The eggs of cassowaries are heavily pitted, and the eggs ofjacanas 
appear lacquered. 

Eggshell textures are the result of a porous microstructure that regu
lates the passage of water vapor, respiratory gases, and microorganisrns be
t\veen the inside of the egg and the external world. The eggshell is 
pen11eated by thousands of rnicroscopic pores (Figure 14-15). An ordinary 
hen's egg has more than 7500 pores, mostly at the blunt end of the egg. 

The shells of most avian eggs have sirnple, straight pore canals that 
\Viden slightly toward the openings on the exterior surt~lCe. The eggshell 
pores of s\vans and ratites, ho\vever, branch frmn their origins near the 
shellrnembrane into a more complex network (Tyler and Sirnkiss 1959). 
Covering the exterior openings of the pore canals of all avian eggshells 
except those of pigeons and doves are tiny plugs or caps, \\-'hich m;1y act 
as pressure-sensitive valves. 

The structure of eggshells could limit the altitudinal or geographical 
distributions of birds (Carey 1991). lZates of potential water loss are high 
in dry habitats. where relative hurnidity is lo\v, or at high altitudes, where 
baron1etric pressures are lo\v. Such water loss would limit the hatchabil
ity of eggs without some a<.~ustn1ent in pore density or length. Domes
tic chickens change their eggshell microstructure with altitude (Rahn et 
al. 1982). There is also some compensation tor altitude in the eggs of 
swallo\VS (Carey 1980). The degree to \-vhich eggshell microstructures vary 
as a form of environmental adaptation invites new research. 
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Oxygenated blood 

FIGURE 14-15 Pore canals allow gas exchange through the eggshell. Oxygen enters 
the eggs through pores in the cuticle and passes through columns of crystals to the 
permeable shell membranes. Carbon dioxide and water vapor escape to the outside 
environment through these same pores. Blood vessels in the capillary bed of the 
chorioallantois link the developing embryo to the gas-exchange pathway. [After Ra!Jn 
et at. 1979, with permission from Scient~fic American] 
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FIGURE 14-16 Pointed 
eggs such as those of the 
Common Murre are less 
likely to roll off a cliff ledge 
than are the more rounded 
eggs of auks such as 
Razorbills. Data presented 
here are from 400 trial 
experiments in which eggs of 
each type were pushed 
gently on a nesting ledge. 
[After Drent 7975; Tschanz et 
a/. 1969] 

Egg Sizes and Shapes 

Modern bird eggs vary in size ti·om the tiny (0.2-g) pea-sized eggs of 
hummingbirds to the enormous (9-kg) . half-gallon eggs of the extinct ele
phant birds (Aepyornithidae) of Mad:tgascar. Although egg size increases 
with body mass. small birds hly much larger eggs relative to their body 
mass than do big birds. Most birds lay eggs ranging ti·om 11 percent to 
only 2 percent of body mass. with some dramatic exceptions. Kiwis. as 
mentioned in Chapter 12. lay unusually large egbrs. The I3rovm Kiwi lays 
t\vo. sometimes three, 500-gram eggs, each of which is 25 percent of the 
female's own mass. It lays these enormous eggs at four-week intervals (see 
Figure 12-1 , page 336). Occasionally, birds lay dwar( or runt, eggs that 
are less than half the size of their normal eggs. Most of these eggs lack a 
yolk and result fi·om abenant stimulation of the oviduct by an object such 
as a blood clot. 

The term "egg shaped" brings to mind a rounded structure. longer 
than it is wide and slightly more pointed at one end than at the other. 
The familiar hen's egg is an example. Some factors influence the shapes 
of the eggs of domestic hens. but sex is not one of them. Males do not 
comL' trom pointed eggs; nor do temales come from more rounded ones, 
as Aristotle once suggested and popular wisdom would have it. Eggs vary 
tr01n the nearly spherical eggs of petrels. turacos. owls. and kingfishers 
to the pointed (pyrif(mn-literally ''pear shaped") eggs of plovers and 
murres. Between these shapes are th e ellipsoidal, or biconical, eggs of 
grebes, pelicans. and bitterns. 

What detennines egg shapes? They are a compromise between struc
tural advantages. clutch volume, and egg content. Spherical eggs maxi
mize shell strength , the conservation of heat. and the conservation of shell 
materials because they maximize volume relative to shell sur£1ce. Pointed 
eggs-for example, those typically laid by shorebirds-further enhance 
the volume or content of large eggs within the limits set by the area 
that an incubating parent can cover with its body. The pointed eggs of 
lllliiTes and other cliff-nesting birds have an additional advantage: they 
roll only in a tight arc, ·which lessens their chance of f:uling from nest 
ledges (Figure 14-16). 
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Egg Formation in the Oviduct 

A freshly laid egg consists of (I) the ovmn, if unfertilized, or an embryo, 
if fertilized; (2) a full supply of food to nourish the ernbryo; and (3) pro
tective layers to safeguard the internal environment. These components 
are assernbled in an orderly vvay in the egg's trip do\vn the oviduct. 

The egg's passage through the oviduct usually takes about 24 hours 
but may require a week. After only a brief stay in the infi1ndibulum (20 
minutes), the egg of a chicken enters the main length of the oviduct, 
where it rernains for 3 to 4 hours, progressing at a rate of 2.3 millime
ters per minute, as if on an assembly-line conveyor belt. The albumen is 
added in this period. The membranes of egg and shell are added next. in 
a 1-hour passage through the isthtnus section of the oviduct at a rate of 
about 1.4 millimeters per minute. Shell formation in the uterus then takes 
frmn 19 to 20 hours. 

The oviduct is a long, convoluted tube \Vith elastic walls able to ac
con1n1odate the egg as it enlarges (Figure 14-17). Peristaltic contnctions 
of srnooth-nlllscle layers propel the egg fi·om the infundibulum to the 
vagina. A glandular epithelial lining adds the albun1en, shell membranes, 
and pigmentation in successive distinct sections. 

As a tlrst step. the anterior section of the oviduct, called the magnum, 
adds tour layers of albumen. The yolk rotates gently in response to the 
slight spiral an-~mgement of the cellular ridges that line the oviduct's in
terior. Twisted strands of albumen, called chalazae, form as the yolk ro
tates (see Figure 14-5). They act as snull built-in springs that help stabilize 
the yolk position and keep the embryo on the dorsal side of the finished 
egg. 

Covered \:vith ~1lbwnen, the egg enters the isthn1us of the oviduct. 
·which surrounds the albumen tlrst with an inner n1embrane and then with 
an outer shell membrane. This pliable and tough outer me1nbrane is usu
ally firnliy attached to the shell itself It is riddled with tiny pores that al
lovv the passage of gases and liquids by osmosis and diffusion. Small 
an1ounts of pigments added to the shell n1en1brane may itnpart a pinkish 
hue. 

The final stage of egg production is the addition of a hard shell. It 
consists n1ostly of calcium carbonate (CaC03) in the fonn of calcite crys
tals. The shell is added in the uterus section of the oviduct. Eggshells arc 
nude of inorganic calcium and magnesiun1 salts (carbonates and phos
phates) embedded in a netvv·ork of delicate. collagen-like fibers Qohnson 
2000). 

Two distinct layers make up the shelltnicrostructure: ( 1) an inner cone 
layer vvith basal protuberances that adhere to the shell membrane and 
(2) a palisade layer that makes up tnost of the shell nuterial (see Figure 
14-l S). Ctystalline calcite is the principal construction material. This in
organic salt \Vill gradually be taken tl·om the shell and used as calcium for 
bone gro\vth by the etnbryo. 

Covering the outer surt~Ke of the eggshell is the cuticle, a thin. pro
teinaceous fi-oth of air bubbles that blocks invasion by tnicroorganisms. 
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Infundibulum -------'i:: 
(site of fertilization) 

Uterus with 
shell gland 
(albumen, shell, 
and pigments added) 

~;:--___,:;~r-:E:r---- Mature ovum 
(ready to be ovulated) 

~~"<-------Magnum 
(first layers of 
albumen added) 

:li!>~·~- Isthmus 
(inner membrane, 
outer shell membrane, 
and albumen added) 

··• ~Large intestine 

~J/ ::-!: .= 

FIGURE 14-17 Formation of the complete egg in the oviduct, starting with the 
release of a mature ovum into the infundibulum. Layers of albumen and the shell 
membranes are added as the egg proceeds down the oviduct. The shell gland of the 
uterus adds pigments as a final step. Sperm-storage tubules are located at the 
uterovaginal junction of the oviduct. [After Evans and Heiser 2004] 

The chernic1l elements that nuke up eggshells are extremely stJble. For 
exarnple, with proper calibration for past temperatures, fossil ostrich 
eggshells can be used to estinute the ages of archaeologic1l sites as old as 
1 rnillion years (l3rooks et al. 1990). 

Magnesium and phosphate are minor cmnponents of the shell struc
ture, but even slight variations in their concentrations af1ect the strength 
and thickness of the shelL altering the delicate balance of gas and \Vater 
exchange required by the ernbryo. Mab111esiurn is usually concentrated in 
a very thin layer of the inner shelL where it plays a role in the reclama
tion of eggshell salts by the embryo. 



Pesticides also atTect shell thickness, causing serious declines in raptors, 
\Vater birds, and others high on the food chain. Pesticides, such as DDT 
and DOE (a breakdown product of DDT), affect normal eggshell forma
tion by increasing magnesiurn and phosphate levels-with fatal conse
quences. For exan1ple. the nornul level of rnagnesium in Common Tern 
eggshells is 1.34 percent. and the normal phosphate level is 0.23 percent. 
Exposure to DDT and DDE increases these concentrations to 2.1 per
cent and more than 0.6 percent, respectively, causing denting and dcvel
oprnental f1ilure (Fox 1976). An even higher phosphate level (0.86 
percent) has been associated \Vith dead embryos. 

In the 1960s, these pesticides were responsible for the \videspread 
eggshell thinning and reproductive t:1ilure of Bro\vn Pelicans (see Figure 
18-24), several species of raptors, and penguins. Many eggs were so thin 
that the \Veight of the incubating parent crushed thetn. R_educed pesti
cide use led to irnproved eggshells and rebounds of endangered species. 

At the end of the egg's joun1ey through the oviduct, the shell gland adds 
shell colors, first as pigments deposited in the course of shell fonnation
the ground color-and later as superficial markings in the cuticle. the thin 
transparent coating of protein Inolecuks that covers the entire shell. The 
shell pigments are porphyrins (see Chapter 4). which derive from the 
hetnatin of old blood cells that have been broken down in the liver and 
transformed into bile pigments. 

No bird retains and nurtures a fertilized egg inside its body and bears 
live young. All birds by a shelled egg t()l' external incubation-a trait 
called oviparity. The high body teinperatures (40°-42°C) of birds pre
clude the retention of eggs inside the body cavity and mandate the rapid 
expulsion of the fertilized egg to cooler ten1peratures outside the body, 
followed by external incubation in nests. 

Birds eject the tlnished egg voluntarily with their poweti1Jl vaginal 
n1usculature. The large size of most eggs precludes the retention of more 
than a single egg. Larger retained clutches vvould increase the energy· cost 
of flight and nuke females n1ore vulnerable to predators. Most birds lay 
their eggs early in the morning, probably to avoid the risks that daytime 
activity could pose to a bird carrying a heavy, fragile egg in its oviduct. 

As a rule, the laying interval between eggs is fi-om one to two days. 
Most p~1sserines, ducks and some geese, hens. woodpeckers, rollers, small 
shorebirds. and small grebes can lay an egg a day. At the other extreme. 
moundbuilders require from tc1ur to eight days to produce one of their 
huge eggs. ltatites, penguins, and large raptors take trom three to t1ve 
days. and boobies and hornbills take as many as seven days. 

The Embryo 
Three extraembryonic membranes support the life and growth of the avian 
etnbryo (Figure 14-18). The amnion surrounds only the cmbl)'O, which 
floats in a contained envirmunent of water and salts. The chorion is a 
protective Inernbrane that sun·ounds all the e1nbryonic structures. The al
lantoic sac functions in both respiration and excretion. This sac increases 
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FIGURE 14-18 The developing embryo and the extraembryonic membranes. [After 
Bella irs 1960] 

in size as development proceeds. A growing net\vork of tlne capillaries 
keeps it well supplied \Vith blood. Pressed tightly against the chorion and 
the shell membranes, the resulting "chorioallantois'" is the site of export 
of carbon dioxide produced by the embryo and import of OA.ygen t1·om 
the outside world (see Figure 1 4-15). The allantois also acts as a se\vcr 
tor the storage of poisonous nitrogenous wastes. 

The avian egg provides a secure, self-contained environment for em
bryonic develop1nent. It also in1poses restrictions on the kind of nitroge
nous waste that the e1nbryo can produce. Ammonia is not a suitable waste 
product, because the e1nbryo, contlned in its shell, cannot excrete it. Un
excrcted ammonia \vould rapidly reach toxic concentrations. Nor is urea, 
a water-soluble compound, acceptable. The egg lacks the space required 
to store large volmnes of this dilute waste. Birds, both embryonic and 
adult, have an exce11ent solution to their waste-disposal problem. Uric 
;Kid is a nonsoluble torm of nitrogenous waste that can be deposited safely 
;ls tiny crystals inside the allantois. It is not toxic, and it does not require 
large volumes of water to tlush it fi·om the adult system. 

Ditli1sion through the shellrne1nbrancs allows the exchange of water va
por and gases, \~'hich are vit~1l to embtyonic lite. Eggs breathe passively. No 
active, regulated exchange is known; nor is it required to account tor the 
known rates of exchange of gas and water vapor. The density of pores is an 
exquisite comprmnise between the optinul high densities that would t:Kili
tare rapid gas exchange and the low densities that would minimize water loss. 

The dynamics of gas exchange change as incubation progresses. The 
eggshell thins progressively as calcium is removed from it and incorpo
rated into the embryonic skeleton. This thinning increases the rate of gas 



exchange at a time of increasing respiration by the growing ernbryo. The 
penneability of the shell membranes to oxygen also increases as they dry 
out, and oxygen moves inward more rapidl)' as the growing e1nbryo draws 
increasing amounts of oxygen fi·om the chorioallantois. 

Clutch Size 
The number of eggs that a bird lays in one set. called the clutch, is sub
ject each season to the availability of energy and other resources (Box 
14-4). l\.s already noted. avian eggs are elaborate stn1ctures, and each one 
requires a substantial investment of energy and nutrition. The production 
of a full clutch \Vithin a short time interval is a major feat that can strain 
a female's daily energy budget. Food shortages can reduce or stall egg pro
duction and thus affect clutch size. 

Generally speaking, the an1ount of energy transferred to the egg varies 
fi·mn 4.2 kilojoules per grain in passerine birds to as n1uch as 8.4 kilo
joules per gram in the f;1t-rich eggs of \~'aterfowl. The etliciency of en
ergy transfer is only about 20 percent. A laying female passerine bird, f(w 
example, must eat 5 kilojoules of fc)od f(w every kilojoule that is trans
ferred to her eggs. Estimates of the daily costs of egg production range 
from 45 to 60 percent of basal tnetabolic rate tor passerines, trmn 80 to 
130 percent for shorebirds and tc)\vl-like birds. to more than 200 percent 
for waterfowl (Carey 1996). Ho\v ornithologists should best measure the 
direct costs of egg production is an ongoing debate (Willia1ns 2005), but 
all agree that these costs are signitlcant ones. 

Egg production also requires sources of protein and of 111inerals, such 
as potassium and calcium. Poor supplies of these nuttients 1nay limit egg 
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BOX14~~-------------------------------------------------------

DETERMINATE VERSUS INDETERMINATE EGG LAYERS 
-~·~.:..- Historically, in the study of birds, a -w- distinction has been made between 

determinate layers-species that lay a 
fixed number of eggs-and indeterminate layers
species that lay extra eggs if some are removed 
from the nest early in incubation. A classic exam
ple of an indeterminate layer is a prodigious fe
male Northern Flicker that laid a total of 71 eggs 
in 73 days to replace those removed as soon as 
they were laid (Bent 1939). Domestic hens and 
Japanese Quails can produce an egg a day all year 
long. 

In contrast are the determinate layers, which 
do not replace eggs removed from their nests. 

Shorebirds and gulls are usually classified as de
terminate layers, but they do replace eggs that 
are removed as soon as they are laid. Pheasants 
and ducks lay a full complement of replacement 
eggs if all but one egg of the original clutch is re
moved as soon as laying is complete. 

The importance of genetic, nutritional. and 
psychological factors controlling the production 
of replacement eggs needs study, and the basic 
concept of determinate versus indeterminate lay
ing ability needs to be reevaluated (Winkler and 
Walters 1983). No clear classification of species 
can be made until all the species being compared 
are subjected to the same experimental regimen. 
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with extra protein causes egg size or clutch size or both to increase in 
many species. The irnportance of calcium t()l· eggshell production \Vas 
noted earlier. 

The greatest costs of egg tonnation are incurred during the period of 
yolk production. The peak daily energy expenditure tor total egg pro
duction depends on the amount of overlap in the growth cycles of sep
arate ova and on the nmnber of follicles gro\ving simultaneously. For a 
Fiordland Penguin, for exan1ple, the peak occurs on day 20 as it adds al
bumen to the tl.rst egg at the sa1ne time as it adds the last of the yolk to 
the second egg (Grau 1982). 

The resources required for egg production come from stored reserves 
supplemented by increased daily intake. Species such as waterfowl, which 
drav ... · heavily on stored energy and nutrient reserves to produce their large, 
expensive eggs, are called ··capital breeders .. , Wood Ducks, for example, 
lay large clutches of about 12 richly provisioned (and. therefore, energy
expensive) egbrs at a total n1etabolic cost of 6000 kilojoules (Drobney 
1980). A hen's t:lt reserves provide rnost of this energy (88 percent). The 
protein content of the eggs, ho\vever. comes fi-om invertebrates eaten by 
the hen during the laying period. which requires an additional investrnent 
of energy fl·on1 her f:lt reserves. The use of stored reserves for egg pro
duction by passerine birds is not yet well studied (Williams 2005). 

(1ther birds are "income breeders." These species ingest, on a daily 
basis, the resources that they need for egg production. Brown-headed 
Cowbirds are incmne breeders. They do not use stored reserves despite 
their great egg production-approximately an egg a day for more than a 
month. Instead, they obtain the nutrients tor egg production directly from 
the diet (Ankney and Scott 1980). 

Arctic shorebirds also are incmne breeders. On1ithologists once as
sumed that fetnale Arctic shorebirds carried most of the resources that 
they \Votlld need for egg production when they migrated north. They 
supposedly built up these reserves at their refueling stopovers enroute to 
the breeding grounds. Analyses of carbon isotopes, ho\vever, sho\ved it 
not to be the case (Klaassen et al. 2001). The carbon-isotope signatures 
of eggs and natal down of the hatchlings do not match those of estuar
ine ecosystems. Instead. they are typical of the Arctic tundra, demonstrat
ing the direct transfer of resources ingested after arrival in the Arctic. 

Laying tenules draw~ smne of the calcium needed for eggshells from 
their own bone tissues. They also supplement that source with extra cal
cium intake. Rodent teeth and small bones on the tc1rest floor are irnpor
tant sources of calciun1 for egg production. So arc sn:1ils, vvood lice, and 
millipedes (Bure and Weidinger 2003). These essential natural sources of 
calcium are declining in some torests O\Vtng to acid rain. which dissolves 
the calcium in the litter on \vhich land snails, f()r example, depend tor 
their shells (Graveland et al. 1994). Declines in the abundance of land 
snails then cause poor reproduction by forest birds. Experimental supple
ments of calciurn can reverse reproductive decline by improving egg vol
mne, eggshell thickness, the onset of breeding, and chick health (fvland 
et al. 2000). 



()ther costs of egg production may not be resource based and are more 
subtle and mostly speculative. For example, decreases in breast muscle and 
increases in body \veight during the egg-laying period may in1pair a fe
male's ability to tlv and hence her abilitv to avoid nredators (Vcasev et al. 

" J ./ r- .I 

2001). Fe1nale Blue Tits are 14 percent heavier and fly 20 percent n1ore 
slowly during the egg-laying period than they do attcr the eggs hatch, but 
males stay the same (Kullberg et al. 2002). Another potential cost may 
sten1 ti·mn the elevated levels of estradiol hormone associated vvith egg 
laying. This hormone inhibits the production of red blood cells and re
duces the red-blood-cell count of laying fenules, potentially i1npairing 
their ability to tly and their general aerobic performance (Williams 2005). 

Non-resource-based costs of egg production may be n1orc important 
than resource-based costs (Ketterson and Nolan 1999: Willia1ns 2005). 
R .. eproductive honnones have a broad etTect on the body, affecting im
munocompetence, organ size, and the protection of blood vessels and 
nerves. Minimizing such costs in the short term by limiting reproductive 
investment potentially increases longevity and litetimc reproductive suc
cess. Linking these short-term constraints to long-term costs and benetlts 
retnains a major challenge for students of avian life-history strategies. 

()ptirnal clutch sizes are subject to long-term tradeot1s that atTect lite
tinle reproduction success (see Chapter 17). The results take many forms. 
The ''insurance., eggs of certain seabirds are one example. Penguins, boo
bies, and other seabirds lay an extra egg to back up the first egg to ot1set 
chronically poor hatching success due to infertility, early en1bryonic flil
ure, or predictable loss to predation. Rockhopper Penguins and the Mac
aroni Penguins typically lay t\vo eggs of dit1erent sizes (del Hoyo et al. 
1992). The second egg is t1·om 20 to 70 percent larger than the first and 
tends to hatch first despite being laid as n1uch as a \Veek bter. The pen
guins do not start incubation until both eggs are laid. The smaller, later
hatching chick tl-om the tlrst, s1naller egg then usually starves to death 
within a few days after hatching. 

How can \Ve explain this situation? Two intriguing hypotheses are 
available. One suggests that the first eggs laid by these penguins are often 
lost to predators or pushed out of the nest in tights with neighbors be
fore the parents settle down to incubation. For example, 54 percent of 
the pairs of Macaroni Penguins lose their first egg this way before they 
lay their second egg. Such losses, combined with high mortality during 
incubation, t:wor a t\vo-cgg clutch containing one insurance egg. Alter
natively, the other hypothesis suggests that Eudyptcs penguins could be 
evolving from a two-egg clutch to a one-egg clutch, and what we see is 
a snapshot of evolution in action. 

Summary 
Birds reproduce sexually. The gonads consist of paired testes in males and 
(usually) a single ovary in temales. Avian testes are located internally, at
tached to the dorsal body wall at the anterior ends of the kidneys. The 
avran ovary, \Vhich resembles a cluster of grapes, comprises hundreds, 
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n1ones secreted by the anterior pituitary: follicle stimulating hormone, 
\Vhich regulates gamete formation, and luteinizing honnone. which reg
ulates hormone secretion by the testes and the maturation of follicles in 
the ovary. Estrogen and testosterone control sexual distinctions in 
plumage. body size, voice, <md behavior. 

The t\:vo sex chrmnosomes (W. Z) controlling sexuality in birds 
evolved independently of the numtnalian sex chromosomes (X, Y). Fe
male birds have t\vo ditierent sex chromosomes (WZ), and males have 
t\VO similar sex chromosomes (ZZ). Gene activity in the sex chromo
somes directly atTects the neural circuitry of the brain as well as the de
velopn1ent of the gonads. 

Nlost birds lack external genitalia. Copubtion nonnally entails only 
brief cloacal contact. Fetnales store viable sperm for \Vceks in special stor
age tubules. Females also n1ediate competition among spenn received fi-om 
different 1nales. Sperm s\vim directly to the upper end of the oviduct, 
where fertilization takes place, usually within a fe\v days of copulation. 

The avian egg is one of the most cmnplex and highly differentiated 
reproductive cells achieved in the evolution of animal sexuality. It pro
vides not only nourishrnent ft1r the developing e1nbryo but also ventila
tion. insulation, resistance to rapid heating or cooling, and protection. 
The avian eggshell evolved to protect the en1bryo ti-om soil invertebrates 
and 1nicrobes. Pores that pennit gas exchange and \Vater loss permeate 
the nlicrostructure of the eggshell. 

After fertilization. the egg \Vith its tiny ernbryo passes through ditter
ent regions of the oviduct, a process that generally takes about 24 hours. 
Albl1lnen, yolk, egg and shell membranes, and a hard shell made of cal
cium carbonate are added in the journey do\vn the oviduct. Egg fonna
tion takes tiom one to seven days, depending on the species. Females 
transfer to their eggs imnnme EKtors and steroid honnones in variable 
doses that atTect the quality and competitive ability of their ot1spting. Some 
birds have fixed clutch sizes, but others do not. Energy requirements. food 
supplies, egg size, and parental-care requirements, as \Vell as genetics. all 
influence clutch size. 



CHAPTER 1-5 

Nests and Incubation 
The grcdt dil'ersity (~f nests built hy birds (~{the order 
Passcr{formes help~· exp/,1i11 their ."'lccess . . . mui tltcir 
ocwparion (~f most rcrrcstriill 1!,1hihtts oPcr The 1Forld. 

JColliJs 1 'J97. p. 2(>71 

o bird gives birth to live young. lnstead, birds prepare 
nests to cradle their eggs and then their young. Caring 
tlrst t(Jr the eggs and then for the young requires a ma

jor commitment of time and energy, often by both sexes. The associated 
risks also are great. The vulnerable eggs, nestlings, and attending parents 
ternpt a host of predators. Costs of reproduction include high mortality 
of incubating parents and low survival of eggs and nestlings. Competition 
tor prin1e, safe nests, therefore, t()sters the evolution of diverse nest archi
tectures and social arrangements. 

Successfi.1l reproduction also requires attention to the narrow thermal 
tolerances of the embtyos and, later, to those of nestlings. The incubation 
behaviors of parents correspond to the requirements of their oHspring. Ern
bryos inside the eggs need heat fi:om their parents· bodies to gro\v to hatch
lings. They must also be protected fi·01n excessive heat or kthal cold. 

These needs present a conflict: incub.ning birds Inust balance the costs 
of caring for eggs in the nest against the benef]ts of tending for them
selves away fi·om the nest. Additionally, activity at the nest-comings and 
goings to and trom rest breaks or fet·ding a mate on the nest-draws at
tention to the nest and increases the risk of predation. 

This chapter starts with ~l revievv of the nests and nesting behaviors of 
birds. Then fc)llow the challenges of the incubation of egt-,rs that contain 
developing embryos. The tlrst of these two major topics surveys the adap
tive architectures and construction materials of bird nests, folknved by 
111ore detailed discussions of ho\V nests thwart predators, how birds build 
their nests (iucluding the role of experience), and the importance of nest 
microclinutes. The second section is on incubation behavior and presents 
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tion as \Veil as to the basics of keeping eggs warm, cooL and viabk. Vari
able incubation periods support ditTerent patterns of en1bryo development 
as well as difTerent ways that mates share the costs and risks of this stage 
of parental care. The chapter concludes with the \vays in \Vhich chicks 
hatch from the eggs, with a feature on the nests and hatchlings of the 
highly precocial moundbuilders of the Australasian region. 

Nests 
In general, nesting success increases in northern latitudes. in hole-nesting 
species, and in large species with hardy young. The principal causes of 
nest t~1ilure, in descending order of i1nportance, are: predation, starvation, 
desertion, hatching f1ilure, and adverse weather. 

Predation causes by far the greatest number of annual nest losses, in 
all habitats and on all continents. Predation on nests and their contents 
severely reduces breeding success: n1ore chicks may leave the nest through 
the stmnach of a predator than on their O\vn. This powerful force int1u
cnces nest architecture, nest placement, and the evolution of life-history 
traits such as clutch size. Nest predation also forces species to compete 
locally for limited sate nest sites and thereby aHects whether they can co
exist (Martin 1988a. 1988b). 

Nicholas Collias (1997), the dean of bird-nest on1ithology, suggests 
that the building of elaborate nests was a key feature of the adaptive ra
diation and evolutionary success of the songbirds (Order Passeriformes). 
The generally small body sizes of songbirds, combined with their strong 
po\vers of tlight and tlexible nesting behaviors, allowed them to compete 
with the hole nesters, which prevailed first in terrestrial habitats. Song
birds competed by hiding their snulkr nests in diverse sites, including 
green plants overhanging water and the outer t\vigs of bushes and trees. 
or by suspending them fi-om vines. Domed nests that hide the contents 
from predators overhead came to characterize many of the smallest song
bird species throughout the v . .rorld. Also providing safety· trom predators, 
the burrows of nocturnal auklets and petrels riddle the hillsides of oceanic 
islets. The woven nests of caciques and \Veavers dangle from crowded tall 
trees, often over water. 

'T'he diverse nesting behaviors of birds correspond to their diverse so
lutions to the local challenges of reproduction. Most birds build isolated. 
hidden nests. Ivlany of their nests remain unkno\vn to science. At the 
other extreme are conspicuous, open-breeding colonies, some vvith mil
lions of pairs. In Africa, fi·om 2 million to 3 million pairs of the sparrow
like l~ed-billed Quelea nest in less than 100 hectares of thornbush savanna. 
()n the Peruvian coast, black-and-white Guanay Connorants pack to
gether at densities of as many as 12,()()() nests per acre and <lttained colony 
sizes of 4 tnillion to 5 million birds. 

Birds build nests to protect themselves, their eggs. and their young not 
only fi·om predators but also tl·orn ~1dverse \\leather. Structure and tl.mc-



tion are inseparable in nest architecture (Hansell 2000). Conspicuous nest 
features provide protection. Subtle features aid in the regulation of tenl
perature and humidity. 

Nest Materials and Architecture 

Other aninuls build nests, but birds do so in an extraordinary variety of 
tonns, rnaterials, and sites. Bird nests range t!·om precarious constructions 
on bare branches to enormous conununal apartments and fi-om sitnple 
scrapes on the ground to elaborate stick castles (Figure 15-1). In size, they 
range ti·orn the fevv sticks assetnbled by some doves to the gargantuan 
aeries of eagles. One Bald Eagle aerie \Veighed more than 2 tons when it 
finally fell in a storm atter 30 years of annual use, repairs, and additions 
(Herrick 1932). 

Many birds nest in colonies, but only a few actually build compound, 
cmntnunal nests divided into individual cmnpartments. In contrast with 
most parrots, instead of nesting in excavated cavities or burrows. as 1nany 
as 15 pairs of the Monk Parakeet of Argentina occupy huge. comrnunal, 
stick nests, which also house nesting p~1irs of Speckled Teal and Spot
winged Falconers (Martella and Bucher 1984). These nests are novv a El
nliliar sight in Florida and other states, where introduced Monk Parakeets 
are increasing in numbers. 

The nests of the Sociable Weaver of soutlnvestern Mrica are the largest 
and 1nost spectacular of all con1munal avian nests. Each one resembles a 
large haystack in a thorny tree. The weaver pairs that will occupy the 
structure share in building the common roof that covers 100 or n1ore sep
arate nest chatnbers. These chambers are cool by day and \Van11 by night. 
The geographical distribution of this species is limited to the extrernely 
arid sections of southwestern Afi-ica, probably because rain \Votdd satu
rate the nest and create an insupportable weight. 

Nests rnay be casually constructed fi·om ready-t<:1r-use pebbles and sticks 
or labm·iously \Voven ti·om natural tlbers. Animal products, plant tnatter, 
~1nd inorganic materials, including mud pellets, rocks, tint"l1il, and ribbons, 
are used in nest construction. Selected armnatic plant materials provide 
tl.1migants to repel parasites (Uox 15-1 ). Birds go to extremes to get prime 
materials, which may be in short supply. Thievery is common, especially 
in large seabird. heron, and penguin colonies. It is often much easier to 
steal than to collect fresh 1naterials. 

Entirely self-sutTtcient are the Edible-nest Swiftlet and its relatives (Col
localia) of Southeast Asia. They nuke their nests almost entirely of their 
O\~'n (hardened) saliva. A sticky torm of glycoprotein is the critical ingre
dient of this oral cement that holds the t!·agile nest together and attaches 
it to a cave wall. The glycoprotein is the pritnary ingredient ofbird's nest 
soup, a gastronotnic delicacy that supports ;1 substantial trade in harvested 
nests tor sale to the Asian food industry (Medway 1963). 

Beyond basic construction materials, birds use spider \Vebs t()r nloor
ing or adhesion and teathers ;md hairs tor the t1nal lining. Great Crested 
Flycatchers and their relatives sometimes add snake skins to their nests. 
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(B) (C) 

(D) (E) 

FIGURE 15-1 The nests of birds vary from simple to elaborate, large to small. 
(A) Floating platform nest of Western Grebe; (B) sandy scrape nest of Wilson's Plover; 
(C and D) down-lined, camouflaged nest of Cinnamon Teal; (E) mud nest of Rufous 
Hornero. 

prompting speculation that they help protect the nest ti·mn predators. Feath
ers are often a m~~jor component of the nest and, especially, the nest lin
ing. The nests of Long-tailed Bushtits and Coldcrests in Europe may contain 
2000 or more feathers . Waterfmvl pluck dO\vn from their own brc;Jsts, and 
the Superb Lyrebird plucks down tl-om its thnks to line the nest. Many 
birds pluck hair, also a premium nest-lining material, fi·om livestock. 
Galapagos Mockingbirds snatch hair tiom the heads of surprised tourists. 

In one remarkable example of unusual nest materials, I31ack-eared 
Sparrmv-Larks of sou them Ati·icJ Jdd to the edges of their nests the scarlet
colored lids that cover the burrows of a particular species of trap-door 
spider (Hockey eta!. 2005) . The geographical distribution of this sparrow
lark coincides closely with that of the spider. Whether this addition is some 
fom1 of competitive cultural decoration akin to the bowers of bowerbirds 
(see page 355) or a defense against predators or vermin is not known. 



(F) (G) (H) 

(I) (I<) 

(L) (M) (N) 

(F) Mud nests of American Cliff Swa llows: (G) hole nest (in cactus) of Gila Woodpecker; (H) straw nest of Cactus 
Wren; (I) stick nests of Great Blue Herons; U) stick nest of Rufous-fronted Thornbird: (I<) cup nest of Broad-railed 
Hummingbird; (L) suspended cup nest of Warbling Vireo; (M) suspended nests of Crested Oropendolas; (N) intricately 
woven nest of Cassin's Malimbe. [Courtesy of (A-D, F-H, 1<. and L) A Cmicl<shani<NIREO; (E and M) 0 . Pettingi/INJREO; 
(I) T. Fitzharris/VIREO; 0) P AldenNIREO; (N) E. Collias and N Co/lias] 
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FRAGRANCE HELPS 
·~·:.:..- Nests made of plant matter may con-
~· tain twigs, grass, lichens, and leaves. 

- Some birds add green vegetation that 
helps to combat disease and ectoparasite infesta
tions (Baggott and Graeme-Cook 2002). In general, 
hole nesters incorporate fresh, green vegetation 
more regularly into their nests than do open 
nesters. Common Starlings, in particular, select by 
odor certain plants, such as red dead nettle and 
yarrow, which contain volatile chemical com
pounds that inhibit the growth of bacteria and 
the hatching of the eggs of arthropod nest para
sites (Clark 1991 ). The experimental removal of 

these green plant materials leads to a dramatic 
increase in the populations of bloodsucking mites, 

tiny parasites that can drain the blood volume of 

a starling chicle 
Blue Tits on the island of Corsica also add fra

grant plants to their nests (Petit et al. 2002). They 
select by odor fragments of as many as five herb 
species that Corsicans themselves use to make 
aromatic house cleaners and herbal medicines. 
The birds also refresh the bouquet of odors, se
lectively replacing, by using olfactory cues, herbs 
that wane or are removed. 

With respect to architecture, passerine songbirds construct the most 
diverse and the most elaborate nests of all. Their nests tall into three 
basic categories: (1) cavity or hole nests (in the ground or in a tree); 
(2) open-cup nests (outside of holes); and (3) domed nests (with a con
structed root). All three types were present early in the evolution of song
birds (Collias 1997). Secondary radi:16ons of diverse nest architectures 
followed the initial thetne of dmned structure as features of the evolution 
of smne songbird Elmilies. Many birds build enclosed or pensile (hang
ing) nests to discourage predators. Tropical passerines build globular or 
enclosed nests, often \Vith an entrance tube on the sides (see Figure 1 5-lH 
and M). Eggs in a covered nest are less visible to potential predators vvhen 
parents are absent than are eggs in an open nest. Snakes cannot easily 
reach pensile nests or easily crawl inside protruding entrance tubes. 

Recall the diverse nest types of swallovvs, \Vhich nup well on the phy
logenetic relationships among genera (see Chapter 3). Even more dra
matic is the architectural variety of the nests of the ovenbirds (Family 
Furnariidae) of South America. This group of suboscine birds is one of 
the tnost diverse t~unilies of (suboscine) songbirds in morphology. behav
ior, and nests (Zyskowski and P1um I <J99). Some species resemble larks: 
others resemble jays, tits, creepers. nuthatches, wrens, thrushes, thrashers, 
dippers, or warblers. Ovenbird nests are sin1ilarly diverse in their struc
ture and in siting (Figure 15-2). Like their close relatives the \:Voodcreep
ers (Dendrocolaptidae), the ancestral ovenbirds nested in cavities. Detived 
from and replacing cavity nests are diverse d01ned nests made of vegeta
tion, ranging tram modest grass nests to huge stick piles. The hon1eros 
(Furnarius) sculpt novel, domed, ovenlike structures made of mud (see 
Figure 15-1 E). 

Pensile nests are among the most elaborate of specialized nests. Son1e 
hang delicately by silky cobwebs or by \viry, black fungal fibers. Some 
are suspended tar belen\-' a main branch. ()thers, such as those of the Bal-
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FIGURE 15-2 Adaptive radiation of nest architectures of the genera of ovenbirds 
(Furnariidae) of South America. Diverse domed nests made of plant matter followed 
the original mode of cavity nesting. Black exterior materials indicate cavities in trees or 
the ground. The Sharp-tailed Streamcreeper (Lochmias) and its relatives build domed 
plant nests inside cavities. The clay ovenlike nests of horneros (Furnarius) are unique 
replacements of a cavity nest. [After Zysl<owsl<i and Prum 7999] 

timore Chinle. hang tl-om the thin, outennost branches of large trees. 
The integrity of pensile nests derives ti-on1 their tightly woven construc
tion. tough knots, and strong binding tnaterials. The intricately ·woven, 
tneter-long nest of Cassin's Iv1alitnbe, a West Atrican weaver, tnay well 
be the pinnacle of avian nest construction (Collias and Collias 1984~ see 
Figure 15-lN). 

Nest Safety 

Invisibility, inaccessibility. and impregnability all contribute to nest safety. 
The camouflaged color patterns of incubating nighrjars and of shorebird 
eggs render thern nearly invisible. The lichen decorations on the sides of 
a humnlingbird's nest do the same. 

-----. Phacellodomus 
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CHAPTER FIFTEEN Some nest sites are clearly safer than others. Cryptic sites in dense 
clumps of grass, vine tangles , or hidden crevices minimize the chance of 
discovery. Se:~birds that nest on sheer clitTs (Box 15-2) and swifts that nest 
in deep caves or behind waterfalls achieve safety through inaccessibility. 
Horned Coots pile up stones in the middle of high Andean lakes to build 
their own nesting islands out of reach of terrestrial predators (Figure 15-3A 
and B) , and many grebes build nests of floating vegetation . Nests on the 
ground are more vulnerable to mammalian predators than are nests in 
trees or bushes . Tooth-billed Pigeons once nested on the ground on 
Samoa. but they shifted to the trees after whalers introduced cats to this 
South Pacific island (Austin and Singer 1985) . 

0 . 
" . 
. 

Most gulls nest on the ground, where 
they are vulnerable to predation by 
crows, mammals, and other gulls . 

Black-legged l<ittiwakes, however, nest on narrow, 
predator-free ledges on windswept, seaside cliffs 
(see illustration). The selection of these relatively 
safe nest sites broadly molds the behavior and 
morphology of these kittiwakes. They cling to 
their safe nest sites, using strong claws and toe 
muscles. Reduced nest predation has also fos
tered the loss of antipredator behaviors evident 
in other gulls, including alarm calls , predator 
mobbing, and the removal of eggshells from the 
nest site. Young kittiwakes, which are a conspic
uous silvery white, stand still and hide their beaks 
when frightened, rather than running and hiding 

as the cryptically colored chicks of ground
nesting gulls do. 

The physical restrictions of a kittiwake's narrow 
nesting ledge have also favored aggressive and 
courtship displays that differ from those of other 
gulls. Instead of using the long call (see Chapter 9), 
for instance, kittiwakes announce territorial own
ership with a modest choking display. Aggression 
between males is expressed by bill jabs from a fixed 
position and does not extend to the flamboyant 
charges of other species. Females commonly hide 
their beaks to minimize the likelihood of attack 
and physical displacement from the narrow ledge. 
A courting male does not regurgitate food onto the 
ground in front of a female (there is no place to 
do so) but, instead, gives it to her directly. 

Unlike most other gulls, Black-legged 
Kittiwakes nest on cliffs. [Gordon Wiltsie/ 
Peter Arnold] 
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FIGURE 15-3 Some birds go to extremes to build nests that are less vulnerable to 
predation . Horned Coots build their nests on stones. which they assemble in piles in 
high-altitude Andean lakes. (A) Horned Coot on nest. (B) Diagram of nest structure. 
I (A) Courtesy of P. Canevari/VIREO . (B) After Ripley 1957] 

The Yellow-n.llnped Cacique is one of- the many spl.'cies that builds a 
hanging nest. It nests in colonies in Amazonian Peru. These tropical black
birds detend their closed, pouchlike nests against predators in three ways 
(Robinson 1 \)83). First, by nesting on islands and near wasp nests, caciques 
are sate from arboreal mammals such as primates, which destroy more ac
cessible colonies of other birds . Caimans and otters also protect the island 
colonies by eating snakes that try to cross the open \Vater surrounding a 
colony. Second, caciques mob predators as a group. The effectiveness of 
mobbing increases with group size, which increases with colony size. 
Third. caciques hide their nests fi·om predators by mixing active nests with 
abandoned nests. Overall, nests in clusters 011 islands and near wasp nests 
sufFer the least prl.'dation. Females switch colonies atrer losing a nest to a 
predator, usually moving to sites that offer better protection against that 
predator. In such ways, the best colony sites accumulate the largest mlm
bers of nests. 

Even within a species, some nest sites are more vulnerable than oth
ers. Thomas Martin and colleagues (2000) compared predation rates in 
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FIGURE 15-4 Some ground-nesting sites are more vulnerable to predation than are 
others. Daily predation rates at nest sites baited with Zebra Finch eggs were highest at 
sites that had been attacked by predators during the incubation stage in the first year. 
Daily predation rates were lowest at sites that were successful in the first year. [After 
Martin et a/. 2000] 

successive years at specific sites used by several species of ground-nesting 
Arizona birds (Figure lS-4). Nest sites that failed during incubation in 
the first year sutrered the highest rates of predation in the next year. Nest 
sites that \Vere successf\.d in the first year suHl:red the ]o,vest rates of pre
dation in the following year. 

Cavity nesting is safer than open nesting. Half of the avian orders. 
~unong them all parrots, trogons, and kingfishers and their relatives. nest 
in cavities or holes. ()w]s, parrots, and Australian tl·ogmouths nest in nat
ural cavities, and trogons, titmice, and piculets excavate cavities in the sott 
or rotten \Vood of old trees. Woodpeckers are the preeminent primary 
c1vity excavators. Some species drill holes in hard, living trees. Most 
species select wood softened by fungal infections, which they spread to 
other trees by carrying ti..mgal spores on their bills Qackson and Jackson 
2004). ()ther birds. unable to tnake their own holes-thus called second
ary cavity nesters-compete intensely for abandoned woodpecker holes. 

The excav~ltion of valuable nest holes by woodpeckers and their use 
by other species creates a complex web of con1munity interactions (Fig
ure 15-5). In central British Columbia, the Northern Flicker emerges 
as the keystone species (Martin et ;1l. 20U4). The nest holes that it cre
ates, especially in aspen;;, provide housing for more than 13 mammal 
and bird species. ranging t!·om rodents and weasels to owls and ducks. 

Some birds nest in an area protected by large anirnals or stinging in
sects. Conunon Starlings and House SpatTO\~'s nest on the fl·inges of Span
ish Imperial Eagle aeries. ThL· Eurasian Stone-curlew, a ploverlike bird of 
At1-ica, nests on sandy shores beside nesting crocodiles. Bananaquits of the 
West Indies reduce rates of nest predation by nesting in association with 
wasps (Wunderle and Pollock 1985). At least 49 tropical bird species, in-
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FIGURE 15-5 Diverse species compete for the prime nest cavities. This web diagram 
illustrates secondary cavity nesters' use of nest cavities (and trees) excavated by six 
primary excavators, all woodpeckers, and three species of weak excavators in interior 
British Columbia. For example. as the different types of lines show. Bufflehead ducks 
primarily used flicker cavities, secondarily used Pileated Woodpecker cavities, and 
occasionally used natural cavities. [From Martin eta/. 2004] 

eluding 25 percent of all kingt1shers. excavate nest ClVJtles inside the 
mounds, called ten11itaries, of social termites (Hindwood 1959). The 
Orange-fi·onted Parakeet of Central America nests exclusively in the ter
mitary of one species, Eutcnnis n(t,!riceps. The geographical distribution of 
this parakeet is restricted to that of its ten11ite host. 

Many birds directly attack trespassers. Eastern Kingbirds chase anythin~ 
that violates nearby airspace. Northern Mockingbirds. Blue Jays, and Arc
tic Terns can draw blood and bits of fur t1-om cats that come too close 
to their nests or young. They n1ay attack people as well. Large owls and 
L'agles with pownitll teet and sharp talons can seriously wound climbers. 

A parent flushed fi·orn the nest 1nay attempt to draw a predator's at
tention away from the nest site with distraction displays. The two n1ost 
con1mon displays are the injury flight and the rodent run (Figure 15-6). 
13y using the injmy-tlight display-feigning a broken Vv'ing and calling in 
great alarm-an adult plover can easily draw a fox away trom its nest. To 
keep the fox's attention, the plover may then s\vitch to the rodent-run 
dispby-runnin~ in a low crouch-an action that appeals to the mouse
catching instincts of the tox. Distraction displays arL' risky, but, more often 
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1 5-6 Distraction 
display of a l<illdeer 
feigning injury. l Barry 
Kent Mcl<ay] 

than not, the parent escapes and the predator loses track of the original 
nest location. 

Nest Building 
Either 1nember of a pair of birds nuy build their nest or they 1nay do so 
jointly during courtship and pair fonnation. Most monogamous male 
North Arnerican passerines contribute to the nest-building eHort. A male's 
presence at the nest site in the earliest stages of nesting~ ho\vever, may be 
prinurily to protect his mate fl-on1 insen1ination by other males (to guard 
his paten1ity). 

N·est-site selection is an integral part of pair fonnation. often accom
panied by special displays. Wrens and weavers construct nests tor evalu
ation by prospective Inates. If prospective nutes reject a nest, Village 
Weavers tear it do\Vll and build a ne\\l one. A male lVlarsh Wren may 
build more than 20 nests tor cmnparison by a prospective mate (Kroodsma 
and Verner 1997). The uiutsed nests also serve as dunnny nests that help 
to distract nest predators. 

Nest building itself varies trmn the si1nple accumulation of materials 
to ebborate construction. The nonincubating parent Inay simply toss ma
terials in the direction of the nest site. creating a Inound of debris or a 
conspicuous rin1 near the eggs and leaving the incubating parent to de
lineate the nest site by dr~nving the materials toward itself The deliber
ate transport of suitable materials to the nest site was a major step in the 
evolution of nest-building behavior ;nnong birds (Collias and Collias 
1984). It led to the modification and design of the nest site and to more 
cmnplex nest architecture, which can be a strenuous undertaking. 

Birds usually carry nest materials in their bills or teet. Some lovebirds, 
which are small African parrots, transport their nest materials in an un
usual way that is genetically determined (Dilger 1962). The Yellow
collared Lovebird carries OllL' strip of nesting nuterial at a time in its bill, 
but the related Rosy-EKed Lovebird tucks the ends of several strips 
beneath its rump feathers and t1ies to the nest with the strips in tow 



(Figure 15-7). Hybrids between these t\vo species try to tuck strips into 
their rump feathers but cannot do so correctly. Sometimes, the hyb1ids 
fail to complete the tuck. More often , they hold the strip by the middle 
instead of the end, ftil to let go of the strip after tucking it. or tuck it 
into the \'\Tong place, and so many strips do not reach the nest box. The 
hybrid's genetic prob•Tam f(lr carrying nesting matcrial appar-_·ndy contains 
conflicting instructions. 

Bills and teet are the 1wst-building tools. Bills serve as wood chisels 
and drills. as picks for digging into the ground, as shuttles for weaving, 
as needles tor sewing. as trowels t( lr plastering, and as forceps tor pluck
ing and inserting (Skutch 197(>). Birds also build nests by stamping, scrap
ing. kneading. and scratching as their reptilian ;111cestors did. Burrow 
nesters dig by kicking loose soil b;1ckward. They tht·n mold the internal 
nest dimensions by using their bills, breasts. and feet. 

The cup nests of small arboreal land birds are usually built ti·om the 
bottom up. Others, such as the open-cup nests (suspended by the 1im) of 
vireos. are built by wrapping nest materials around the supporting twigs 
first and then by looping strands of matetial ti·om side to side to form the 
fi·amev.rork of the cup. The long, hanging nests of tropical tlycatchcrs be
gin as an accumulation of ntaterials stuf1<..-d imo a tangled mass. The fly
catcher forces its way into the center and gradually expands the nest cavity 
ti-om the inside out, and then it reinforces and lines the bollmved-out 
cavity (Skutch 197(>). 

Weavers and New World orioles weave elaborate hanging nests. The 
male Village Weaver. tor example, begins with a vertical ring, to which it 
adds in succession a roof the walls of the main nest chamber, an antecham
ber. and finally the finished entrance (Figure 15-8) . The structural features 
of these nests are woven into their final positions with the usc of special 
knots. The types of knots used are species specit1c. Some weavers tie sim
ple knots , whereas others tie half hitches and slipknots (Figure 15-9). 

Most passerine birds build nests with architectural teatures so distinc
tive that we can identit)' the genus or species of the builder. How. then , 
does a young bird know hmv to build a complex nest similar to the one 
built by its parents? A male Village Weaver, hand-Llised in isolation with
out ever seeing a nest, can build a nest that is typical of its species. This 
ability suggests a strong gem-tic control of this behavior. 

Ring Roof Egg chamber Amechamber 
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FIGURE 15-7 Lovebirds 
carrying nest strips. (A) The 
Rosy-faced Lovebird tucks 
them into its rump feathers, 
whereas the Yellow-collared 
Lovebird (not shown) carries 
them in its bill. (B) Hybrids 
of these two species try to 
tuck strips but usually fail. 
[From Dilger 7962, with 
permission from Scientific 
American] 

Entrance 

FIGURE 15-8 Stages of nest construction by the male Village Weaver. !After Co/lias and Co/lias 7964] 
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Some knots and 
stitches used by 
weavers in 
constructing 
their nests. 
[From Collias 
and Co/lias 1964] 
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Early experiences also play a role. bnprovement in nest construction 
is particularly evident in the Village Weaver and other species that build 
elaborate nests (Collias and Collias 1964). Although in1n1ature males build 
crude stnKtures at first, they become tnore skilled in the arts of tying 
knots and weaving. ()lder males build refined products. 

When nesting for the first titne. the Western Jackdaw, a small Euro
pean crow, rapidly improves its skills. It starts by making clumsy move
ments with inappropriate nest n1aterials and progresses to et11cient 
construction with a range of suitable nest n1aterials. At tlrst. the inexpe
rienced young jackdavv tries to shove almost anything into the nest plat
fonn. Sticks of the right size and texture insert easily and finnly into the 
matrix. but objects, such as light bulbs, do not. By the rime the nest is 
complete. the range of materials gathered narrows to the types of twigs 
that are rnost suitable for nest construction (Lorenz 1969). 

Raptors itnprint on their natal nest sites. Consequently, they choose 
a sitnilar situation several years later when they reach maturity (Temple 
1977). Understanding this process is critical to the conservation of endan
gerL·d species. The Mauritius Kestrel, for exan1ple, nested in tree cavities 
that \Vere vulnerable to predation by introduced n1onkeys. As a result, rhe 
kestrel population declined to only a fe\v endangered pairs in the 1960s. 
()ne of the last pairs of kestrels switched to a clifT ledge. out of reach of 



the monkeys, and raised young successtl.Illy. This change started a new 
tradition th;lt helped the population recover, providing hope t()l· the sur
vival of the species. 

Nest Microcl i mates 

The microclirnate of a nest is crucial to the successful incubation of the 
eggs and to the later health of baby birds. Nest microclin1atc also int1u
ences the daily energy requirements of the adults and, in turn, the amount 
of time that they spend on the nest incubating eggs and brooding young. 
The wan11th of the nest is usually determined by the thickness of insula
tion and the heat produced by the incubating parent. The outstanding in
sulating properties ofbreast down used by eiders and other \-VaterfowL tor 
example. greatly reduce the cooling rate of eggs that arc not covered by 
the parent. Nest insulation also reduces the time that an incubating par
ent must be on the nest by reducing its O\-VI1 costs of thennoregulation 
and. in turn, the a1nount of time spent f(_Tding itself (Figure 15-1 0). 

The great thermal inertia of the enormous conununal nests of the So
ciable WelVer in southern Af-i·ica keeps them cool in the daytime and 
warm at night. Temperatures inside the nest at night remain ti·om U\ 0 to 
23°C above external telllperatures. The \Vann nighttime temperatures are 
due partly to heat absorbed during the day and partly to heat generated 
by the bodies of large numbers of roosting birds. 

Placing a nest in or out of the sun, shade, or wind has a m~~or efl"ect 
on its microclimate and, therefore, on a pair's breeding success. Early in 
the season in Arizona, Cactus Wrens build nests \Vhere they arc protected 
trmn cool winds and are bathed in the warm morning sun. later in the 
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FIGURE 15-10 The effect of insulated nest microclimates on the energy expenditures 
(in watts) of a Red-winged Blackbird. The mean metabolic rates of birds perched 
outside the nest at night are higher than those while incubating inside the insulated 
nest. [From Walsberg and King 7978] 
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cooling breezes (Proudfoot L't al. 2000). 
Placing nests in cavities ~md burrows also conserves energy. Like the 

haystack nests of Sociable Weavers, cavity nests and burrow nests butler 
eggs, parents. and young against t1uctuations in external temperatures. For 
:1nother ex~unple. the ten1per:1tures inside the btnTo\VS of European Bee
caters rctnain close to 25°C despite an outside temperature range of al
most 40°C (Ar and Piontkewitz 1994). 

Deep, cool burrow and cavity nests, however, have their drawbacks. 
Poor ventilation litnits the amount of time that parents can spend inside 
with gro\ving young (Ar et :1!. 2004). On windless days. ammonia and 
carbon dioxide tend to build up as a result of decaying excreta amid un
sanitary nest conditions. and oxygen levels occasionally decline until the 
occupants have dit11culty breathing. ()t1setting this problem, the diffusion 
of gases through the soil and the nest tunnel helps ventilate the air in the 
nest chatnber. The movements of adults in and out of the nest pump air 
in and out, as a n1oving piston would (Ar and Piontkev,ritz 1994). 

Nest nlicroclin1ates, particularly the relative humidity of the air. also 
aftect the rate of water loss from the eggs and hence their hatchability. 
Water loss tl·om an egg and its embryo is inevitable because of difrcrences 
bet\veen the water-saturated interior of the egg and its unsaturated exter
nal environment. During incubation, eggs lose from 10 to 23 percent of 
their weight, pritnarily as a result of the loss of water vapor. especially in 
deserts and at high altitudes. Excessive water loss may f~1t~1lly dehydrate 
the embryo. ()n the positive side. the space vacated inside the egg be
con1es the air cell at the blunt end of the egg, which is the source of air 
for a chick as it starts to break out of the egg. An adequate volume of air 
must l1L' available for the chick's first critical breaths. 

Nest Sanitation 

Fouling of a nest is contmotL The nests of many pigeons. raptors. and 
carduelline t1nches, such as the House Finch. are \Veil kno\vn for their 
unseemly conditions. Many other birds are t1stidious, regularly removing 
feces and other debris to prevent the nest trom becoming a breeding 
ground tc)r disease and insect~ and other parasites. Some young birds in
stinctively eject liquid feces away from the nest. and others eliminate fe
ces accurately through nest hole openings. Adult female hornbills defecate 
through the tl;liTO\V slit remaining in the mud-sealed opening. The lar
vae of a particular moth species help to clean the nests of the Golden
shouldered Parrot of Australia. 

The young of most passerine birds and woodpeckers excrete fecal sacs, 
which t~Kilitate nest sanitation. Fecal sacs are packages of excrement sur
rounded by a gelatinous membrane. The parent can easily pick up the sac 
and drop it ~n:vay trom the nest (Figure 15-11 ). lncmnplete digestion by 
nestlings leaves son1e residual food in their tecal sacs, \vhich are often 
eaten by parents for nutrition as \Vel! ~ls sanitation purposes. In one study. 
tecal sacs provided I U percent of the daily energy requirements of adult 
White-crowned Sparrows (Morton 1979). 



FIGURE 15-11 American Robin removing fecal sac from nest. [john T Fowler/A/amyl 

Incubation 
13irds incubate their eggs externally \Vith a minor exception : some cuck
oos jump-start incubation internally before laying their eggs in the nest 
of another species. The parents' task is to maximize the hatching success 
of their egsrs by controlling the environment of the eggs steadily fur sev
eral weeks (Deeming 2002a). The narrow temperature and hydration tol
erances of embryos inside the eggs demand rigorous attendance by their 
parents. Increased enert,•y expenditures required to thermoregulate at cool 
temperatures (and to heat larger clutches of eggs) challenge incubating 
parents (Tinbergen ami Williams 2002). Yet the need to stay at the nest 
compromises the parents· ability to teed themselves. 

The hormone prolactin Inediates the incubation behavior ot- birds 
(Vleck 2002). The levels of this hormone circulating in the blood 1ise 
sha1vly the day before incubation starts (Figure 15-12). Circulating blood 
levels of prolactin correspond to the incubation roles of males and fe
males. Where one sex contributL'S most of the p;lrental care, it ha, rela
tively high levels of prolactin. Conversely, the sex hormone testosterone, 
which mediates aggressive and sexual behavior, inhibits the expression of 
parental behavior in birds. 131ood levels of testosterone in male birds that 
incubate drop sharply ati:er egg laying has begun. 

Incubation Shifts 

The term "attentiveness" rd(·rs to rhc percentage of time spent by a par
ent on the nest incub:1ting L'ggs compared with the time spent otT the nest 
feeding or, in some cases, reducing hear stress. Both sexes incubate in a 
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FIGURE 15-13 
Distribution of different 
patterns of incubation in 
163 families of birds. Both 
parents incubate in about 
half of the families. [From 
Deeming 2002b] 
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FIGURE 15-12 Daily changes in plasma hormone concentrations at onset of 
incubation. Abbreviation : LH, luteinizing hormone . The rise of prolactin is associated 
with incubation behavior. [From Lea and 1(/andorf 2002] 

majority of avian flmilies. The female incubates alone in about 37 per
cent of the 6milies, allli the male incubates alone in only 6 percent (Fig
ure 15-13). The parents take regularly alternating shifts and achieve nearly 
continuous coverage of the eggs in many groups , including some pen
guins, woodpeckers, doves, trogons. hornbills. hoopoes, and antbirds. In
cubation shifts may last for I or 2 hours; ft)l' 12 hours when one sex 
incubates by day and the other by night: for 24 hours when each sex takes 
a day at a time: for several days tor many pelagic seabirds: and to r more 
than a month t'l)r penguins. 

Females that incubate alone often need their mates to bring t<.1 od to 
them. Hornbills provide an extreme example. The male provides all the 
food f()r its mate. \vhich is imprisoned in the nest cavity. A female Red 
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Crossbill also receives all its food ti-om its mate. an atTangernent that en
ables this species to incub~lte continuously in the middle of winter. 

In some cases, the nule n1a y guard the nest against predators \Vhile the 
t-ernak leaves to teed. Each egg is important to the endangered Seychelles 
Warbler, \Vhich has one clutch with one egg each year and no time to 
replace an egg lost to predators (Komdeur and Kats 1999). Yet nest pre
dation by another bird-the tlnchlike Seychelles Fody-is severe on two 
of the little islands on which the \Varbler persists. Egg loss at unguarded 
nests is seven times th<lt at guarded nests. Therefore. n1ales sacrit1ce their 
O\Vll feeding time and body condition to guard. When some of these 
tnales were transplanted to Arick. a nL'arby island without fodies, the males 
stopped guarding, foraged n1ore tor thernselves, and improved the con
dition of their o\vn bodies. 

The risks of predation decrease \Vith reduced parental activity at the 
nest (Martin et al. 2000; Figure 15-1-t ). Birds should be sensitive to this 
risk and should ~1djust their d~1ily behavior appropriately. In the longer 
tenn, natural selection should fi1vor risk-averse behavior most strongly in 
those species that ~1re subject to high predation rates. As a rule, open
nesting birds are subject to more nest predation than are hole-nesting 
species. Birds that nest in the Tropics arc subject to rnore nest predation 
than are birds that nest in the ten1perate zones. 

Observations and experin1ents support these predictions. For example, 
North American bird species that endure high nest predation en1ploy 
long on-otT shifts. rather than ti·equent short shifts (Conway and Martin 
2000). This pattern reduces their activity at the nest. To explore this 
tl.Jrther, Thotnas Martin and his colleagues placed models of predators near 
nests. They then measured the sensitivity of nesting birds to the sinntlated 
predation risk by measuring changes in their attentiveness and incubation 
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FIGURE 15-14 Relation of risk of nest predation to parental activity at the nest. Within 
a species, the daily probability of nest predation increases with parental activity. Natural 
selection more strongly favors the evolution of breeding behaviors that reduce parental 
activity near the nest in species that are exposed to higher predation rates (open nesting 
versus ground nesting, the Tropics versus temperate zones). [After Martin et al. 2000] 
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FIGURE 15-15 Males of hole~nesting bird species (black symbols), which are subject 
to low nest-predation rates, feed their incubating mates on the nest more frequently 
than do males of open-nesting bird species (white symbols), which are subject to high 
predation rates. Owing to the lower rates of feeding by their males, female open 
nesters are less attentive during incubation than are female hole nesters. [From Marrin 
and Gha/ambor 7999] 

feeding beluvior. Males of both open-nesting and hole-nesting species re
duced their deliveries of food to the incubating female \vhen tisk of pre
dation increased (Martin and Ghabmbor 1999; Fib'ure 1 S-15). Females 
then left the nest n1ore often to feed thetnselves, reducing their o\vn at
tentiveness. I 11 tl.1rther support of the hypothesis of sensitivity. males of 
open-nesting species that experienced high rates of nest predation reduced 
their rate of visitation more than did nules of species that experienced 
lo\V rates of nest predation (Ghalambor and l'vlartin 2002). 

Changing shifts nwy be surreptitious or highly animated. f\.1ost small 
land birds lack conspicuous relief cere1nonies. slipping on and otT the nest 
surreptitiously to prevent detection by predators. Meadowlarks land some 
distance frorn the nest and sneak back to it through the grass, by using 
one of several indirect routes. Bearded Reed lings pretend to look for food 
as they get near their nests and then enter rapidly if they perceive that 
the coast is clear. The female Long-tailed 1---Iennit, a tropical humming
bird, behaves similarly. On retun1ing ti·om foraging, she searches inten
sively tor spiders on the buttresses of large trees betore quickly slipping 
onto her nest and sitting very stilL 

Other birds have highly ritualized relief ceremonies. When changing 
the guard, Pied-billed Grebes touch bill tips lightly. Least Bitterns erect 
their cro\vn feathers and rattle their bills. Some herons present a stick for 
the nest to their 1nates. and terns otTer a freshly caught fish. Penguins have 
elaborate changeover rituals that t~1cilitate individual recognition and re
inforce the pair bond, as described here for one species: 



As a Y ellow-eycd Penguin approached his incubating partner. she 
broke into an ''open yelL, He ran up with arched back and beak 
to the ground. Then both put their heads together to perfonn a 
hearty welcome ceremony. in \vhich ~l great volume of sound 
issued fron1 their widely opened rnouths as they t~1ced each other. 
standing erect close together. After several less-intense displays of 
mutual affection and three repetitions ot- "welcorne," the female 
resumed her position on the eggs. then rose to relinquish them to 
her mate. [Skutch I <J76, p. 171. tl·om Richd~1k 1951] 

Because their t(waging time is limited. incubating birds sometimes n1ust 
t:1st and depend on their t:lt rL'Serves f()r supplementary t<.1ocL A female 
Snow Goose. for example. subsists on the reserves remaining after egg 
production. I nadequatc rest?rves cause some females to ck·sert their eggs 
during incubation and others to die of starvation (Figure 1.3-16). Simi
larly. male Emperor Penguins and King Penguins start incubation \Vith 
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FIGURE 15-16 Relation of fat reserves of the female Snow Goose arriving on Arctic 
breeding grounds to its projected clutch size. Females use some reserves (measured by 
loss of body mass) to produce eggs and then use more reserves during incubation. The 
number of eggs that a female lays is directly related to its reserves. Most females finish 
laying and start incubating with approximately the same body mass and, hence, similar 
reserves. Females that start incubation with inadequate reserves may abandon their 
eggs to prevent starvation, but sometimes they do not do so in time. Circles, squares, 
and triangles indicate mean values of body mass of females weighed on arrival, while 
laying, and in late incubation, respectively. [After Drent and Daan 1980, from data in 
Anlmey and Macinnes 1978] 
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CHAPTER FIFTEEN substantial reserves that allow them to l~1st tor as long as tour months, in 

the Etnperor Penguin's case. They lose substantial weight in the process. 
Male King Penguins depend on relief fi·mn their mates bet()l"e they lose 
too much weight. If their m~ltes E1il to return on schedule, the males tast 
an extra eight days and metabolize body protein bdore abandoning their 
eggs in the interest of self-preservation (I tobin et al. 2UO 1 ). 

Incubation Periods 

The incubation period is the time required by unbryos to develop in 
ti-cshly laid eggs that receive normal attention by incubating parents. It is 
detlned as the interval between the laying of the bst egg of a clutch and 
the h~1tching of that egg. 

Most birds delay the onset of incubation until the clutch is complete. 
This behavior ensures that the embryos begin to develop and later hatch 
at roughly the same time, even though some eggs are laid earlier than 
others. Pigeons and doves, for example, sit on the first egg bet(xe the sec
ond is laid but do not bring it up to the ternperatures required tor incu
bation. ()wls and raptors, on the other hand, begin incubation before the 
clutch is complete, with the result that young hatch at intL'rvals. To main
tain the viability of the eggs in their large clutches, female ducks increase 
attendance as laying progresses. The development of embryos start.;; slowly 
after the second egg is laid. Increased \Van11ing by the hen then acceler
ates the development of later embryos. As a result, the ducklings hatch 
together at about the same time (Loos and Rohvvcr 2004). 

Incubation periods vary frmn as short as 10 days tor some woodpcck
LTS. cuckoos, and sm;lll songbirds to as long as 8U to <J() days tor alba
trosses and kiwis. Longer incubation periods increase the risk that a 
predator \Viii find the nest. ()f1setting the increased risk are strategic ad
vantages tied to lite-history strategies. brain size and cognitive abilities, 
and the tnaturation of embryonic tissues (lticklefs and Starck 1998). Chap
ter 16 reviews these advantages in relation to the ditierent modes of de
velopment of the hatchling chick. 

Embryos 

Adaptive. genetically controlled ditferences govern the developmental 
programs of e1nbryos. Growth rates of embryos vary Vv'ith egg size and 
\Vith incub~1tion period, but they have little to do vvith a species' po
sition in the spectrum ti·mn altricial to prccocial rnodes of develop
ment. Sitnilar-sized eggs of different taxa ditTer greatly in the amount 
of time that they take to hatch and in the chick's state of development 
on hatching. 

A broad survey of 47 f~unilies and su bhn1ilies of birds revealed that in
cubation periods relate directly to how long adult birds live (Ricklefs 
1993). Incubation periods also correlate with the probability of predation. 
Species that nest in holes tend to have longer incubation and nestling 
periods than do species that nest in less sate, open sites. Long incubation 



periods produce active, precocial chicks \Vith advanced muscular and sen
sory development. 

From fertilization to hatching, the avian e1nbryo undergoes a stan
dard sequence of stages of development. regardless of the length of the 
incubation period (Ricklefs and Starck 1998: Figure 15-17). The se
quence includes 42 stages that experts distinguish by the morphology of 
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FIGURE 15-17 (A) The 
development of the avian 
chick proceeds through a 
well-defined sequence of 
morphological stages from 
fertilization to hatching. 
(B) Although the sequence of 
stages is the same among 
species, the rate of 
morphological change, the 
amount of energy used, and 
the length of each stage vary 
among species. [(A) From 

Stare!< 7 993. (B) From 

Ricklefs and Starck 7998] 
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~-~ Different patterns of protein activity 
~- in later stages of development are re-

sponsible for some of the features that 
finally distinguish even closely related species. The 
well-known Galapagos finches, for example, differ 
dramatically in their bi II shapes and sizes, which 
evolved in response to different food choices (see 
Chapter 1; and see illustration below). Changes 
in gene activity responsible for the bone-making 

protein Bmp4 accompanied the speciation and di
versification of these finches (Abzhanov et al. 
2004; Pennisi 2004). Earlier and greater activity 
of this Bmp4 protein produces the larger bills of 
ground finches compared with the slender bills 
of cactus finches. Among different species of 
ground finches, Bmp4 activity starts earliest to 
produce the large grosbea I< like bill of the Large 
Ground Finch. 

The grosbeaklike bill of the Large Ground Finch (left) compared with the slender, 
conical bill of the Large Cactus Finch (right). 

the embryo. The first 33 stages vary little among different species ti·mn 
songbirds to penguins. The body plan develops, tissue begins to difrer
entiate. and organs begin to torm. The basic systcrns of life are estab
lished. including a feathered integument, a skeleton nude first of cartilage 
and then gradually calcified. a brain that may continue to enlarge and 
build internal neural networks, and a digestive systen1 that will set lim
its to energy intake. 

The lengths of the tlnal stages of develop1nent vary with features that 
are specific to ditTerent species (Box 15-3). Stage 39. for example, is pro
longed in species, such as the n1otmdbuilders and penguins, that hatch in 
advanced physical condition. The same stage (39) is abbreviated in birds 
as diHerent as buttonquails and songbirds. 

Brood Patches 

Birds transfer body heat to their eggs through brood patches, or incuba
tion patches, \vhich are bare, tlaccid sections of skin on the abdon1en or 
breast. This area may be a single n1edian patch, as in most birds. or two 
lateral patches. as in 1nost shorebirds, gulls, and quails (Figure 15-18). 
Most birds lose feathers to fonn an incubation patch fc)r the purpose of 
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(E) 

FIGURE 15-18 Incubation patches (in black) of (A) California Quail, (B) Red-necked 
Grebe, (C) White-crowned Sparrow, (D) Rook. and (E) Northern Harrier. Stippling 
indicates feather tracts. Clear areas indicate areas without feathers-called apteria. 
[After Lea a11d l<landorf 2002] 

brooding. Pigeons and doves use a normally bare apterium. or featherless 
region (see Chapter 4). 

The accmnulation of tluids-edema-and the infiltration of white 
blood cells swell and soften the skin. allowing better contact between the 
surfaces of the incubation patch and the egg. The epidermis itself thick
ens into a callused surface that is not danuged by sustained contact or 
ti-iction with the eggs. Finally. blood vessels, which deliver body heat to 

the eggs, proliferate throughout the patch. The arterioks in the net\vork 
of blood vessels have well-developed musculature that directs the tlow of 
\Vann blood to the skin surt~lCe during incubation and stops the flow when 
the parent is not actively incubating. 

Incubation patches develop just bet(we the incubation period under 
the direct control of the honnones estrogen and prolactin. The patches 
regress after hatching. If both parents incubate, then the patches develop 
in both sexes. If only one parent incubates. the other parent. regardless 

455 
NESTS AND INCUBATION 



456 
CHAPTER FIFTEEN of its scx, usually has the potential tor developing a brood patch in case 

that parent should havc to incubate for son1e unusual reason. such as its 
tnate 's death. 

Prolactin or estrogen or both. depending on the species, stirnulate de
feathering and vascularization of the incubation patch. Progesterone stirn
ulates the thickening and increased sensitivity of the epidermis. Most birds 
develop brood patches in response to experin1ental hormone treatment, 
except brood parasites, such as Bro\\Tn-headed Cowbirds. which never in
cubate (Le1 and Klandorf 2U02). 

Some birds lack incubation patches. For example, gannets and boo
bies. lacking brood patches, incubate with their feet instead. They grasp 
a single egg in their \Veil-vascularized, webbed feet or even hold two eggs, 
one i11 each foot. Murres and penguins incubate their eggs on the top 
surt~1ees of their teet. Some penguins have a muscular pouch of belly skin 
that holds a single egg in this position. 

Keeping Eggs Warm 

The first priority of incubation is to keep the eggs close to the optimum 
ternperature tor development-that is, fi·om 37° to 38°C. Internal egg 
temperatures are lovv at first, but they increase steadily O\Ving both to 

parental incubation and to heat generated internally by the growing enl
bryo's o-vvn metabolism (Figure I.S-1 ~). 

Serious problems result if the ernbl)'O is exposed to tetnperatures out
side the range of .15° to 40.5°C. Exposure to higher ternperatures is lethal. 
and even a short exposure to lower temperatures between 26° and 35°C 
can disrupt normal development. l3elo\v 26°C. the development of young 
ctnbryos simply stops. For these reasons, frequent or continuous waml
ing is necessary unless ambient air ternperatures are very high. Embryos 
in the later stages of developtnent-of An1erican White Pelicans, Ring
billed Gulls, and Herring Culls-detect temperature changes of the egg 
within 1 minute and vocalize taster. signaling their need for heat (see also 
page 478). Parents then respond \Vith increased incubation (Evans 1994: 
Urua 2002). 

Incubating parents keep the internal temperatures of their eggs re
markably sc1ble, despite the cont1icts that incubation behavior itself pres
L'nts. The natural incubation rhythn1 of a species (Figure I.S-20) is geared 
directly to the maintenance of critical egg temperatures. At lo\ver air 
te1nperatures, sessions on the eggs are longer and recesses for food and 
drink are shorter. Experimental heating of the nests of the Common Star
ling reduced the costs of incubation, including energy expenditure to 
keep the eggs at the temperature required tor the development of the 
embryo (l~eid et al. 2000). The parents reallocated the energy that they 
saved to later stages of that nesting attempt (feeding the young) and to 

a second nesting attempt. Compared \Vith controls, starlings that were 
helped by the heating pad during thL·ir first brood incubation fledged 
more young tl-om that brood and were rnore likely to hatch all the eggs 
in their next brood. 
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FIGURE 15-19 (Top) Egg temperatures during natural incubation by a Herring Gull. 
The three lines represent measurements taken at different sites: (1) the egg surface, 
(2) inside the egg, and (3) air between eggs A. B, and C. Points labeled "Embryo" 
indicate measurements taken inside the egg near the embryo on days 6 and 14. 
(Bottom) The constancy of incubation (attentiveness) of adults increased steadily in the 
first two weeks of incubation. [After Drent 1975] 

Some, but not alL male Common Starlint,rs help their mates incubate 
(Reid et al. 2Cl02). Incubation time by the male supplements that of the 
female . kad1ng to increased total nest attendance. Although they do not 
maintain the eggs at quite as high a temperature as do females, males re
\Varnl cool clutches f1ster than tennies ;md thereby incre;1se the pace of 
embryo devdopment, leading to improved breeding success. This extra 
help leads to shorter incubation periods, greater hatching success, and 
larger nestlings. 

Experiments \Vith Crested Mynas and Conunon Starlings on Vancou
ver Island , British Columbia, demonstrated the etlects of inadequate in
cubation behavior (Figure 15-21). Crested Mynas , a type of starling 
introduced to Vancouver fi·om Hong Kong, persist with an incubation 
rhythm that is suitable tor the tropical climate of their native Hong Kong 
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FIGURE 15-21 Differences in incubation behavior can have important consequences. 
On Vancouver Island, British Columbia, introduced Common Starlings are more 
attentive during incubation than are introduced Crested Mynas, which hatch fewer of 
their eggs in the cool climate there. This myna population is now extinct. The 
Common Starlings achieve greater fledging success. They have adapted to different 
climates throughout North America. [After Drent 1972; johnson 1971] 



but unsuitable f(n· tht: cool Vancouver climate. They do not regulate in
cubation tirne by air ten1perature. Consequently, they hatch and fledge 
young tiom only 38 percent of their eggs. However, they hatch and fledge 
rnore young \vhen their nest boxes are heated artificially. A lo\v rate of 
reproduction is part of the reason for the f:1ilure of introduced Crested 
Mynas to maintain the1nselves in Vancouver. The related Cmnmon Star
ling. in contrast, expanded its range rapidly after its introduction to North 
Arnerica. This starling of north ternperate zone clinutes is more attentive 
during incubation and therefore fledges more young (68 percent). Crested 
Myna eggs that are incubated by the Common Starlings usually hatch. 
show·ing that the normal incubation pattern of Crested Mynas, not the 
quality of their eggs. is at fmlt. 

Keeping Eggs Cool 

Birds that nest in hot places face the opposite challenge: keeping eggs 
cool. The ternperatures of unprotected eggs quickly rise to lethal levels. 
Just leaving the nest to chase predatory gulls, for example. can cause the 
temperature of a Forster's Tern's egg to rise to 46°C in 10 minutes, and 
to 5U°C during a 25-minute absence (Grant 1982). Shading the eggs, 
therefore. is a critical part of incubation behavior. Gray Gulls that nest in 
the extreme deserts of northen1 Chile incubate their eggs at night. \vhen 
it is cold. but shade then1 during the day, when air temperatures reach 
from 38° to 39°C (Ho\vell et al. 197 4). 

Conservationists, sightseers. and research scientists should be aware of 
the dangers of egg exposure. The unwitting disturbance of nesting colonies 
of island seabirds or vulnerable beach-nesting species such as the Piping 
Plover and Least Tern causes the parents to leave their nests and expose 
their eggs to the sun. Direct exposure to the hot sun. caused n1erely by 
brief disturbances. kills the sensitive e1nbryos. At risk is the potential fail
ure of entire nesting colonies. Human disturbance also increases the risk 
of predation or desertion (Gottnark 1992). 

Wetting the nest or eggs counteracts extreme heat \Vith evaporative 
cooling. This practice is common an1ong shorebirds, gulls, and terns. 
Killdeer, for example, cool their eggs by transferring vvater frorn wet belly 
feathers Qackson and Jackson 2UOO). The Egyptian Plover, which nests 
on the hot sandbars of the Nile IUver. cools its eggs by covering them 
\Vith a thin layer of sand and then sprinkling water on top of the sand. 
The nest tc1nperature holds near 37 .5°C as a result (H()\Vell 1979). 

Heat and water problems stress the parent itself \Vhile it tend.;; its eggs 
in a hot environment. To protect eggs trom the hot sun. the incubating 
parent n1ust absorb and dissipate enonnous amounts of radiant energy 
vvithout overheating itself Sooty Terns dissipate that heat by extending 
their legs fully. erecting their feathers, and panting (see Figure 6-1 I). The 
breeze removes the heat absorbed by their black backs. The 1nore sun
light that incubating Hen·ing Gulls absorb, the more they rnust pant. The 
stress on a bird's water balance is so great and the consequences of even 
ten1porary absences are so severe that gull mates 1nust take tun1s to pro
vide continuous egg coverage. 
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An incubating bird rises periodically to peer sharply down Jt its eggs. It 
then dra\vs each egg backvv~1rd ·with a sweeping motion of the bill, rear
ranging its clutch and turning the eggs. Parents rearrange their eggs so 
that those that have been on the outside of the clutch are moved to the 
center \vhere the temperature is several degrees higher. 

The turning of eggs is crucial tor the normal embryonic development 
of n1ost species. R.egubr turning of eggs in ear1y incubation also prevents 
the chorioallantois tl-mn adhering prematurely to the inner shell mem
branes. Species differ in how often they turn their eggs: eggs rich in al
burnen get turned more often than yolk-rich eggs (Deeming 2002b). The 
turning of eggs optitnizes the gro\vth of the extra embryonic membranes 
and the fluid dynatnics needed to absorb the albumen. Premature adhe
sion intetferes ·with albumen uptake by the e1nbryo and obstructs its abil
ity to attain the tucking position essential for hatching. 

Not all species turn their eggs. Palm swifts glue their eggs to paln1 
fronds. \vhere they remain fixed for the tl_dl period of incubation. Per
haps the rnove1nent of the palm ti·ond prevents the adhesion of the mem
branes to the eggshell. 

Successful incubation culminates in hatching. itself a challenging but 
smnetimes cooperative and c1osely orchestrated event. 

Hatching 
Hatching-breaking the eggshell and emerging fi:om it-is a physical chal
lenge. In its t1nal st<lges of development, the folded and compact chick 
tllls the limited space inside the egg that was once occupied by yolk and 
albmnen. The chick barely seen1s to t1t inside the tight confines of the 
shell. By this time. the chicks communicate both with their siblings in 
the other eggs and with their parents. Calls by the developing embryo 
engage parents in the hatching process and help to synchronize hatching 
in precocial species (Brua 2002). 

How exactly does a chick break out of the egg? The hatchling-to-be 
\Vithdr~l\vs its head so that its bill passes bet\veen its body and its right wing. 
This so-called tucking position increases the et11ciency of pipping, or break
ing the eggshell, and therefore the chances of hatching successt\.1lly. To 
hatch, the chick first punctures the mernbrane that encloses the air cham
ber at the large blunt end of the egg. Then the chick pecks feebly but reg
ularly at the shell \:Vhile slowly rotating in a counterclockwise direction by 
pivoting its legs. After one to two days of "bmnping, '' the chick leaves a 
circular series of fractures on the eggshell, and finally penetrates through 
the eggshell to the world outside (Figure 15-22). The power tor the first 
pecks cotnes ti·mn the hatching n1uscle on the back of the neck (Figure 
15-23). The hatching muscle withers ·when its task is done. 

A speciaL calcified egg tooth on the tip of the bill helps the chick to 
break the shell. The hard, slurp-edged egg tooth is generally located just 



Air cell 

FIGURE 15-22 A chick's first breath. Shortly before hatching, the chick shifts into 
the tucking position, breaks into the air chamber with its beak (middle), and inflates 
its lungs for the first time. Before this event, the developing chick depends on oxygen 
exchanged through the capillary network of the chorioallantois (left). The chick chips 
its way through the eggshell with the aid of an egg tooth (right). [After Ralm et a/. 
1979, wit/1 permission from Scientific American] 

before the bill tip where the tip curves d.ownward. The sheath of the egg 
tooth includes the lower mandible in loons. rails. bustards, pigeons, shore
birds, auks. hornbills. and v,:oodpeckers. Egg teeth drop otT the bills of 
most baby birds soon after hatching: in one to three days in shon:birds 
and fowl and in as much as three weeks in petrels (Clark 1961). Song
birds gradually absorb the egg tooth. 

Most birds chip a big hole out of the eggshell and finally shatter it 
with their body movement-;. Emerging -vvoodcocks and Willets, however, 
split the eggshell longitudinal1y. ripping open a seam rather th;m break
ing the eggshell into pieces (Wetherbee and Bartlett 1962). After hours 
or even days of struggling, ostrich chicks virtually explode f1·orn their 
thick-shelled eggs. shattering the shell into many pieces (Sauer and Sauer 
1966). Smnetin1es, a parent ostrich -vvill help crack the shell by pressing 
its breastbone do\vn on the egg and then pulling the chick out by the 
head. A parent may also help its chick to hatch by enlarging the initial 
hole. 

Pron1pt removal of eggshells after hatching protects the carnout1age of 
a nest site. Parents nuy eat the shell. feed it to their chicks. or take it 
;nvay from the nest for disposal. In a classic early experiment, Niko Tin
bergen ( 1963) den1onstrated that the removal of eggshell<; from the nests 
of He1Ting Gulls reduced predation by cro\:VS from 65 percent to only 22 
percent. 
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Hatching muscle 

FIGURE 15-23 The 
hatching muscle is a short
lived feature of chick 
anatomy that helps the 
chick break out of the egg. 
[From Bocl< and Hikida 7968] 
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CHAPTER FIFTEEN Eggs in a clutch may hatch almost synchronously or asynchronously 

at intervals that range tl·om a few hours to n101T than a week. Staggered, 
asynchronous hatching is due to the onset of incubation before the dutch 
of L'ggs is c01nplete. The first-hatched young ofi:en have an advantage 
over their younger siblings, which succun1b first to shortages of food and 
sometin1es to physical abuse (Stoleson and Beissinger 1995; see also Chap
ter 16). Different egg provisions (see page 407) can overcmne some of 
these handicaps, as can ditTerent embryonic developn1ent rates for the 
t\vo sexes. For example, even though female Connnon Kestrels are the 
larger sex by 20 percent. fe1nale en1bryos grow taster and have a shorter 
embryonic period than male embryos (Blanco et al. 2003). The female 
chicks hatch earlier than male chicks and assume higher ranks in the 
brood-size hierarchy. 

Highly synchronized hatching is characteristic ofwaterfovvl and quails. 
Vv'hich tnove their large broods from the nest to safer sites soon after 
hatching. For example. the 11 to 13 eggs in the clutch of a Mallard duck 
(see Figure 3-14B) all hatch within 2 hours, despite having been fertil
ized and laid over a two-week period. DiHerences in their rates of de
vclopinent bring early and late eggs closer together in the stages of embryo 
development. 

Coordinated adjustments orchestrate the final synchron)' of hatching. 
First, chicks inside the eggs com1nunicate \Vith each other. Older chicks 
that are ready to hatch ''click'' slo,vly (from 1.5 to 60 rimes per second), 
causing younger siblings to accelerate their hatching efTort. Conversely, 
younger chicks unable to catch up click rapidly (more than 100 times per 
second). causing their older siblings to delay emergence as long as 33 hours 
(Brua 2002). The jarring of adjacent eggs by the tlrst hatchJing is the fi
nal signal, stitnulating nest mates to make their final hatching moves and 
to break out together fl·om 20 to 30 minutes later. 

New hatchlinbrs vary in their ability to run, thennoregulate. and feed. 
A speciL·s' mode of developtnent fi·ames the challenges that start for both 
parents and their offspring after the chicks hatch-sibling competition, 
parent versus ofispring conflicts, and strategic brood reduction. The spec
trum of n1odes of devdopment tl-om helpless (altricial) to mobile (preco
cial) is the central therne of Chapter 16. The extraordinary incubation 
and hatching teats of the extremely precocial rnoundbuilders. hovvever. 
are a tltting clinux for this chapter. 

Moundbuilders 
The tnegapodes, or moundbuilders, of Australasia are t()\vl-likc birds that 
usc heat trom the sun. volcanic steam, or decomposing vegetation to in
cubate their eggs (Booth and Jones 2002: Figure 15-24). Reptilian as it 
tnay seem, this behavior evolved secondarily fi-on1 normal avian incuba
tion behavior. Regulation of the incubation tetnperature sten1s either from 
the thermal stability of the nesting site or from active manipulation by 
the birds. Two species, the Australian Brushturkey and the Ivlalleefowl. 
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FIGURE 1 5-24 (A) Cross 
section of a Ma lleefowl 
incubation mound with eggs. 
Underneath the egg 
chamber is a pit full of 
decaying vegetation. Sandy 
soil covers the eggs. 
(B) Structures of megapode 
nests: (1) Australian 
Brushturkey-a mound of 
organic litter material raked 
together by parents is the 
most widespread system; 
(2) Malleefowl-the most 
sophisticated mound consists 
of a sand blanket atop a bed 
of decaying organic material; 
(3) Dusky Megapode
tunnels containing loose soil 
and litter inside a larger 
mound of compacted soil; 
(4) Tongan Megapode
runnels filled with loose soil 
and organic material in 
solid , geothermally heated 
laval rock formations; 
(5) Maleo-simple pits in 
geothermally heated sand; 
(6) Philippine Megapode
tunnel dug between rotted 
tree roots and filled with 
loose soil and organic litter, 
as well as mounds of organic 
litter material as in the 
Australian Brushturkey 
structure (1). [(A) After Frith 
1959, with permission from 
Scientific American. (B) From 
Booth and jones 2002] 
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sensitivity. 
The great nest tnotmd of the AustraliJn I3rushturkey -vveighs 6800 kilo

granls and maintains a stable equilibrimn temperature of 33°C (Seymour 
and Uradt()rd 1992~ see Figure 15-24131 ). The male brush turkey keeps 
the mound at this te1npcratun: by adding and ren1oving litter and by mak
ing sure that there is enough water to keep the decay process going at 
the right level. The rate of heat production (200 watts) through micro
bial decay is l 0 times that of a resting bird. It allows the megapodes to 
incubate many n1ore eggs sirnultaneously than they could in the tradi
tional way. Little nuintenance is required at1:er a large nest Inotmd has 
been established \Vith a critical mass of fresh litter (about 3000 kg), suffi
cient \Vater content. and occasionJl mixing of the litter. 

The "nest" of the Mallcefowl is a large sandy nlotmd. as large as 11 
meters in dian1eter and 5 meters high, nude of decaying vegetation and 
sand (see Figure 15-24B2). The hen inserts her large eggs deep into the 
nest at intervals throughout the nine month breeding season. Incubation 
temperatures inside the mound ren1ain at 32° to 35°C as external air tem
peratures range t1·om 0° to 38°C. The decomposition of litter placed un
der the eggs produces rnost of the incubation heat in the spring. 

The male Malleefowl tends the mound alone. He spends 5 hours a 
day tnanipulating the amount of tnaterial covering the eggs to regulate 
heat loss or retention. He regularly checks the temperature inside the 
Inotmd by testing the soil in his tnouth. In the spring and summer, he 
cools the mound by opening it (to release accumulated heat) and by re
placing hot sand with cooler sand. In the t1ll. v•,rhen there is less sun and 
less decay, be manipulates the covering of a shallower pit that takes ad
vantage of daytime solar heating. He spreads sand to wan11 it by day and 
then piles it over the eggs at night, adding extra insulation to seal in the 
heat. 

Moundbuilder chicks hatch fi·01n their large eggs-tl·om nvo w three 
tin1es as large as the eggs of other birds of cornp~1rable size-and emerge 
from their incubation mounds after 42 to 99 days, the longest period of 
any bird. They do so unaided and ready for independent living without 
parents. D~wid l3ooth and Darryl Jones (2002) provide an excellent re
vie\V of nlotmdbuilder chick biology and lurching. 

Briefly, the moundbuilder etnbtyo has an egg tooth early in its devel
opnlent but loses it by hatching tin1e. Rather than pecking its \Vay out 
of the egg, the hatchling kicks and shoulders its vvay out by causing the 
thin shell to shatter. Whereas 1nost birds require f·!·mn one to two days to 
S\Vitch fi·om respiration through the chorioallantois n1embrane to breath
ing air. n1oundbuilder chicks do so in minutes. After they're hatched. they 
rest tor an average of 16 hours, clearing their lungs betore starting to dig 
their way up\vard and out of the nest. That work takes another 24 to 55 
hours of eHort. in vvhich short bursts of digging alternate with longer rests. 
Residual yolk provides the energy required to tl;el this effort. The chick 
first scratches out an air chatnber around it and then scratches down the 



ceiling :1bove it, molding the loose rnaterial underneath it. Its plumage 
dries out as it clirnbs slowly upward, enabling it to thennoregubte \vhen 
it finally reaches the surface. Finally. it ernerges: 

Suddenly the back of its neck appears at the mound's surt~lCe. 
After the neck is tl-ec, the head quickly follows. The chick opens 
its eyes tor the first time and rests brietly. Then it resumes its 
struggles, freeing one \Ving and then the other. Soon the ·whole 
body follows. Tetnporarlly exhausted. the young Mallee-Fowl 
may lie exposed on the surfKe tor some time, an easy prey to 
predators; but more often it tmnbles down the side of the nlotmd 
and staggers to the nearest bush to collapse in the shade. where it 
recuperates its strength after such prolonged exertion. Its recovery 
is swift: within an hour it can run firmly; after two hours it runs 
very swiftly and can t1utter above the ground tor thirty to torty 
teet. Twenty-tour hours after its escape fi·om the tnound. it flies 
strongly. ISkutch 1976. p. 234] 

Most other hatchlings enter a tnore dependent, temporary period of 
parental care. the topic of the next chapter. 

Summary 
l~eproduction in birds requires the nurturing of eggs and young outside 
the body. Nests provide a cradle tor eggs during incubation and for baby 
birds until they Hedge. Nests v~ny in constntction from sin1ple accmnu
lations of sticks or scrapes in the earth to n1ajor architectural achieve
tnents. Woven, pensile nests and the huge, aparnnentlike cmnpound nests 
of certain weavers represent the pinnacles of nest construction. Nest ma
terials may include specitlc plants with pharmacological properties or feath
ers. hair, and spider webs. Particular tnethods of gathering nest Inaterials 
and of constnKting nests, \Vhich characterize each species, n1ay have a 
~enetic basis. 

A nest has tour primary purposes: protection fi·om predators, the pro
vision of a tnicrocliinate suitable tor egg incubation, the provision of a 
cradle for dependent young. and the provision of a roosting chamber tor 
adults tending their eggs and young. Camout1age. inaccessible locations. 
and tortresslike structures make nests less vulnerable to predators. R.oofed 
nests and cavity nests have nuny protective advantages. Birds also nest 
ncar stinging insects for protection and are able to defend their nests or 
skillfully lure would-be predators away. The choice of safe nest sites may 
influence the evolution of other aspects of the morphology and behavior 
of a species. 

The thickness of insulation helps to govern a nest's microclitnatc, It 
also reduces the rate of egg cooling when an adult leaves the nest to feed. 
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objects also afi~cts incubation behavior. Burrows and cavity nests tend to 
buffer birds and their eggs fi·mn daily tetnperature cycles. 

Precise incubation schedules keep egg contents within the narrow lim
its of embryo tcrnperature tolerances. Most birds transfer body heat di
rectly to their eggs through the bare, t1accid, and highly vascularized brood, 
or incubation, patch. Moundbuilders incubate their eggs by using the heat 
generated in heaps of decaying vegetation. In hot desert environments, 
the cooling of eggs by midday shading or wetting may be necessary. In
cubation not only exposes parents to temperature stresses and predators, 
but also reduces the time that they have tor feeding themselves. IV1ale 
birds 1nay relieve their mates by sharing incubation or by providing them 
·with food. Patterns of nest attentiveness during incubation respond sen
sitively in the short run to the risks of predation. 

A chick's tlrst challenge is to break out of its shell. The egg tooth, a 
sharp-edged structure on the top of the bill, is a special feature tor break
ing the eggshell. Synchronized hatching in birds such as waterfowl and 
quail enables the young to leave the nest together soon after hatching. 
The hatchlings of n1any other birds remain in their nests longer. 



Parents and Their Offspring 
Pcrlwps the single 1/WSt striking _Feature (~f postnatal groll·tl! in 
birds is the diclwttiiiiY bcnwen prccodal 11nd LI!tridal deucioplllcnt. 

[Ricklefs !9H.1a, p. II 

T he development of an individual bird begins with embry
onic cell divisions and. ends with the learning of the com
plex behavioral skills of a capable adult. Baby birds undergo 

part of their development inside the egg, then hatch fi·orn the egg. leave 
the nest, join flocks, and smnetimes migrate to distant places. They learn 
to fly, to teed, and to sing. They distinguish predators fi-om prey and po
tential rnates tl-on1 potential rivals. 

Lite-history theoty tells us that the seHish interests of young birds \vill 
inevitably contlict \Vith those of their parents (Trivers 1985). Parents 
should try to raise as many, equally vigorous young as possible. The con
flict bet\veen the substantial time required for parental care and that re
quired for self-n1aintenance is one of the key constraints on solo 
parenthood in birds. Chicks add another set of conflicts. They denund 
care that exposes their parents to increased predation risk and to physio
logical stress. In addition, chicks vic with one another for parental atten
tion, protection, and extra portions of food. 

This chapter folJows the lift· of a bird from hatchling to fledgling and 
beyond. A central theme is the contrast bet\veen the altricial and the pre
cocial rnodes of develop1nent. In these difierent n10des, chicks hatch with 
very ditierent degrees of physical maturity. First, \Vc exanline the major 
features of the physical grovvth and development of hatchlings. As the 
chicks grow, sibling rivalry and competition increase, sometirnes leading 
to siblicide, especially \Vhen eggs hatch at ditlerent tin1es, producing nest 
n1ates of different ages and abilities. Then, we exan1ine the challenges and 
solutions of parenting in birds, \vhich include t~1voritisn1. The chapter con
cludes \Vith the fledging of young birds tl·om their nest. follo\ved by their 
behavioral growth, including the central process of imprinting. 



FIGURE 16-1 (A) A 
spectrum of developmental 
categories of hatchling 
birds, from independent 
(superprecocial) 
moundbuilders to helpless 
(altricial) songbirds that 
require the most parental 
care. (B) A spectrum of nest 
types, from simple ground 
nests to complex elevated 
nests, corresponds to birds' 
increasing flight proficiency, 
with reliance on wings 
(forelimbs) rather than legs 
for locomotion. The 
development of increased 
flight abilities requires 
increased parental care 
before dependent young 
master flight. [From Dial 
2003b] 
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Altricial Compared with Precocial Modes 
of Development 
Alternative modes of developrnent start subtly \Vith the yolk provisions 
of the egg, as described in Chapter 14 (see page 419), and ernerge overtly 
when the chick hatches. The tenns altricial and prcrocial refer to the states 
of physical maturity of the hatchling and its dependence on parental care 
(Figure 16-1 and Table 16-1). The different tnodes of development 

T~~tE···1-~tt1.cbmpatis6h'of altriaap;~ndJpr~coc:ia-l:rn.odesz 
pf fl:ey~ l()pf11ent _ 

Character ·----. L~~~i~~~----·····--·- --·------~re~cial_ ... --·---·····--1 
I
·_ Ey~~ ~t h,;;-,;J;ing Closed Open ~-
1 I )ovvn Absent or sparse Present 

1\1obility Immobile IV1obile 1 

Parental care Essential Minimal j 

Nourishment Parents Self-feeding 
Egg size Small ( 4'Ycr-l 0%>)'1 Large (9c}{',-21 %)a 
Egg yolks Small Large 
Brain size Small (3'X,) 11 Large (4(X>-7(';(,t 
Small intestine Large (t 0.3%-14.5'1(",)'1 Small (6.5%-10.5%)'1 

CnHvth rate Fast (3-4 times Slow 
precocial rate) 

'
1 Percentage of adult weight. 



(A) (B) 

(C) (D) 

(E) (F) 

FIGURE 16-2 Baby birds 
and their state of 
development at hatching. 
(A) Cedar Waxwing, altricial; 
(B) Ruby-throated 
Hummingbird, altricia l; 
(C and D) Least Bittern, 
semia ltr icial; (E) Leach's 
Storm Petrel, semiprecocial; 
(F) Whimbrel, precoCial. note 
the egg tooth, the white 
structure at the tip of the 
bill. which the chick uses to 

break the eggshell. [Courtesy 
of 0 Pettingill, )r./VIREO; 
A. Cruicksl!ani<!VIREO; 
W. Conway; D. Hosl<1ng] 
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CHAPTER SIXTEEN affect not only the -vvay in \~rhich fledglings leave the nest. but also their 

subsequent grovvth and, ultimately, the patterns of care and the mating 
systen1s of the parents thetnselves. 

Altricial birds are naked, blind, and virtually inunobile \Vhen they 
hatch. They stay in the nest (are nidicolous) and depend on their parents 
for food (Figure 16-2A-D). The helpless, grublike nestlings of altricial 
birds look as if they have hatched pretnaturely. Altricial hatchlings have 
huge bellies and large viscera that support tast growth. 

Compared with altricial chicks, precocial chicks hatch fion1larger eggs 
in a relatively advanced physical state and are soon n1obile. Precocial chicks 
are usually covered with fi.tzzy natal down. They leave the nest (are ni
difugous), nm about, feed thetnselves, and regulate their body tempera
ture soon after they hatch (Figure 16-2E and F). A three-day-old Lesser 
Scaup duckling, tor example, can dive, catch a minno\v, and retun1 to 
the sur£1ce. Precocial chicks have large toad stores to increase their ini
tial chances of survival outside the egg. They absorb their substantial yolk 
reserves as a supplen1ent to their feeding for several days after hatching. 

Precocial developtnent \vas probably the original mode among birds. 
It is typical of 1nany basal groups of n1odern birds, including the ratites, 
-vvatertcnvL and chickenlike birds. The ancient enantiornithine birds of the 
Mesozoic era also were precocial. A well-preserved avian embryo (in egg) 
fi·orn the Lovver Cretaceous of China \Vas distinctly feathered and preco
cial in its state of developn1ent (Zhou and Zhang 2004). 

Ho\V did altricial developtnent evolve? There is no sin1ple evolution
ary sequence fi·om precocial to altricial. The altt·icial condition evolved 
independently in unrelated groups of birds. Although most birds are clearly 
precocial or altriciaL intennediate categories also exist. The diversity of 
hatchling abilities sorts into at least six nujor categories of hatchlings based 
on classical oiteria of Inability, open or closed eyes, the presence or absence 
of dovvn, and the extent of parental care (Box 16-1 and Figure 16-3). 

Condition 

Superprecocial 0 0 0 0 0 Moundbuilders 

Precocial 0 0 0 0 • Ducks, shorebirds, quail. grouse. murrelets 

Subprecocial 0 0 0 ~ • Grebes, rails, cranes, loons 

Semiprecocial 0 0 -• • Gulls, terns, auks, petrels, penguins 
Semialtricial 1 0 0 • • • Herons, hawks 

2 0 • • • • Owls 
Altricial • • • • • Songbirds, woodpeckers, parrots 

0 Precocial characters e Altricial characters 

FIGURE 16-3 Development characteristics of baby birds at hatching, according to 
Margaret Nice's (1962) classification. Down: present or absent. Sight: open or closed 
eyes. Mobility: ambulatory or nestbound. Parental nourishment: no or yes. Parental 
attendance (for brooding or defense): absent or present. [After Ricl<!efs 7983aJ 



-BOX.l6-1 

DEVELOPMENT CATEGORIES OF HATCHLINGS 

0 . . - . 

Ornithologists recognize six develop
ment categories of hatchlings: 

Superprecocial Wholly independent. Examples: 
mou ndbu ilders and Black-headed Ducks 

Semiprecocial Hatchlings are capable of body
temperature regulation; mobile but stay in the 
nest; fed by their parents. Examples: gulls. 
terns, auks, petrels. and penguins 

Precocial Hatchlings leave the nest immediately 
(nidifugous) and follow their parents; pick up 
their own food soon after hatching, although 
parents help to locate food. Examples: ducks 
and shorebirds; quail, grouse, and murrelets; 
also ostriches and kiwis 

Semialtricial Hatchlings stay in the nest (nidi
colous). although physically able to leave the 
nest within a few hours or the first day; fed 
and brooded by parents. Examples: herons 
and hawks; also nightjars, albatrosses, and 
seriemas 

Subprecocial Hatchlings leave the nest immedi
ately and follow their parents; are fed directly 
by their parents. Examples: rails, grebes, cranes. 
and loons; also guans and some pheasants 

Altricial Naked, blind, and helpless at hatching. 
Examples: songbirds, woodpeckers, humming
birds, swifts, trogons, kingfishers, pigeons, and 
parrots 

Setniprecocial chicks ol·~ gulls, terns, auks, and petrels are fed at the nest. 
The subprecocial chicks of grebes and loons cannot dive or chase prey 
skillfi..tlly. Their parents carry them on their backs, often under their wings, 
and so dive and feed relatively undisturbed. Semialtricial or semiprecocial 
n1odes of development evolved secondarily tl-on1 altricial or precocial 
modes of development. 

R.apid growth is a primary feature of altricial development and per
haps its driving evolutionary advantage. Altricial nestlings grow tl-om three 
to four tin1es as 6st as precocial chicks. The evolution of such different 
growth rates is a major research topic. David Lack ( 1968) originally re
garded growth rate as a balance between selection for rapid gro\vth to es
cape predation and selection for slow gro\vth to reduce food requirements. 
Although energetic etliciencies contribute to the tast gro\vth rates of al
tricial birds. they cannot explain the ditTerence in growth rates between 
altricial and precocial birds (R.icklefs 1983a). 

Instead, growth-rate ditl'erences bet\veen precocial and altrici~1l chicks 
nuy be related to the channeling of limited resources into either increased 
tissue mass or to the maturation of tissue functions required tor survival 
(Ricklefs and Starck 1998b). The so-called tissue-allocation hypothesis 
suggests that the growth of tissue nuss and the tnaturation of tissue fl.mc
tions (such as rnuscle contraction) are tnutuaLly exclusive. Altricial chicks 
grow tast by channeling resources eHiciently into gro\vth and by postpon
ing tissue maturation. Fast gro\vth rates enable them to pass quickly 
through the early, most vulnerable stages of developn1ent. A comparison 
of the altricial Common Starling, the semiprecocial Con1n1on Tern, and 
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cocity of tissue tnaturation and the overall growth rate (Fisrure 16-4). 
The ditrerent tnodcs of developrnent correspond to progressively nu

ture functions of chicks at hatching (Starck and Ricklds 1998). Increas
ing maturity is evident in the tissues of a hatchling as wdl as in its external 
appearance and behavior. The fraction of tissue that is ftt fiee and dry, 
called its lean dry weight, increases as tissue nutures. A low index of tis
sue nuturity at hatching distinguishes altricial development fi-om all other 
modes. Altricial hatchlings typically have an index of lean dry weight (Ip) 
less than 0.1, \vherets all other categories of hatchlings have I p values 
greater than 0.1. This result distinguishes the principal difTerence in growth 
rate between altricial and precocial chicks. 

Also related to the tradeotr betvveen tissue growth on one hand and 
maturity of function on the other hand is the increased reliance of altri
cial species on the wings, or t()relitnbs. tor locon1otion (Dial 20Ct3b: see 
Figure 16-1). Precocial chicks have well-developed legs when they hatch, 
enabling them to leave the nest, start to find food tor thetnselvcs. and 
hide fron1 predators. Precocial species also etnphasize bipedal locomotion 

100 

80 

20 

japanese 
Quail 

A= 113 g 

FIGURE 16-4 Growth curves for an altricial bird (Common Starling), a semiprecocial 
bird (Common Tern), and a precocial bird Uapanese Quail). A is the bird's mass at the 
top of the growth curve. Of these three species, the starling grows fastest, the tern 
grows nearly as fast as the starling, and the quail grows relatively slowly. The rapid 
maturation of the quail's large leg muscles, essential for precocial locomotion, detracts 
from the quail chick's potential growth rate. The tern's legs also develop rapidly, but 
the material and energy needed for the growth of its tiny legs are only minor 
investments relative to its overall growth. The starling puts energy into growth before 
tissue maturation. [From Ric/<lefs 1979b] 



'Jl 
'Jl 
ro 
E 
c 
ro 
~ 

0 2 3 4 5 
Adult body mass 

FIGURE 16-5 Logarithmic relation of brain size to adult body size. The brains of 
altricial species and semialtricial species (white oval) average larger than the brains of 
precocial bird species (black oval). [From Ricl<lefs and Stare!< 1998b] 

as adults. In contrast, the initial dependence of in1n1obile altricial hatch
lings on their parents corresponds directly to these species' predominant 
use of their wings rather than their legs. Altticial chicks first dday the 
maturation of wings and Hight muscles. and then they channel resources 
into their development. Sv.rifts and hummingbirds, \},lith their advanced 
tlight abilities but diminutive legs and feet, represent the extreme of this 
shift of ernphasis to t(welimb locotnotion. 

Ditferences in brain development arc another distinction bet\vcen al
tricial and precocial bird species (Figure 16-5). In generaL the brains of 
altricial birds are smaller (relative to body size) at hatching than are the 
brains of precocial birds. Parental care of altricial chicks substitutes tor 
early functional diHerentiation of the brain. After hatching. the brains of 
altricial birds then undergo greater gro\vth to an adult brain sizl' that ul
timately averages larger than that of precocial species of the same body 
size. This gn)\vth pattern allows the control functions of their enlarged 
forebrains to dit1erentiate at a later stage than they do in the brains of pre
cocial birds. Accordingly. altricial chicks learn active feeding skills and so
cial skills at a later stage of development. 

Temperature Regulation 

Hmneothermy-the ability to generate tnetabolic heat (endothermy) and 
to tnaintain a high, constant body tl'mperature-is a major step of early 
development. Homeothermy releases a chick ti-on1 its absolute depend
ence on parental brooding and enables it to tolerate exposure. 

The process of hatching initiates the developrnent of homcothermy as 
hatchlings undergo rapid changes in their n1etabolism and temperature re
sponses (Mathiu et aL 19<) I). Pipping through the shell membranes gives 
a chick access to o::\.·ygen, which supports increased rnet~1bolisn1. EmergenCL' 
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fi·om the shell itself allows increased rnovement, as well as ventilation and 
shivering. ()nee out, the chick ·s do\vn dries to tonn fi.1nctional insula
tion. The stage is then set for the development of endothermy and the 
refinement of homeothermic then11oregulation through the maturation of 
nmscular tissue and endocrine control systems. The advanced muscle de
velopment and natal down of hatchling precocial birds enhances their abil
iry to thennoregulate. Prccocial and se1niprecocial chicks, such as those 
of quaiL gulls, and terns, achieve 90 percent of their adult thermoregu
latory capabilit)'T within one week (Da\vson and Whittow 2000). 

R.egulation of temperature by both precocial and altricial chicks im
proves in the course of development as they gain mass relative to surface 
area. increase metabolic heat production, and develop irnproved control 
by the nervous and endocrine systerns. An altricial chick's ability to re
tain metabolic heat improves later as its feather coat thickens. Experimen
tal shaving of nestling Great Tits and Eurasian Pied Flycatchers, tor 
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FIGURE 16-6 Development of homeothermy. (A) The ability of nestling Common 
Starlings to maintain a body temperature of 39°C increases with age and number of 
brood mates. The body temperature of a single nestling (black circles) from one to 
four days old drops between 8 and 9 degrees after 1 hour of exposure to an ambient 
temperature of 20°C, whereas the body temperature of a five-day-old nestling drops 
only 4 degrees under the same conditions. The presence of brood mates together 
(seven in this experiment; white squares) greatly reduces individual loss of body 
temperature. (B) Precocial chicks such as those of the japanese Quail can maintain a 
high body temperature on hatching better than can Common Starlings; this ability 
improves with age in both species. The coefficient of temperature regulation is the 
percentage of the difference between adult body temperature and air temperature at 
20°C that a chick maintains after 30 minutes. [(A) After Clarl< 7983; (B) from Ricldefs 
7979b] 



exatnple. increases their oxygen consmnption by 25 and 15 percent. re
spectively (Shilov ·1973). 

Skeletal muscle is the main source of heat production. The large leg 
n1uscks of a young prccocial chick arc.· of pritnary importance in early 
thermogenesis, followed by the pectoral muscles. Early development of 
large pectoral muscles in chicks of the Willo\V Ptarmigan ~md Le;Kh 's 
Ston11 Petrel f~lcilitates their ht.'at production (Aulie 1976; R.icklds ct al. 
1980). Supporting their function in early therrnogenesis, the pectoral mus
cles of nestling LeKh 's Storm Petrels mature by 2 weeks of age, even 
though the chicks do not Hy for l) to 10 \\reeks. The naked hatchlings of 
altticial songbirds \Vith little skeletal muscle cannot regulate their body 
ten1peratures outside ambient tetnperatures of 35° to 40°C. They take a 
week to develop just the initial stages of thermogenesis by shivering. 

Large broods nel·d less parental care than do stnall broods, at least in 
cool clirnates. Decreased individual exposure, pooled n1etabolic heat. and 
the greater thennal inertia of their cmnbined mass help the chicks in large 
broods to keep one another \Vann. The timcrional tnass and thermal in
ertia of each chick in a brood increase \Vith brood size. As a result, altri
cial chicks in large broods achieve hmneothenny earlier than do those in 
snull broods (Figure 1 ()-()). Within a week or so, however, most young 
develop thermal independence and greater tolerance t(x exposure to the 
elements. Their growing independence allo\vs single parents to gather the 
increasing amounts of l·()od that the chicks require. 

Energy and Nutrition 

Baby birds require ener~ f()r maintenance, tetnperature regulation, ac
tivity, excretion, and growth. Growth itself accounts for a major ti-action 
of total energy expenditures early in developn1ent. The energy channeled 
into gro\vth constitutes from roughly 21 to 40 percent of a chick's en
ergy budget for the entire developmental period. Total energy expendi
tures peak late in development. Important as it is, however, enert:,ry· may 
be less important in determining rates and patten1s of development than 
is nutrition. There are no fundamental distinctions bet\veen altricial and 
precocial species in this regard. 

The production of new tissues requires nutrients such as certain amino 
acids that the body cannot manut:Icture. The sultl.rr-containing amino acids 
cysteine and methionine, t(n· example. are essential for feather produc
tion. To provide the calcium t()r bone growth. parents feed their chicks 
tragn1ents of teeth, bone. snail shells, and eggshells as dietary supplements. 
The bone grc)\vth of L1pLmd Longspurs, for example, requires more than 
the rneager amount of calcium (U. ·t percent by dry weight) in the crane 
tlies and sawt1ies that they c;tt. Accordingly, their parents feed them lem
rning bones and teeth (Seastedt and Maclean 1977). 

Chicks require lots of protein, especially in the early stages of their de
velopnlent. The parents of many species of songbirds supply tnostly small, 
soft-bodied insects at tlrst and then increase the proportion of tl·uits and 
seeds. Fruits do not usually provide an adequate diet for nestling gro\vth 
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Protein (%) Lipid (%) Carbohydrates (~,) 
-------------- ---------------------------

Pigeon 
Flamingo 
Penguin 

From Fisher 1972. 

23 10 0.0 
8 18 0.2 

59 29 5.5 

(Foster 1978). The chicks of Bearded Bellbirds and Oilbird~, \vhich eat 
only tl-uits, gro\:v half as £1st as those of other tropical birds. The Resplen
dent Quetzal, a spectacular tl-uit eater, feeds its young only insects for the 
t1rst 10 days and so they attain a tnore non11al gro\vth rate. 

Pigeons, ttuningos, and En1peror Penguins feed nutritious esophageal 
fluids to their young (Table 16-2). Pigeon milk, the best known of these 
tluids, is full of £1t-laden cells sloughed off the epithelial lining of the par
ent's crop. Like the nlilk of tnarine 1natnmals, this fluid is rich in protein 
(23 percent) and tat ( 10 percent). It also includes essential amino acids. 
Flanlingo 1nilk, the sole initial source of nut1;tion for the chicks of Greater 
Flanlingos (see Figure 3-l6A) has n1ore tat and less protein than does 
pigeon nlilk. The esophageal tluid of the En1peror Penguin is rich in both 
fat and protein, and their chicks double their body \-veight in the t1rst 
week of life. 

Growth Rates 

The gro\vth of body mass of a baby bird dLu;ng developtnent tollo\vs an 
S-shaped, or sigmoid, curve (Fib'Llre ] 6-7). At tlrst, the chick grows slowly; 
then the gro\vth rate accelerates and n1ass increases rapidly. Finally, growth 
slows as the chick approaches its adult \veight. The sigmoid curve allows 
a c01nparison of species that dit1er in size and grovv'th strategies because 
it is det1ned rnathenl<ltically by only a fe'.-v variables: initial size, gro\vth 
rate, and final 1naximum value. 

There are t\vo n1ajor exceptions to the typical shape of the growth 
curve. First, the mass of young ground-feeding birds, such as doves and 
Curve-billed Thrashers, levels off below adult tnass. Chicks gradually 
achieve full size after fledging \vhen their muscle and plmnage devclop
tnent catches up with their skeletal development. Second. in aerial species 
such as s\va1lows, swifts, and oceanic seabirds, the mass of a chick over
shoots that of adults in the final stages of developtnenr. The mass of the 
oversized chick then declines as it rnetabolizes fat deposits and loses wa
ter fi-om mattu;ng tissues, especially in the skin and at the bases of the 
feathers. Son1e chicks near Hedging tetnporarily outweigh adult birds. 

Chicks of some bird species store excess energy as Elt as insurance 
against poor food delivety by parents or as reserves for the days just after 
fledging \vhen the chick learns to feed itself Aerial passerines such as swal
lo\vs deposit n1ore tat than do other species, an adaptation to the irregu
larity of their food supply (O'Connor 1977). The accumulation of tat is 
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FIGURE 16-7 Sigmoid nestling growth curves of three altricial birds. Data are 
standardized to the maximum values of the growth curve to directly compare birds 
of different species size. [After Ricl<lefs 1968] 

n1ost striking in petrels. Their obese chicks reach rnasses tw·ice those of 
the adults. Young {)i!birds. which are raised on the oily lipid-rich ti·uits 
of paln1s and other tropical trees. also accun1ulate large lipid stores. These 
stores are, in large part, excess energy that must be sidelined and stored 
in order tor the chicks to extract adequate an1ounts of protein fi·om their 
specialized. protein-poor and lipid-rich foods. Such excess lipid supplies 
also act as reserves tor bad times. 

The gro\vth rates of chicks of ditTerent bird species vary 30-fold. More 
than half of the variation in growth rate relates directly to adult body 
\Veight: big birds gro\v more slowly than little birds. The growth rate de
creases roughly as the cube root of adult body weight increases. The slow
gro\ving Wandering Albatross (see Figure 17-3). one of the largest 
seabirds, has the longest kno\:vn nestling period of any bird-as long as 
303 days. In contrast, t1st-growing small songbirds have short nestling pe
riods of 1 0 to 11 days. 

DifTerent members of a species exhibit nurkedly difierent growth rates. 
Gro\vth rates of individual birds in a species are affected by the quality 
and quantity of t()od. temporal pattern of feeding, and temperature, all of 
\vhich vary according to locality. season, habit<1t. and weather. For exam
ple, the average tledging VvTights of T-thinoceros Auklets in British Co
lmnbia vary ti·om 266 grams in bad years to 361 grams in good years 
(Gaston and Dechesne 1996). The etTects of food supply on growth rate 
are perhaps best known in sw·ifts and nurtins. The maturation of Com
rnon S\vifts, for example. varies fl·otn 37 to 56 days. depending on tl.~ed

ing conditions. Chicks of these swifts can survive tor as long as 21 days 
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1948). 
The availability of food also afiects the in1n1une capacity of nestlings 

(Hoi-Leitner et al. 2001 ). l:Z.educed in1n1unocon1petence owing to food 
shortage increases survival risk and reduces long-term breeding potential. 

Begging for Food 
Hungry nestling birds make their needs kn0\-\'11 through begging behav
ior, which includes both exaggerated body n1ove1nents and loud calls. 
The young's begging cries sti1nulate parents to deliver tood to the nest. 
Experitnental changes in the volume and continuity of begging cries at 
the nest pron1pt greater activity. In a classic experitnent, Lars von Haart
rnan (1953) hid extra young Eurasian Pied Flycatchers behind the wall of 
a nest box. In response to their cries. the parents brought n1ore food to 
the nest than \Vas required for their nestlings. R.ecall also the simulation 
of host \Varbler calls by nestling cuckoos (see Chapter 13). Dlue Tit par
ents in1n1ediately reduce their provisioning et1orts when the chicks do not 
beg (Grieco 2001 ). After soliciting the silent nestlings to open their bills, 
the parents then spend rnore tin1e a-vvay tl-orn the nest. As soon as the 
chicks resun1e their begging, the parents resume their nonnal provision
ing etTort. 

As noted in Chapter 15, embryos in the egg call for increased parental 
attention -vvhen they are cold. After hatching, nestlings solicit care frmn 
their parents through the intensity and titning of their loud begsring calls. 
Nestling Tree S-vvallo\vs, for exatnple, increase the rate and length of their 
begging calls \vhen hung1y and \Vhen cold (Leonard and Horn 2001 ). 

Siblings coordinate their begging behavior to their own bcnetit. 
Nestling Common Black-headed Gulls, for exatnple, extract more rcs'1lr
gitated food fi·on1 their parents by begging together (Mathevon and Char
rier 2004). Parent gulls react to the total intensity of begging rather than 
to the chick that is begging the loudest. Cmnpared with single chicks, 
three siblings beg less often and not separately. They save their begging 
tor an intense joint bout for a returning parent. which then dumps a full 
load of f()od on the ground in fi-ont of the chicks. 

Birds at a nest, whether parents or ·young, risk discovery and death 
fi·om predators. That risk increases vvith activity at the nest (see Chapter 
15). Under discussion for years has been vvhether begging calls themselves 
attract predators to the nest. They do, at least tor ground-nesting species 
(Figure 16-8). In a clever experirnent, David Haskell (1994) monitored 
predation rates at artificial nests outfitted \Vith tniniatun: two-way radios 
that broadcast begging calls (of Western Bluebirds) or that were silent. 
Predators found n1ost (75 percent) ground nests with begging calls within 
five days but found significantly tewer (23 percent) of the si1ent ground 
nests. In a second experin1ent. predators found significantly more of the 
ground nests that broadcast begging calls at a high rate compared vvith a 
lo\v rate. Predation did not differ, however, betvveen tree nests with and 
those without begging calls. 
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FIGURE 16-8 Begging calls by nestlings increase predation. (A) Predators found 
most ground nests with begging calls (white bars) within five days, but they found 
significantly fewer of the silent ground nests (gray bars). Tree nests with or without 
begging calls did not differ in the risk of predation. (B) Predators found significantly 
more of the ground nests that broadcast begging calls at a high rate compared with 
a low rate. [After Hasf<ell 19941 

Counteracting the increased 1;sk of predation owing to begging calls , 
many nestling birds scream loudly. These screams ti·ighten <ll1 approach
ing predator, incite parents to come to the rescue, and stimulate nest mates 
to flee or hide (Roulin 200 I). Strongly suggesting that screaming evolved 
as an antipredator strategy, nc.·stlings of screaming species also have more 
conspicuous begging calls than do nestlings of nonscreaming species. 
Higher predation rates have Cl\-'Ored the addition of screaming to their 
survival kit. 

The gaping mouths of nestlings sei-vL' ;ls visual stimuli that tacilitate or, 
in some instances. allow food delivery by the parents. The chicks of some 
cavity-nesting species have brightly colored mouth markings that attract 
parental attention and serve as targets t(w food delivery. The mouth col
ors of nestling Grear Tits, f(>r example, 1nake them easier for their par
ents to detect in dark nest cavities and hence: aft(:ct the rate at which their 
parents feed them. Nestlings with (paimed) yellow mouth gapes and side 
tlanges are fed more frequently than are nest mates with (painted) red 
gapes and tbnges, but only ar low light intL'nsitics (Heeb et al. 20Cl3). In 
well-illuminated nest cavities, there is no dit1erence between red- and 
yellow-paimed nestlings. 

Sibling Rivalry 
GrO\vth rates of altrici;ll nestlings tend to decrease as brood size increases. 
Large broods increase the: ditierences in growth rate between older ;md 
younger siblings. The smallest chicks starve \vhen t()od is insufficient. 
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to all nestlings to ensure the maximum growth and survival of all. For 
this reason, nest rnates cmnpete w·ith one another for toad. In its ex
treme form, competition an1ong nest n1ates results in death or siblicide 
( cainis1n). 

- »!lS 1 ~:.2 

Vicious rivalry seerns to be nonnal among the chicks of some birds, 
especially if the eggs hatch at staggered inter,lals. A small delay in hatch
ing tin1e places a younger chick at a competitive disadvantage vvith re
spect to its nest nutes, particularly \vhen food is in short supply (Box 
16-2). Larger siblings tend to bully their nest mates to get the first choice 
of food delivered by their parents. For exan1ple. the younger of two South 
Polar Skua siblings has a good chance of surviving if it is nearly the same 
size as the older chick, but it has a poor chance of survival if it is only 8 
grams ( 10 percent) lighter than its older nest mate (Procter 1975). 

Difterent egg provisions can oftsct the disadvantages of being last to 
hatch when there are sibling rivalries (see page 407). In particular, moth
ers in some species add more testosterone (androgen) successively to later 
eggs of a clutch. The experin1ental addition of testosterone to eggs of Com
mon Black-headed Gulls den1onstrates this eftect (Eising and Groothuis 
2003). Chicks hatched fro1n eggs with extra testosterone are initially more 
active and beg n1ore frequently, thereby getting a larger share of the tood 
thall chicks frotn control eggs. 

Siblicidc is a standard practice in the nests of some eagles, skuas, herons, 
~md boobies (Mock and Parker 1997). As a rule, parents react passively 
to the deep]y rooted, destructive behavior of their otlspring. In the -vvell-

lAUGHING I<OOI<ABURRAS: LAST TO HATCH LOSES 
The Laughing l<ookburra is the source 
of a famous laughing call heard in the 
background of many old movies. This 

large, terrestrial Australian kingfisher typically lays 
three eggs, but the third chick to hatch often 
doesn't survive to leave the nest (Legge 2002). 
Typically, its older two siblings kill it within a few 
days of hatching. They do so aggressively-tearing 
it apart with a specialized siblicide hook on their 
upper bills. Those that survive the physical abuse 
of their first days are then I ikely to starve to death 
in the weeks that follow as competition for food 
increases. 

The probability of being torn apart by older 
brothers and sisters depends on the intensity of 
their own aggression toward one another. That 

intensity is greatest when the two older siblings 
are opposite sexes of similar size with the male 
hatching first. They fight with each other, hurting 
the third sibling in the process, especially if it is 
much smaller. Extra male helpers tend to reduce 
strife by increasing food deliveries to the nest. 
Their absence adds to what Sarah Legge has 
dubbed the "kookaburra siblicide syndrome.'' 
Getting rid of junior early has a significant effect 
on the growth and health of the senior brood 
mates. Those that kill their youngest nest mate 
attain higher final weight, larger skeletons, and 
better feather development than do those that 
let junior starve to death. These attributes lead 
to better survival and more likely recruitment into 
the breeding population in future years. 



studied Verreaux 's Eagle, tor example. only once in 200 records did both 
siblings survive to the tledging stage. In most cases, the older sibling de
liberately killed the younger eaglet (Gargett 1978). 

Many raptors exhibit reversed sexual-size dimorphism; that is , males 
are smaller than females. Why should this reversal be so? The topic has 
been discussed vvithout consensus. Keith Bildstein ( 1992) shifted the fo
cus of discussions on the roles of adult raptors to the possible advantages 
of smaller-sized male nestlings. His "head start hypothesis" is based on 
observations of tledgling Northern Haniers, in which males develop [lster 
and leave the nest earlier than their sisters. They gain t1ight and hunting 
experience ahead of their sisters and so hone skills that they will need as 
the primary provisioner of toad to their mates and young. They are also 
less likely to overpovv·er and injure their sisters by being smaller and leav
ing the nest early. The survival of sisters then adds to a young male's in
clusive fitness . 

Sibling rivalry is a way of lile in some colonial herons (Mock 1984). 
Elder chicks of the Great Egret often kill their siblings, but siblicide is 
rare in the Great Blue Heron. Why should two such similar sp~:.·cies dif
fer in this way? The type of tood brought by the parents to their nestlings 
is part of the answer. Great Egrets bring small fish, which arc easily mo
nopolized by an aggressive older sibling, whereas Great Blue Herons bring 
larger fish, which cannot be easily monopolized (Figure 16-9). When 
placed in Great Egret nests, young Great Blue Heron broods adopt the 
siblicidal tactics typical of the q,,-et, in response, it seems, to the opportunities 

FIGURE 16-9 Great Blue Heron. In 
this species, parents bring their chicks 
large fish, which are not easy for 
individual chicks to monopolize. 
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ITABl~-16-3 Fate of the'y()_~pg~st chic I< in natUr~l:"~h<f experim~'ntalfd$1~r~~roods 
Nmnber of Number of 

Broods 
Studiedh 

Great Egret chick.' 
Natural 
Foster 

Great Blue Heron chicks 
Natural 
Foster 

Nun1ber Alive 
by Day 2.3 

5 
4 

Siblicidal 
Deaths 

6 

6 

Number of 
Other Deaths 

4 
0 

10 
2 

17 
10 

19 
9 

"Natural broods were raised by parents of the same species. Foster broods \Vcre experimentally S\Vitched so that 
they were raised by parents of the other species; for example, foster Great Egret chicks were raised by Great Blue 
Heron parems. 
1'T ypical brood size in all cases was three or four chicks. 
From Mock 10H4. 
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presented by the stnaller tood (Table 1 ()-3). Surptisingly. the converse re
sult does not take place. Great Egret broods cross-fostered in Great Blue 
Heron nests do not become n1ore tolerant of their nest mates. Sibling ag
gression in the Great Egret is a deep-seated, obligatory behavior sinlilar 
to that of raptors. 

Location, location, location. A nestling's position in the (open-cup) nest 
atiects \vhethcr the nestling is ted by its parents. The center of the nest is 
best (Ostreiher 2001 ). When deprived of tood, first-hatched nestling Ara
bian Babblers take over and control that prin1e spot to preempt incmning 
toad. Eliminating the central spot \vith a barrier evens the odds of feed
ing for all nestlings. When the parent babblers access the nest ti·om only 
one direction, dictated by experimental fencing, the senior nestling takes 
over the prime (nearest) location and garners 52 percent of all feedings. 

Rather than cotnpete for food, Barn Owl chicks queue up and nlin
inlize competition by using begging c1lls to communicate with one an
other tor position when their parents are a\vay hunting tor the next mouse 
(R.oulin et al. 2000). One n1ouse tor a chosen chick per visit is the rou
tine. Chicks in srnall broods become more vocal after being fed, but, in 
larger broods, they quiet down in the absence of a parent. The hungri
est chick then tunes up and gets first rights to the next mouse. 

Parenting 
In their first week of life, most baby birds need protection trom cold air 
ternperatures and tl-mn the hot sun. Thus. they i1npose tvv·o pressing de
nunds on their parents: brooding and feeding. Parents routinely brood their 
young by sitting on them, usually in the nest. Brooding parents not only 
protect their young trom the rain and predators, but also keep them wann. 
Parents of sL·abird chicks shade them tt·on1 the hot sun (Figure 1 (>-10). 



Pn.:cocial chicks require more parental care than is usually recognized. (A) 

Although they do not depend on their parents to deliver food, the pre
cocial chicks of quail and watcrfo\vl rely on their parents to locate food 
and to protect them. Quail chicks quickly learn what is and is not edible 
by pecking at objects shown to them by their parents. Parent ducks and 
geese also guide their chicks to food, with one c.:xception: the Magpie 
Goose of Australia (see Figure 3-14B) transters food fi·om its bill tip to 
the chick's bill tip. 

Protecting young ti·mn predators also is a demanding etTort that re
quires constant parental vigilance. Males and temales of four species of 
large plovers called lapwings, for example, tace major time constraints 
while taking care of their mobile young. They alternate ·'rending" be
havior in order to feed themselves (Walters 1982). Clapper Rails and other 
species regularly pick up chicks with their bills and move them to satety 
(Eddleman and Comvay 1 tJ98). 

Challenges 

Parents should allocate their time and energy strategicllly. because raising 
young is one of the most energetically expensive periods of their aiJtJual 
cycle. Peak breeding activity. tor example. increases total daily energy ex
penditures by as much as 50 percent. The fueling of this activity requires 
some combination of increased toraging time tor tood supplies. the use of 
accumulated reserves, or help by mates or fully grown ot1Spring. For Fairy 
Penguins. the seasonal re;lring of chicks consumes 31 percent of an adult 's 
total annual expenditures of energy (Gales and Green 1 <)90) . Daily costs 
become extreme as the chicks reach full size , when the daily food con
sumption by hardworking parents exceeds 60 percent of their body mass. 

Females of many bird species decline in body mass in the first days of 
the nestling period. revealing the tradeoff between parental care and self
maintenanCL' (Chaste! and Kersten 2002). The time spent by female House 
SparrO\vs in brooding their young nestlings decreases as brood size in
creases. Smaller broods produce less total heat and lose heat Elster than 
larger broods do. As a result, temaks tending experimenrally reduced 
broods experience a sharp drop in body condition when the young hatch 
and when brooding is most intensive. In contrast. females tending exper
imentally enlarged broods that don't require as much time lose \Veight 
only gradually during the nestling period. Males are not atlected, because 
they spend much less time brooding (about one-third of that spent by fe
males) and thus have ample time to tah· care of themselves. 

The stresses of parental care also affect the inunu ne systems of brt•ed
ing birds. mediated by glucocorticosteroid stress hormones (see page 
257). Recall that prolonged surges of stress hormones dampen a bini's 
immune response. making it more susceptible to disease and parasites. 
Increasing parental care by male Barn Swallows, by manipulating brood 
sizes. t(w example. reduces their innnune response (Saino et al. 2002c). 
Highly ornamented male l3a rn Sw;11lows, those \Vith long tai Is f.1vorcd 
by sexual selection , exhibit the strongest immune ddenses, consistent 

(B) 

FIGURE 1 6-1 0 
Thermoregulation of 
nestlings. (A) Gray Gull 
shading its young from 
the intense desert sun . 
(B) Laysan Albatross chicks 
can thermoregulate at an 
early age by dissipating 
excess heat from their large 
feet, which they expose to 
the breeze by leaning back 
on their anl<les. Still, 
dehydration and poor 
thermoregulation are the 
primary causes of death 
among young Laysan 
Albatross chicks on Midway 
Island in the Pacific Ocean. 
[(A) Courtesy ofT. R. Howell; 
(B) courtesy ofT. R. Howell 
and G. A. Bartholomew] 
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~ltively low levels of stress hon11ones in their blood. They are either less 
exposed or less susceptible to the stresses of parental care than are males 
\:vith shorter tails. 

Solutions 

A parent's options for ac~justing its investments include choosing among 
riv;1l nestlings, reducing risks of nest predation, flvoring OIH..' sex over 
the other, and even sacrificing some of their young if necessary. Usually, 
the largest nestling or the biggest n1outh seems to get most of the food 
(Box 16-3). Favoritism actually starts with ditlercnt provisioning of the 
eggs (see page 407) and then extends to begging nestlings of ditTerent ages 
or at ditlerent stages of developn1ent (Lessells 2002). 

Females of smne species prefer to teed runt nestlings (Gottlander 1987). 
American Coots l!vor not only the smaller, late-hatched chicks in their 
broods, but also the chicks that are n1ost colorful. In their natal plunuge. 
these coot chicks sport bright orange, waxy-tipped filaments on the front 
half of the body. enhanced by brilliant red papillae of the skin around the 
eyes and base of the bill. Lacking the Cl)'ptic downy colorations of most 
precocial chicks, conspicuous coot chicks actually hide their heads v .. ·hen 
parents give alann calls, doing their best to prevent detection by preda
tors. Bruce Lyon and his colleagues ( 1994) trimmed back the orange 
plumes of some coot chicks and cmnpared parental attention to them v..oith 
that paid to control chicks in mixed broods. Parents favored the more 

-(f[{j~~l~-=3·~----------------------

FEEDING NESTLINGS 
·~/ How do nestlings get fed? Altricial 
'W'. nestlings receive food by direct inser-

tion, sometimes deeply into the di
gestive tract. Young hummingbirds receive an 
injection of nectar and insects through their 
mother's long, hypodermic-like bill (see photo
graphs). Commonly among seabirds, parents re
gurgitate a meal either directly into a nestling's 
mouth or onto the ground for the nestling to pick 
up. Young penguins and pelicans plunge their 
heads deeply into their parents' gullets. Spoon
bills and albatrosses cross their large bills with 
those of their young, like two pairs of open scis
sors, so that the chicks' mouths are in position 
for food transfer. 

How often do parents feed their nestlings? 
Food delivery rates to nestlings range from every 

second or third day for albatrosses to once or 
twice daily for seabirds, swifts, and large raptors 
to once per minute for some small land birds 
with large broods. Normal rates of food delivery 
by small and medium-sized land birds average 
from 4 to 12 times per hour. Trogons bring food 
to the nest once per hour. Bald Eagles 4 to 5 times 
per day, and Barn Owls 10 times a night. Recorded 
extremes of rapid food delivery to large broods 
include 990 trips per day by the Great Tit and 
491 trips per day by the House Wren. 

Food delivery rates vary according to the age 
of the young. Hatchlings require only small 
amounts of food but, as they develop, their ap
petites grow. The Eurasian Pied Flycatcher brings 
food to the nest every 2 minutes, making about 
6200 feeding trips to nourish its young from 



hatching to fledging. In general, parents must 
gather two to three times as much food as they 
need for themselves to cover the energy needs of 

(A) 

(C) 

their nestlings (Walsberg 1983). To meet such de
mands, the Common Swi ft of Europe flies 1000 
kilometers a day, scooping insects from the sky. 

(B) 

(D) 

Parent brrds feeding young. (A) Anhinga young begging for food; (B) parent Anhinga feeding one of the young; 
(C) Ruby-throated Hummingb ird nestlings begging for food, (D) parent hummingbird feeding one of the 
nestlings. [Courtesy of A Cruicl<shani</VIREOI 
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than their trin11ned experimental brood n1ates. 
What is best tor a parent often confEcts \Vith \vhat is best for some of 

the ot1spring. First and torernost, parents should value their o\vn survival 
over that of their ofispring, particularly for species with high annual sur
vival and fe\V chicks per nest. That is, \Ve \Vould expect parental risk tak
ing to be sensitive to life expectancy (Ghalambor and Martin 2001). We 
\Votlld expect long-lived species, w-hich can nest repeatedly in the future, 
to take fewer risks than short-lived species, \vhich have limited opportu
nities to nest. 

Supporting this prediction are cmnparisions of 1natched pairs of species 
tl-om Argentina (which have higher adult survival and a snuller clutch 
size) and tl-mn Arizona (which have lower adult survival and a larger clutch 
size). To assess risk to the nestlings, Ghala1nbor and Martin (2001) recorded 
the rate at \vhich parents fed thern in the presence of a model of a nest 
predator Gay). To assess risk to the parents then1selves, they recorded the 
parents' own feeding rates in the presence of a hawk. As predicted, south
en1 (Argentine) parents took less personal risk than northern (Arizona) 
parents, even if by taking less risk they sacrified their young. Conversely, 
northern (Arizona) parents assun1ed greater personal risk to increase the 
probability that their young would survive. 

Underlying what may seen1 to be their spirited and cooperative parental 
effort, the sexes themselves n1ay have difierent agendas and different best 
levels of investn1ent of their time and energy. Males adjust their invest
rnent in relation to their o\:vn paternity. As in rnany species, extra-pair 
copulations are frequent in the Con1mon Reed Bunting (Dixon et al. 
1994). More than half of the young (55 percent) and nests (86 percent) 
of this species in Britain indicate that n1atings are \Vith males other than 
a fenule's rnate. Whereas tenule buntings are insensitive to the paternal 
identity of the young and feed then1 all in the san1e \vay, rnales provide 
n1ore care to nests that contain higher proportions of young that they 
sired then1selves. They can assess the probability of their paternity (by 
son1c unkno\vn rneans) and then adjust their parental efforts accordingly. 

The parental tactics of difierently colored n1ale House Finches corre
late with altenutive breeding strategies (Duck\vorth et al. 2003). Bright 
red rnales (with low prolactin levels) provide ahnost no parental care, 
whereas dull-colored nules (\vith high prolactin levels) actively partici
pate in the feeding of nestlings. By holding back on parental care, bright 
red tnales are less likely to die after the breeding season than are dull males. 
But the dull n1ales achieve higher pairing success that compensates for 
their higher mortality. Apparently tctnales prefer nules that help, leaving 
tnales \vith the '·choice" between being a good dad no\'-' or living longer 
and breeding n1ore times. 

Parents adjust their et1orts in relation to their rnates' efiorts. Females 
can co1npensate for the loss of a mate-through death or desertion-by 
increasing their O\Vn efforts to tull capacity (Oson1o and Szekely 2004). 
The deserted parent can choose to desert also. because it is unable to rear 
the young alone. or it can choose to continue with either the same ef
fort or increased ef1ort. Fetnalcs may raise their young successtl1lly as sin-
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Even when sharing the costs of parental care with a mate, each part
ner must set the values of current effo rts against the potential of future 
years. Tempering these costs and benefits is uncertainty about the amoum 
of effort that a mate will invest, given that the mate f:Kes similar sn·ate
gic decisions. Shared parenting therefore becomes a kind of poker g:1me. 
betting against one's partner's intentions while being careful not to cause 
the partner to desert (Whittleld 2002) . 

In generaL the costs of parental care are less when rea1;ng offspring of 
different ages than when raising otlspring that are the same age. It's eas
ier to raise children spaced apart at ditll-rent ages than it is to raise twins 
or triplets. Nevertheless. temale Blue Tits do better and survive better to 
the next breeding season when they care t()r same-age (hatched synchro
nously) broods of young than when they care t(H· young of ditTerent ages , 
experimemally produced by hatching them asynchronously (Slagsvold et 
al. 1994: Figure 16-11) . 
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asynchronous broods than when parenting synchronous broods. The rea
son? Synchronous broods sti1nulate nules to higher rates of provisioning 
d1(wt at a cost to their survival. A fe1nale gains from this extra effort on 
the 1nale's part by coasting a bit n1ore and reducing her own etiort, \Vith 
the result that fernales survive better. Fenule Blue Tits usually win this 
contest in nature because they alone incubate the eggs. They don't start 
incubation until 1nost of the eggs are laid and so \vill hatch the1n all at 
the same time. 

Sexes of the Blue Tit on the island of Corsica also respond differently 
to their parental challenges-in this case. to infestations of blowflies that 
parasitize their nestlings (Hurtrez-Bousses et al. 2000; Banbura et al. 2001 ). 
In addition to feeding the young, females do aln1ost all of the nest sani
tation. They remove 1naggots. n1end the nest. and renwve fecal sacs (see 
page 447). The ti1ne spent by fenules on nest sanitation is higher in par
asitized nests than in (experi1nentally) deparasitized ones. Males, ho\vever, 
just re1nove fecal sacs. Instead of spending tirne on nest sanitation, nules 
concentrate instead on finding the best tood for the nestlings-caterpil
lars. As a result, rnales deliver more and larger caterpillars than do females. 

Caterpillars are a prime toad tor the develop1nent of nestling Blue Tits 
in other populations. They arc also a source of carotenoid pigrnents re
sponsible tor the yellovv plmnage color of adults. Ho\v bright yello\v an 
adult is indicates its ability to find caterpillars and thus how good a par
ent it \Vill be. Experin1ents have supported this prediction. Cross-fostered 
nestlings fed by stepfathers having brighter yello\v plmnage developed best 
(Senar et al. 2002). 

Sex Ratios of Offspring 

Broods of nestlings don't alv,rays yield equal nmnbers of nules and fe
Inales. Many departures tl-om a t1t(y-fifty ratio of 1nales and females in 
broods of birds are due to di±Ierences in the survival of male and te1nale 
hatchlings. Brood sex ratios of the Red-\vinged Blackbird, tor example, 
depend on the age of the breeding fernale (Table 16-4). Young females 
fledge rnore daughters than sons, ·whereas old fernales fledge more sons 
than daughters. Although equal nun1bers of sons and daughters hatch in 

fJ\IILE: 1~6-4. su rvivif1~i;~ffspring8f:'femar~~ R~d=:~in~e:~ ~~~tr~Eiir4.~·JD_i 
t.hr.ee·•ag¢ classes:~ 

Age Class 
Nmnber of Surviving Offspring 

·····-·----··--····· 

of Female Significant 
Parent IVlale Female Difterence 

Young 28 50 Yes, more females 
Middle-aged 53 66 No 
Old 54 34 Yes, more males 

From Blank and Nolan 1983. 



the broods of young females, starvation is con1mon and sons starve more 
often than daughters. Why? Young females lay poorly provisioned t]nal 
eggs in the clutch. \Vhich causes the nestlings hatched t]·mn them to be 
most vulnerable to starvation. Young females also tend to lack the expe
rience required to teed their nestlings adequately. A sex bias exists in the 
probability of starvation because rnale ot1spring need more food than their 
sisters do. They grow t~lster to a larger size and hence are tnore likely to 
starve. ()lder females. however, do not lay inferior tlnal eggs, and they 
better provision their young. Hence. their large, E1st-growing sons arc less 
likely to starve. 

The physical condition of both sexes and their ability to teed their 
young can bias the survival of the young according to their sex. Male 
chicks of the Lesser Black-backed Gull, f()r exatnple, die more tl-equently 
when reared by parents in poor condition than w·hen reared by parents 
in good condition (Nager et al. 2000). Female chicks, hovv·ever. are not 
atlected by the condition of their parents. The heightened rnortality of 
tnale chicks is due to their brreater sensitivity to poor egg quality and to 
the greater dernands that they put on their parents in poor condition. 

House Wrens in Wyoming provide another case study of the \vays that 
fen1ales manipulate the sex of their oHspring (Albrecht and Johnson 2002). 
The first female to mate with a polygynous tnale gets most of his help in 
raising her chicks. Second-nuted temales, which receive little assistance, 
fledge tewer and lower-quality young. Quality at fledging has a greater ef
fect on the tl.1ture reproductive success of male wrens than on that of fe
Inale wrens. Confonning to prediction, second-mated t"l·males biased the 
sex ratios of their offSpring to\vard tetnalcs that could overcome a quality 
handicap. This result was not due to biased nestling mortality or biased 
teeding. Someho\v, once again by unknown means, temalc \\Tens can con
trol the sexual composition of their oft-spring in accord \Vith theory. 

Brood Reduction 

One \vay that birds can cope with uncertainties about the number of young 
that they can raise in any particular year is to lay the number of eggs that 
should be successful in good years and then to sacrifice some of these eggs 
if necessary. Brood reduction protects parents against losing the elltire 
brood should conditions for raising young be unpredictably poor. How 
is brood reduction accomplished? Starting incubation before the last egg 
is laid promotes asynchronous hatching, which in turn sets up options for 
brood reduction. Brood reduction itself ranges t1-om overt siblicide, as in 
r~1ptors and herons (sec page 481), to more subtle, selective elimination 
of smne members of a brood. 

More optinlistically, smaller last-hatchL·d chicks serve as potential re
p\acetnents or '·insurance'' should one of the older siblings t1il. The 
Masked Booby, a large goose-sized, tropical seabird, lays one extra egg as 
insurance against the hatching E"1ilure of the first egg (Anderson 1 (J89, 
1990). Most gannets and boobies by only a single egg ;md seem to be 
able to raise only one young. Asynchronous hatching of the two eggs 
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the smaller, second chick out of the nest shortly after it hatches. Asyn
chronous hatching followed by siblicide ensures that the peak food de
mands of two gro\ving young never compromise the parents' ability to 
secure the survival of at least one chick. Laying an extra egg as insurance 
is an underappreciated parental strategy of birds (Forbes and Mock 2000). 
Alternatively, the last-hatched chick rnight supplement the parent's re
productive success by fledging successtl.rlly in good years, if it can over
come and reverse its initial handicaps. 

Brood reduction is a standard practice in the Common Grackle, at 
least by some breeding fernales (Howe 1978). Some temale grackles lay 
large clutches of five or six eggs, w·hereas others lay only two, three. or 
four eggs per clutch. Females that lay large clutches start incubation be
fore they cmnplete the clutch, but they rarely manage to raise the \vhole 
brood. The older siblings are ted tlrst, grow t:1ster. and are rnore likely to 
survive than are their younger siblings. Fenules that attempt large clutches 
put extra cmnpensatory provisions of yolk and albumen into the last, larger 
eggs. These extra provisions, ho\vever. do not prevent the younger menl
bers of the brood from starving \Vhen food is scarce. The female grack
les that lay only t\vo, three. or four eggs in a clutch appmtion their 
reproductive investn1ent difierently. They lay eggs of unifonn size and 
equal provisions. They also \;'v'ait until the last egg is laid before they be
gin incubation and thus hatch all the eggs at the same time. Fernales that 
breed conservatively in this way usua1ly raise the whole brood. 

Experiments \Vith Lesser Black-backed Gulls demonstrate that the last
hatched, or so-cal1ed nurginal, chick can overcome its initial handicap to 
fledge successfully (R.oyle 2000). These gul1s typically Lry three eggs, with 
probable loss of the third. last-hatched chick. The youngest chicks chan
nel their initial food into rnass rather than growth. butlering themselves 
against starvation, buying as much titne as they can, and postponing the 
ultimate sacrifice of brood reduction as long as possible. Staying small ini
tially compromises even further their ability to compete \vith their sib
lint,rs and thus increases the chance that they will die in poor food years. 
Alternatively, in good food years, n1arginal surviving chicks then channel 
resources into accelerated skeletal gro\vth and catch up with their sib
lings. The initial parental investn1ent, hedging a parent's o\vn bets, and a 
chick's grovvth options maximize success despite the unpredictability of 
toad supplies. 

Fledging 
As a naked. blind hatchling transfonns into a Jeathered juvenile, the young 
altricial bird approaches a pivotal event in its life-leaving the nest. De
parture fi·om the nest and then fi·om parental care increases a chick's vul
nerability to predators and the \Veather. Unable to tly welL baby birds are 
easy prey. The rnortality rate during this pe1;od is high. Mter the tlrst 
dangerous days have passed. however, the fledgling chick is safer than it 
would have been back in a vulnerable nest. Fledglings respond to the 



warning calls of their parcms by hiding or by staying still. Immobility 
combined with camouthging plumage can render chicks extremely ditli
cult to find. 

Technically speaking. the nestling period is the inrerv;J] bet\-veen hatch
ing and departure ti-om the nest . and the tledging period is the interval 
between hatching and flight (Skutch 1976). The nestling and fledging pe
riods may be the same tor altricial birds, such as hummingbirds, but dif
ferent t<.1r subprecocial and precocial birds, which have short nestling and 
long tledging periods. The moment of departure fi·om the nest by ;!ltri
cial birds is commonly tenned Hedging even though the young birds may 
only flutter and scramble about tor a t\:.·w days before their tlrst tlight. 

Long before they are ready to leave the nest or to tly, young birds de
velop essential strengths through exercise. Young pelicans jump up and down 
and flap their growing winbrs \Vith incrt\!singly etiective strokes. Young 
hummingbirds grip nest t:1bric with their teet as they practice beating their 
ne\v wings, anchoring themselves so as not to take otr When first air
borne, some young birds respond to the new experience with astound
ing ability and control. Newly tledged and airborne Common Swifts spend 
their first night out of the nest on the wing (Tarburton and Kaiser 2001 ). 

When ;1 young Osprey hunches itsl'lf on its tlr~t tlight over a northern 
lake, it wobbles and tlaps uncertainly, loses altitude, and seems certain to 
splash imo the lake. In the last possibk· lllnments, it tlaps more eftectivcly 
and gains ;lltitude. climbing steadily and safely high above the lake. It then 
glides in circles and practices steering and control. Successti.dly launched 
fl·om the nest. the young Osprey migrates south tor the winter (see Fig
ure 10-2) and may SOillL'lby become a breeding adult (Figure 16-12). 

FIGURE 16-12 An Osprey. 
The young of this fish-eating 
species may make their first 
flight over water. 
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grounds, a tactic that reduces the strain on the parents. The initial jour
ney away fi·mn the nest is often a heroic one. One brood ofWood Ducks 
jumped 2 meters to the ground from their nest in a tree cavity and then 
follo\ved their rnother down a bluff and across a railroad track betore 
swimming three-quarters of a mile across the Mississippi River to feed
ing grounds in good bottomland (Leopold I 951). More amazing still is 
the pair of Egyptian Geese that bred for several years on the roof of a 
three-story building in Johannesburg, South Afiica. After the chicks 
hatched. the ternale herded them toward the roofs drain outlet and. 
after a little pushing and shoving. they tell three stories do\vn the drain 
pipe to be shot out parallel to the ground by the curved end of the drain 
pipe (P. Ryan. pers. cornn1.). 

Under more natural circumstances. precocial chicks that leave nests in 
tall trees or high cliffs rnust leap to the ground below, bouncing otT soft 
earth if they are lucky or ofijagged rocks if they are not. T m-rent Ducks, 
tor exarnple. live in the dangerous waters of tast-tlowing streams high in 
the South American Andes. To leave their nests in clitT crevices or holes 
above the strean1s, ducklings plunge as nmch as 20 meters into the tur
bulent \Vater of the rocky stre<uns below. Only rarely do they hurt thetn
selves. Their light \Veight, buoyancy, and downy cushioning protect rhein 
fi·om severe in1pact. Young seabirds that grow up on tiny cliff ledges over
looking the sea n1ust leap into space, f..1ll 150 meters. sometimes bounc
ing otf jagged rocks. and then flutter to the water below. 

Chicks of auks and their relatives (Family Alcidae) fKe a tradeoff be
tween staying in their inaccessible, sate nests, often located on difTledges, 
and fledging to the ocean below, \vhere growth rates are taster (Y den
berg I 989). At sea, parents do not have to commute long distances be
tween feeding grounds and their hungry chicks. Better feeding rates at 
se~1 combined \Vith reduced parental risk of predation £1vor early fledg
ing. Young tnun-elets, tor exatnple. leave the nest shortly after hatching 
and S\:vim rapidly out to sea. Chicks only two days old have been tound 
15 miles tl-om land, carried in part by the local curr-ents. 

Mortality in the first few weeks out of the nest is typically high. A 
tledgling·s chance of survival (tneasured by the number of future recap
tures) increases in proportion to its tnass at tledging (Figure 16-13). In 
general, a young bird's chances of survival increase \Vith the state of its 
physical develop1nent vvhen it leaves the nest. This more advanced de
velopment is one of the advantages of longer nestling periods and of faster 
growth in altricial nestlings. The availability of food. the quality of parental 
care, the number of siblings competing for that care. and the timing of 
dep;u·turc fi·mn the nest all atTect a fledgling's physical condition. 

Yellow-eyed Junco nestlings and fledglings experience two early 
episodes of high ntortality in the Chiricahua Mountains of southeasten1 
Arizona (Sullivan 1999). ()nly 11 percent of banded nestlings reappear 
the f(_)Jlowing spring. Grovv'n nestlings and fledglings incapable of extended 
tlight easily succumb to predators, \vhich take about 50 percent of the 
available young juncos in a nine-day risk period. Survival then improves 
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FIGURE 16-13 The probability of a young 
Great Tit's survival (and hence recapture by 
ornithologists) increases directly in relation to 
the mass attained by the bird before it leaves 
the nest. [After Pen·ins 1980] 

tor three weeks ·while parent juncos care t(w their mobile fledglings. With 
independence comes a second episode of high mortality due to starva
tion. Newly independent young find insects slowly and inet11ciently and 
spend almost all day feeding. Approxinutely 51 percent of them die, most 
by starvation. These juveniles take about two weeks to develop adequate 
foraging skills . 

. Behavioral Growth and Development 
Both heritage and experience afiect the behavior of birds. Ended now 
are the intense debates of past decades about \Vhether a particular behav
ior is innate or learned. The dichotmny was a false one. Instead, behav
ioral patterns of birds range continuously ti-mn those rnodified only 
slightly by experience to those derived entirely tl·om experience. The 
en1bryonic grovv'th patten1s of the brain tied to length of the incubation 
period. for example, set the stage for later cognitive abilities required for 
foraging innovation and social interactions (R.icklets 2004). Brief imprint
ing exposures and prolonged learning experiences both link a bird's ge
netic heritage of nerves. hormones, muscles, and bones to its social and 
an1bient enviromnents. 

Innate responses to certain objects and color patterns guide a chick's 
solicitation of food frotn its parents. As soon as they are physically able. 
for example. hatchling Herring Gulls peck at the red spot on the bill tip 
of a parent to receive food (Tinbergen and Pen.ieck 1950). The appar
ently simple stimulus of red near the end of the bill is in reality quite 
complicated. It includes several ingredients such as shape and color con
trast. Experirnents '".rith the use of color-patterned bill-like sticks with this 
species and -vvith the Laughing Gull revealed that the most effective stirn
ulus for eliciting pecking was a red or blue. 9-nlillimeter-wide, oblong 
rod. held vertically at a chick's eye level and moved horizontally 80 ti1nes 
a n1inute (Hailn1an 196 7). Hatchling Herring Gulls react faster to a red 
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(A) 

(B) 

FIGURE 16-14 A Laughing 
Gull chick's pecking at an 
adult's bill becomes more 
accurate with age, as shown 

in an experiment using a 
painted card. Dots indicate 

pecks. The record of a chick 
(A) newly hatched and 
(B) two days later. [From 
Hailman 1969, with 
permission from Scientific 
Americanl 

knitting needle with three \vhite bands near the tip than they do to a par
ent's bill. The contrasting red and \vhite borders of this stimulus enhance 
the most in1portant stimulus features of a real bill. 

All behavior shows son1e refinement with age. A Laughing Gull chick's 
accuracy in pecking increases \Vith age as its depth perception, motor co
ordination, and ability to anticipate the parent's position improve. Older. 
more experienced chicks restrict their pecking to stimuli most similar to 
thL' head and bill of a real adult (Figure 16-14). 

Predator Recognition 

How do baby birds avoid danger? The natural and clearly beneficial es
cape responses of young birds to predators ~1re both innate and learned. 
Uaby domestic chickens innately avoid eating black and yellovv' prey. 
the warning coloration of n1any caterpillars. They then refine their 
choicL'S \vith experience (Schuler and Hesse 1985). Similarly, hand-raised 
Turquoise-bro\ved Motmots. for example, are frightened by sticks painted 
with black. red, and yellow bands to look like coral snakes (Smith 1975, 
1977). Such a reaction is clearly adaptive-coral snakes are dangerous. 
Rather than having to learn to associate this color patten1 with danger by 
direct experience, birds are genetically predisposed to avoid the risk, and 
then they learn refinements. Like other rnoundbuildcrs (see page 462), 
hatchling Australian Brushturkeys arc independent as soon as they ernerge 
from the compost nwund. They respond inn;ltely to the alarm calls of 
Australian songbirds by becmning more alert (Goth 20tH). They also re
act to real predators by crouching or running. 

Learning about predators is irnportant, too. Naive, young Great Tits 
6il to distinguish bet\veen a n1odel of a predator and a model of a non
predator. even though older. \vild-caught juveniles and adults do so (Kull
berg and Lind 2002). In part, young birds learn to recognize predators or 
to improve their recognition by observing the mobbing behavior of other 
birds. Adults scold and attack o\vls and snakes that they discover. Inex
perienced birds quickly associate potential danger with this conunotion. 
Eurasian Blackbirds willrnob a hannlcss stuffed songbird or even a Clorox 
bottle i( in experiments, they have seen other birds appear to mob them 
(Curio et al. 1978). 

Imprinting 

The process of imprinting is fundamental to the tkvelopment of behav
ior in many birds. hnprinting is a special kind of learning that takes place 
during a well-defined time period called the critical learning period, and 
it is irreversible. Sornething once learned during this petiod persists. R.e
call that passerine birds, for example, develop songs by using innate tenl
plates to filter experience during critical periods (see Chapter 8). 
Imprinting dctcnnines adult mate preferences and habitat preferences. Im
printing also detennines the prey-impaling behavior of the Loggerhead 
Shrikes and the selection of nest nuterials and sites by adult Zebra Finches 



(ten Cate et al. 1993). Successfltl captiVL' propagation of endangert>d bird 
species requires careful attention to the early visual experiences of hand
reared chicks (Box 16-4) . 

An early sensitive period enables young precocial birds to establish the 
critical concept of "parent,'' on which their surviYal dt>pends. The young 
of species that leave the nest shortly after hatch.ing must learn to distin
guish their parents ti-om inanimate or inappropriate objects. Ducklings. 
for example , impt;nt most strongly on ;1 moving and calling object when 
they are ti·om 13 to 16 hours old. The objects that ducklings follow de
fine their future acceptance of comrades and mates. They start with their 
parents. 

Two particular stimuli help define a parent to ducklings: movement 
and short. repetitious call notes. Imprinting is enhanced when both stim
uli are present, but movement alone is sufiicient. Chicks. ducklings. ;md 
goslings will follow and imprint on a human, a moving box containing 
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BOX (6-4;·: ---------------------------

ENDANGERED-SPECIES PROJECTS ACCOMMODATE THE SEXUAL 
PREFERENCES OF HAND-REARED BIRDS 

-
-
-

When hand-raised by humans, cap
tive baby birds tend to imprint on 0 their human keepers and then to ori

ent their adult sexual interests toward them. Dis-
guises and models of parent birds are essential 
proxies for rearing California Condor chicks so that 
they will later exhibit proper species-recognition 
behavior (see photograph). Improper recognition 

behavior, however, sometimes has scientific ad
vantages. Captive birds that have imprinted on 
their human keepers will ejaculate onto the 
keeper's hand, providing sperm for artificial in
semination. This technique has been used for the 
captive propagation of endangered species, such 
as the Peregrine Falcon. 

Feeding California Condor chicks . A model condor head serves as the 
surrogate parent for hand-raised California Condor chicks, preventing them 
from imprinting on their human keepers. I Courtesy of tlte San Diego 
Zoological Society] 



496 
CHAPTER SIXTEEN a ticking alarm clock, or even a 1noving shadow on a wall. The strength 

of imprinting increases vvith the conspicuousness and variety of stirnuli 
presented by the parent. 

The next step in the behavioral development of a chick is to lean1 to 
distinguish its parents fimn other adults. The parents' visual appearance 
alone may be an important distinguishing flCtor. When exposed to dif
ferent breeds of hens, baby chicks follow the one that looks most like 
their mother, on \vhich they had i1nprinted initially (Collias 1952). Ag
gressive rebutts by adults other than their parents may reinforce this 
process, quickly teaching chicks to avoid menacing adults of all kinds. 

A baby bird nuy also imprint quickly on a parent's voice-one of the 
first sounds that it hears, perhaps even while it is in the egg. Com1non 
Murre chicks exchange calls with their parents before hatching and rec
ognize their parents' voices on hatching (Ainley et al. 2002). Accurate 
parent-chick recognition is most in1portant in birds that gather in large 
colonies and have chicks that require parental attention. In large colonies. 
young Sand Martins (also kno\vn as Bank Swallo\vs) in large colonies. for 
example, are apt to wander into the wrong burrow and perish because 
they are not fed. The adult Sand Martins learn to recognize their O\Vn 
young by their distinctive individual calls and do not accept strange young 
(Beecher et al. 1986: Figure 16-lS). In contrast, Northern Rough-winged 
Swallo\VS, a related but solitary nesting species, do not discrinlinate be
t\veen their o\vn offspring and those of others plJced in their nests. They 
teed \Vhichever young occupy their nest. 

Sexual Identity and Species Recognition 

A chick's early visual experience with its parents typically atTects its reac
tion to alternative color patterns, its social interactions and identity. and 
its eventual choice of a mate. Face- or head-color patterns, including skin 
colors of the face and bill, difier atnong related species. These patten1s 
enable rapid identitlcation by the birds themselves, as well as by bird 
\Vatchers. 

Sexual i1nprinting. as it is called, is \Videspread among birds. It has been 
documented in n1ore than half of the orders of birds and in many fami
lies (ten Cate et al. 1993). The process starts \Vith the specific signals of 
a parent. either visual or vocaL then generalizes more broadly, and, fi
nally, adjusts to exclude the signals of other species (Figure 16-16). The 
process of sexual selection based on early imprinting experiences has likely 
played a major role in the evolution of distinctive plumage color patterns 
of bird species. 

The \Vh ite and dark ''blue" color morphs of the Snow Goose of the 
Canadian Arctic provide an exan1ple that shows how sexual imprinting 
works (Mo\\rbray et al. 2000). The ditTerent plumage colors of this species 
have a si1nple genetic basis. The dark morph results from a single domi
nant allele. and the white n1orph results fi-om a pair of recessive alleles in 
homozygous condition. As a rule, white geese pair \:Vith other white geese, 
and dark geese also pair '"lith each other, in \vhat is called assortative nut-



(A) 

(B) 

FIGURE 16-15 (A) Colonies of Sand Martins riddle dirt embankments with their 
nesting tunnels. (B) A brood of three young Sand Martins, almost ready to fledge, waits 
for food at an entrance. [Courtesy of A. Cruicl<shat~i</VIREO] 

ing. At the La Perouse Bay colony in northern Manitoba, mixed pairs are 
much less frequent than would expected in random pairings bet\veen color 
morphs. 

Early visual i1nprinting on fm1ily color is the t(xce behind these mat
ing preft.Tences. Young Snow Geese choose mates of the same color as 
that of their bmilies. mainly that of their parents. l~egardless of their own 
color morph. geese raised by white parents later choose white 111ates. and 
geese raised by dark parents choose dark mates . Geese raised by mixed 
pairs choose either white or dark mates. The color of siblings has a sec
ondary dYect, espL·cially in mixed families with white-morph otlSpring 
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FIGURE 16-16 Model of the development of a female bird's mate preference 
throughout her life. (A) Distribution of signals that a chick associates with its 
parents. (B) A young bird's response curve generalizes outward from parental traits. 
(C) Experience with other species promotes changes in a female's responses. [From 
Irwin and Price 1999) 

produced by heterozygous d:uk-morph parents. Young geese ti-om such 
families occasionally choose tnates unlike their parents. 

Much more cmnplex is the role played by imprinting in the early de
velopn1ent of young obligate brood parasites. \vhich are raised by host 
parents. Village Indigobirds inlitate the songs of their host tathers, includ
ing dialect variation (sec page 382). Host vocalizations enable female in
digo birds to recognize potential mates with the satne host heritage. as \Veil 
as to lay eggs in the approp1iate host nest. Host-specific lineages may then 
perpetuate then1selves and evolve into separate species. Brood parasites 
still need to shift ti·om social affinity with the host p<lrents to social affin
ity ·with others of their O\Vn species. One possibility is that they use a 
species-specitlc ''password'' to do so (Box 16-5). 



- BOXVi6-5 

PASSWORD ACCESS TO COWBIRD SOCIETY 

-~-~/ If sexual identity starts with a process 
-~- of imprinting on parents and social-

izing with siblings, then how do brood 
parasites develop a sense of identity different 
from their host species? After fledging. young 
Brown-headed Cowbirds, for example, shift their 
affinities to other cowbird fledglings and to adults 
of their own species (Lowther 1993). 

Mark Hauber and his colleagues (2001) dis
covered that one call, the "chatter," may serve as 
a kind of identity password for entry into cow
bird society. The chatter is an innate, spontaneous, 
and invariant vocalization of young cowbirds. Its 

development requires no social experience. 
Nestling cowbirds are highly responsive to play
back of this chatter. After they leave their host 
parents, fledglings and then later juveniles instinc
tively approach other chattering cowbirds or ex

perimental broadcasts of the chatter. After they 
have reunited with others of their species, trig
gered by one or the other of the vocalizations, 
young cowbirds begin to have social experience 
with flock mates, learning and refining vocaliza
tions, including dialects and other cultural traits, 
and ultimately their mating preferences. 

Cross-fostering experiments, in which young arc raised by parents of 
another species, illustrate the effects of early imprinting on a binfs sex
ual response to species-specific color patterns. Cross-fostering causes the 
sexual interests of many species to shift to the taster species. For exan1-
ple. rnale Zebra Finches raised by Bengalcse finches (a dornesticated fonn 
of the White-nnnped Munia) prefer to court Bengalese finch females in
stead of Zebra Finches. When Zebra Finches arc doubly i1nprinted on 
Zebra Finches and Bengalese tlnches, the·y prefer to court hybrids vvith 
visual features of both species (ten Cate 1987). Great Tits cross-tostered 
in the nests of lllue Tits survived well, but they behaved like their foster 
parents ~md siblings in many respects. As ~1 result, they could not attract 
or accept a social mate of their own species (Slagsvold and Hansen 2001 ). 

Two subtle aspects of the irnprinting process in tlnches suggest ho\V 
in1printing could pr01note speciation through sexual selection (ten Cate 
1991; Irwin and Price 1999). First, males \Vith artit1cially brightened or 
contrasting color patterns prove to be more attractive models to the young 
finches than are nonnally colored nules. Second, young finches show a 
slight imprinting preference for novel or unf1miliar stimuli. Other stud
ies also reveal that imprinting biases t<-)r the unfamiliar reduce the prob
ability of inbreeding with siblings. If they proved to be general 
phenomena, ii11printing biases tor bright. unusual male color patterns 
\Vould give those novelties an advantage and help to catalyze the process 
of sexual selection. This process would lead. initially. to increasingly dif
ferent ornamentation and. ultimately, to the evolution of new species fi-mn 
stnall, isolated populations. 

learning Essential Skills 

After chicks leave the nest, they enter a period of intense learning and 
practicing essential skills. including foraging and avoiding predators. They 
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ing, protection ti-om predators, and learning to feed. 
Fledglings of n1ost small passcrines stay with their parents tor 2 to 3 

\\reeks after they h~1ve left the nest. In the Tropics. where long appren
ticeships also seen1 necessary to develop tt'eding skills, son1e young passer
ines stay with their parents for I 0 to 23 weeks. Young boobies and terns 
depend on their parents tor as long as six months atter they have Hedged
until they have mastered the art of plunging after fish. Young Tundra 
Swans stay with their parents f(Jr one to two years. through several long
distance migrations. 

Fledglings should prolong this period of postfledging parental care as 
long as possible. Parents, however, should encourage independence of 
their young as soon as their investtnent is secure. The postt1edging pe
riod, therefore, is a tl.nal period of parent-offspring conflict. In Montagu 's 
HatTiers, as the fledglings' flying and hunting skills improve, parents ter
minate the posttledging dependence by decreasing the amount of food 
that they provide (Arroyo et al. 2002). They hold back on food provi
sions despite increased and more aggressive solicitations. In years of low 
tood availability and tougher hunting, the t1edglings try even harder to 
extend parental care. 

Prolonged learning and early imprinting exposures link an individual 
binfs genetic heritage to its social and ambient environments. Young birds 
1nust tlrst develop their skills at finding toad and capturing prey. Seem
ingly inept juvenile I~oyal Terns. tor example, drop fish that they have 
caught almost 14 tin1es as often as adults do (I3uckley and Buckley 2002). 
Alnong t1edgling Yellow-eyed Juncos, rates of pecking and feeding, as 
well as scanning tor predators, increase dramatically \Vith age. reaching 
adult levels of pertt1nnance as the juveniles reach independence (Sullivan 
1999). 

In correlation with their inexperience, independent juveniles spend 
n1ore time exposed to predators while foraging than adults do. Combined 
with greater risk of starvation when severe weather linlits foraging time. 
inetlicient foraging leads to increased Inortality. By feeding together in 
flocks. newly independent juveniles increase their f(waging time by sllar
ing vigilance. 

Other essential skills also develop with age and social experience. Ori
entation and navigation skills require calibration of compasses and defini
tion of goals. Young songbirds acquire their vocal repertoire and lcan1 to 
con1municate through social interactions. The extraordinary Gray Parrot 
narned Alex (see page 209) required social exchange \~.rith his tutor to 

learn \Vords and concepts. He could not learn tiom a television video pro
grarn (Pepperberg 1991 ). Social skills and donlinance also improve with 
age. Mating stan1s itself may require years of apprenticeship, as does suc
cessfl.d parenting. 

Sorne birds play. Young crows, ravens, jackda\:\,.'S, and their relatives. 
for example. tl-equently play and even create elaborate social games sim
ilar to ·'king of the mountain., or ··tallow the leader.., Stick balancing and 
1nanipulation or the exchange of sticks. sornetin1es while upside do\vn. 



and taking turns sliding down a smooth piece of vvood in a cage, arc 
among the many games that these intelligent birds play (G,vinner 1966). 

Gulls provide another cxatnpk. They often drop clams onto hard sur
lKes to break them open tor food. Someti1nes, they swoop down to catch 
them betore they hit the ground, a game of ·'drop-catch" that looks like 
play behavior (Gamble and Cristol 2002). Detailed studies of drop-catch 
behavior in Herring Gulls rejected the alternative hypotheses that (1) a 
gull was testing the probability of theft by other gulls before actually let
ting the clam smash open or (2) the gull was trying to reposition the clam 
in its bill for a better drop (like a tennis player catching the ball to do a 
better serve). Most telling were observations that young birds played 
drop-catch 1nore than older birds and otten did so with objects other than 
clams. What looks like ·'play'· is ustL.llly a form of practice t{)r develop
ing essential locmnotory and social skills (Smith 1983). 

Peregrine Falcons (see Figure 17-7) develop their hunting skills 
through playfi.1l practice and social interactions. After they Hedge, young 
Peregrines depend on their parents for food tor one to two months. They 
develop their tlying and hunting skills through aerial interactions when 
playing with their siblings. In aerial dogfights, they chase and dive at each 
other, called stooping, and roll over to grapple each other's talons. As 
such acrobatic skills improve, they take tood directly fi·otn their ~1irborne 
parents by rolling over and snatching food tiom the parents' talons. When 
hungry, young Peregrines also try to chase their parents, which do their 
best to avoid the hassle by perching inconspicuously on tall city buildings 
(H. B. Tordoti pers. comn1.). 

Programmed to chase, juvenile Peregrines can develop good hunting 
skills \Vithout much help tl·om their parents. Initially, they chase anything 
large that Hies nearby, including herons and vultures. as \Veil as one an
other. After two or three weeks of this activity. they start to tocus on 
snuller, potential prey in the right size range. Their first captures ahnost 
seem to be accidental, surprising contacts. Kills soon become ruore de
liberate, usually directed initially at large easy-to-catch insects, such as but
terflies and tlying beetles, \vhich they tnay eat on the \Ving. The adolescent 
Peregrines then graduate to taking birds as prey, killing then1 with in
creasing et11ciency. 

Summary 
Most hatchlings t;111 into one of t\vo categories, altricial or precocial. The 
tonner are helpless and completely dependent on parents, and the latter 
are mobile sooner and capable of greater independence. Ornithologists 
recognize the intennediate categories of semialrricial, semiprecoci~1l, and 
subpn:cociaL as vvell as an extreme category of supetVITcocial tor young 
that are wholly independent when they hatch. 

The growth in mass of chicks f(Jllo\vs a sigmoid (S-shaped) curve. 
There is a 30-told variation in the gro\vth rate of chicks of the various 
species. Growth rates relate directly to precocity of developtuent and adult 
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n1utually exclusive, gn1\vth should slo\V as a bird matures. Gro\vth rates 
of n1e1nbers of the same species also may vary considerably. owing to diet 
quality, food availability and reliability. and temperature. Older, larger 
chicks have a greater chance of survival than do smaller, younger siblings. 
Asynchronous hatching contributes to siblicide because it results in chicks 
of unequal size and strength. Food type also is a tactor. Food that can be 
monopolized, such as small t1sh, promotes physical and sometin1es mor
tal competition bet\veen siblings. 

Parents 6ce nujor challenges in the tradeoff" between raising their 
young and taking care of themselves. Peak breeding activity adds substan
tial daily energy costs, leading to loss of weight and increased hormonal 
stress. A parent's options for adjusting its investtnents include choosing 
arnong rivaling nestlings, reducing risks of nest predation, favm~ng one 
sex over the other, and even sacrificing some of their young if necessary. 
Favoritisrn actually starts w·ith ditferent provisioning of the eggs and then 
extends to responses to begging nestlings of difierent ages or at ditTerent 
stages of develop1nent. 

A parent adjusts its etTort in relation to its nute's effort. The options 
that are best t()]" a male parent tnay conflict with those for a female par
ent, O\ving in part to the male's confidence in his paternity of the oft: 
spring. A female can compensate tor the loss of a mate by increasing her 
own etlort to full capacity. Parents can tnanipulate their investments into 
tnale or female offspring by provisioning eggs difierently and by biasing 
their care and. hence, relative survival of the sexes. How females control 
the sex of the eggs that the)' ovulate is unknown, but several studies now 
indicate that they can do so. 

Young birds show extr~1ordinary skill and daring \vhen they leave the 
nest. The flightless young of seabirds that nest on clitT ledges sometimes 
nu1st leap great distances into turbulent waters belo\v. How long young 
stay \Vith their parents depends on the ditl]culty of skills that must be 
acquired. 

Both genetic heritage and experience atrect the behavior ofbirds. The 
nature of formative experiences varies fl-om bt~ef imprinting exposures 
during critical sensitive periods early in life to prolonged learning and cul
tural exchanges of int()l!nation. Irnprinting affects many aspects of avian 
behavior, fi·om recognition of species to choice of nest sites and habitats. 
Ho\·Vever, young birds must use experience to lean1 to tlnd appropriate 
f()od etliciently and to avoid danger. Play behavior is an important way 
tor young birds to practice the essential locon1ot01)' and social skills that 
they need to survive on their O\Vll. 



Lifetime 
Reproductive Success 
!11 the end. m1 indiz.oidual 's IUc'riwe reproducth·c success is 

11'/wt Ctnmts. [Charles l)arwin in modern tcnns] 

E ach bird proceeds through a series of lite-history stages fi·om 
early development to the annual cycles of adults. Honnoncs 
brtlide, govern, and coordinate these stages (Jacobs and Wing

field 2000). Compounding the challenges of survival through each stage 
of the annual cycle are the tradeofts between the short-tenn costs of re
productive dTort and future breeding opportunities. 

The rates of reproduction and annual survival of individual birds com
bine to measure an individual bini's lifetime reproductive success relative 
to that of its cmnpetitors-that is, its evolutionary peli(Jrmance. The re
productive successes of al1 individuals in a population together det1ne the 
dynamics of that population's growth or decline. More broadly, the study 
of avian life histories integrates behavior, ecology. population biology, and 
evolution into a broad concept of the responses of birds to the environ
ment (R.icklds 200Ub). 

This chapter rcvievv'S the tradeot1s bet\veen survival and reproduction 
by birds. It starts \Vith an overvic\v of the main lite-histoty pattents of 
birds and then introduces lite-table analysis, \vhich c01npiles the statistics, 
or demographics. of individual pedormancc. The next sections of the 
chapter explore in detail the two central lite-history traits, longevity and 
fecundity, to set the stage for a discussion of the tradeotts bet\veen an
nual reproduction and age-specific survival. The tlnal part of the chapter 
deals with the premier topic of avian life-history research-the evolution 
of optintal avian clutch sizes, or hovv' rnany chicks a bird should atten1pt 
to raise at one tirne. 
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FIGURE 17-1 Influenced by the environment, the life-history attributes determine 
the lifetime reproductive success and relative performance of individual members of a 
population. Genetic variation in performance, called fitness, establishes an arena for 
natural selection and an evolutionary response in the population to variation in the 
environment. Variation in the environment also affects population growth and density
dependent feedback on individual attributes and performances. [From Ricl<lefs 2000a] 

Life-History Patterns 
Lite histories arc sets of evolved traits or attributes. Woven together, in
dividual lite-history attributes interact with enviromnental variables to de
termine the performance of an individual men1ber of a population (Fibrure 
17-1). In turn, each metnber's perfornunce relative to that of others de
fines the selective advantage or disadvantage of that metnber's set of traits. 
In this -vvay, the life-histmy attributes of a population evolve toward a 
particular optimum. Life-histo1·y attributes change population density and. 
as a result. atTect the operating enviromnent-positively or negatively. 
The diverse lite-history patterns of birds are the products of this e\·o]u
tionaJy process (Table 17-l). 

TradeotTs bet\veen longevity and fecundity are the traditional focus of 
life-history theory. The substantial tradcoHs bet\veen longevity and tecun
dity lead to ditTerent solutions or optim~ll balances for dit1erent species. 
Central to longevity is the probability of living to a particular age. called 
age-specific survivorship. As a whole, birds are long-lived. wam1-blooded 
animals that ~1ge slowly. Besides increasing our understanding of their lite
histmy strategies, investigations into the life spans of birds have potentia] 
application to the treatment of hun1a11 aging and fertility (Holmes and 
Ottinger 2CH l3). 

TABLE 17-1 EXtremes ofavian lif~~historypatterns 

I 
I Species 

rAlbatrosses 
I and eagles 

Ducks and 
small passcri n es 

Survival 
Before 
Breeding 

Age of First 
Reproduction Fecundity 

~~---~--·-··-··-···------·-····---······----·-----

fVlodl'rate 
(30'X,fyear) 
Low 
(15'/{,/ycar) 

Late 
(R-1 0 years) 
Early 
( 1 year) 

Low 
(0.2 young/year) 
Moderate 
(3 young/year) 

Adult Mortality 
Rate 

LO\V 

(5%,/year) 
High 
(5( I'/{,/ year) 
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FIGURE 17-2 (A) Age-specific fecundity (number of fledglings per year) increases in 
short-lived species, graphed here as annual adult mortality (percent). (The greater the 
annual adult mortality, the more short-lived a species is.) (B) Age at maturity (first 
breeding) decreases in short-lived species, again graphed here as annual adult mortality 
(percent). [After Ricldefs 2000a] 

Annual fecundity-the number of young successfully fledged in a 
year-increases directly \Vith annual adult mortality. This rdation is the 
central therne of avian life-history' theory (Figure 17-2). Short-lived (high 
mortality) species, such as ducks and srnall son~birds. tend to have high 
fecundity. Long-lived (lo\V rnortality) species, such as albatrosses and 
eagles. tend to have low fecundity. 

A Song Sparrow, tor exarnple, has a short life span, but it starts breed
ing without dday, atter just one year. It then concentrates high annual 
output-from three to five nestlings twice a year-into a fe\v conseett
tive years. At the other extrerne is the Wandering Albatross. \Vhich takes 
a long time to start breeding-at 8 to 11 years of age-and reproduces 
slowly. It produces one chick every 2 years for as long as 50 years (Fig
ure 17-3). A single axis spans the short and fast sparro\V lite history and 
the long and slow albatross lite history. This "flst-slo\:v" axis captures most 
of the variation in life histories among birds (Ricklef~ 200Ua). 

Included in the sweep of lite-history features tied to lite span are be
havioral traits of cognition and intelligence (R.icklets 2004). Families of 
birds kno\\'11 for their intelligence and advanced social behaviors, such as 
crows, parrots, and woodpeckers, have large brains in relation to their 
body sizes (see Figure 7-1 0). Relative brain size is also linked to innova
t1ve foratrino- behaviors and esneciallv nlau behavior (see Fio-un· 7-14). ::;, 0 - , r- ~, r- J b 

Underlying this nexus of traits is the length of the incubation pet;od: 
longer incubat1on periods enable the development of capacities f()r rnore 
advanced behavior. 

Few avian life-histories depart tl·om the tight correlation between an
nual fecundity and life span. No long-lived bird produces large numbers 
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FIGURE 1 7-3 (A) The Black-browed Albatross and related species are long-lived birds 
that raise only one offspring at a time. (B) The Wandering Albatross produces one 
chick every 2 years for as long as 50 years. [(A) l<evin Sclwfer/CORBIS] 

of young each year, as, tor example, a maple tree produces seeds, or waits 
to the end of its lite to produce lots of young, as a salmon does. Why 
would this be so? The evolution of avian lite-cycle options may bL· con
strained by the physiolo~ry of birds (Ricklefs and Wikelski 2002; 13ox 
17-1). Endocrine control systems. in particular, must undergo delicate 
transitions bet\veen lifl.·-history stages, managing stress and the risk of 
alternative and incompatible behavior \.vhile minimizing damage ti·om 
prolonged overdoses of honnones. In addition, earlv developmental pat
terns-particularly, long incubation periods-relate directly to long life 
spans in birds. Such correlations suggest a high level of evolutionary in
tegration of life-history traits in birds tiom fledging to old age (RicklefS 
1993). 

life Tables 
Life cables help us to project lifetime reproductive success and population 
trends from the primary life-history attributes. Survival and fecundity are 
prinwry lite-history attributes. They change with age. For example, mor
tality rates are initially high among young birds less than one year old and 
then decline to nearly constant lower levels among adults. More broadly 
among species. age-specific mortality plays a major rok in the evolurion 
of lite-history strategies. High adult mortality t;JVors increased reproduc-



0 ' . 
The study of avian life histories in
cludes physiological tradeoffs and con
straints (Ricklefs and Wikelski 2002). 

These tradeoffs and constraints help us to under

stand the ways that selection pressures-such as 
food availability, seasonality, and predation
shape a species' life-history traits. 

unshaded area) of a small tropical forest bird, 
such as a manakin. Shown are direct connections 
of behavior and physiology (in italics) as well as 
indirect connections of ecological feedbacks (in 
boldface). 

The diagram illustrates a model of the net
work of interactions that potentially connect en
vironmental features of the tropical forest interior 
(shaded area) to the life-history traits (boxes in 

Physiological responses such as metabolic 
rates and hormones, especially testosterone, me
diate the interactions. Incompatible hormone 
controls of different behaviors and time-limited 
hormone responses to stress are likely to con
strain fecundity, parental effort, and life span. 
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Model of the role of physiological processes (italics) and population 
processes (boldface) in the evolution of the life-history traits (boxes) of a 
bird species that lives in the interior of a tropical forest (shaded area). 
These species typically have long life spans, small clutch sizes, and 
delayed maturity. A manakin is such a species. [After Rici<Jefs and 
Wil<elsl<i 2002] 

tive eHort, whereas high juvenile Inortality favors reduced reproductive 
etTort. Fecundity or reproductive success also improve, at least initialJy. 
\Vith age and experience. 

Life tables, like those used in the insurance industry. summarize the 
vital statistics of age-specific survivorship and also age-specitlc tecundity 
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Age 
Classes{/ s.~ /I 

Fledt:r]inqs 
~ b 0.36 

Adult<; 
1 0.49 
2 0.58 
3 O.CJI 
-1- O.C17 
5 0.75 
6 (1.75 
7 0.75 
8 0.75 
9 0.75 

10 0.75 

Fledglings ().30 
Adults 

1 0.36 
2 0.60 
3 0.67 
-1- U.53 
5 0.50 

(Table 17-2). Four major attributes specif)' the performance of the aver
age bird in a population: (I) the age at which a bird first reproduces: 
(2) its fecundity (the number of young that it tledges each year): (3) the 
survival of its young; and (4) its longevity, or life span, as an adult. 

Life tables are usually based on the statistics of females because we can 
rneasure these statistics more reliably than \Ve can those ofnules. Although 
also subject to error, the association of eggs in a nest with the temale(s) 
that laid then1 is tnore pragmatic than that \Vith the male or multiple males 
that rnight have fertilized them. Frorn these measurements, v • .re can pro
ject life expectancies and family sizes of other birds facing the same con
ditions. Fr01n the balance of survival and fecundity in life-table data, \Ve 
can also project rates of net population grovvth and future population 

Average 
Number of 

Fledglings per 

L./ Individual B:/ LB/' 

Suburban 
1.00 0.0 0.0 0.01) 

0.49 1.6 n.R 0.39 
0.18 2.6 1.3 0.23 
0.10 3.1 1.5 cus 
0.06 3.2 1.6 0.1 () 
U.04 2.7 1.3 0.03 
0.03 2.7 1.3 0.04 
0.02 2.7 1.3 0.03 
0.02 2.7 1.3 CUB 
0.01 2.7 1.3 0.00 
ll.O 1 2.7 1.3 0.00 

Rural 
1.00 o.n 0.0 0.00 

0.30 1.6 0.8 0.:2-1-
0. l 1 2.3 1.1 U.12 
O.Oh 3.2 1.6 U.HI 
0.04 2.(1 1.0 0.04 
0.02 2.0 1.0 0.02 

"All age classes present in each srudy area .1re included. Numbers in column represent age (in years) of adult. 
"S_., survivorship. 
'L .. .-. probability of survival. 
•113.\, number of female ottspring per female subject, based on kno\Vll I: l sex ratio. 
'Summation of values in this column yields an /~> (population replacement rate) = 1.01 
for the suburban population and R0 = 0.52 for the rural population. 

From F. R. Gchlbach, unpublished data. 



trends, whether up or do\vn. The projection of population trends is crit
ical to the sound conservation management of healthy. stable populations 
of birds. 

The age at which a young bird first reproduces is a vital statistic in 
this regard. Theoretically. an early start has the greatest efrect of all the 
variables on a bird's potential reproductive contribution to succeeding 
generations. The age at first breeding controls the interval between gen
erations-or mean generation time (w·hen children produce grandchil
dren)-which. in turn, drives the potential growth rate of a population. 
Consequently . age at first breeding dictates response time to natural se
lection or environmental change and thus the potential tor speciation 
(MarzlutT and Dial llJ91 ). In addition, slow-maturing species, such as the 
California Condor and the Whooping Crane , are easily endangered and 
slow to recover from overhunting, accidenc1l mortality, or outbreaks of 
disease because they are slow to replace reproductively active adults. 

To create a lite table tor a particular bird population, ornithologists 
follow the annual progress of a class. technically called a "cohort, .. of in
dividual birds trom hatching until the last one dies. The proportion of 
the cohort that survives each ye~1r defines the annual survivorship , S_, .. The 
probability of survival to a particular age . L,, is the product of the pre
ceding annual survival rates. The average number of young produced each 
year by an adult female in the cohort defines age-specific fecundity, Bx. 
The product L_,Bx specifies an individual bird's expected annual tecun
dity, \vhich is to say, fecundity at a certain age discounted by the chance 
of dying before reaching that age (Figure 17-4). 
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FIGURE 17-4 Reproductive efforts by a sparrow and a penguin, expressed in terms of 
expected annual fecundity, LxBx. where Lx is the probability of survival to a particular 
age and Bx is age-specific fecundity. The short-lived sparrow produces more young 
every year than does the long- lived penguin, but their total lifet ime fecundities (areas 
under the curves) are roughly the same. [After Ricl<iefs 1913] 
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CHAPTER SEVENTEEN The values of LxB ...... fe_)r all age categories, .Y, sum to ddine Ro, vvhich 
is the net reproductive rate. Rn projects an individual bird's litetime re
productive success and the expected rate of recruitment of nev, .. birds into 
the population. If one female replaces herself by a daughter during her 
litc·time. R0 equals 1. A population composed of many such temales should 
be stable in size. Larger values of R1, are expected in gro\ving populations, 
and smaller values are expected in declining populations. Thus, if R11 = 
1.5, the population will increase 50 percent in one generation. Conversely, 
a value of O.H indicates a declining population. 

Consider the life tables compiled tor Eastern Screech Owls (see Table 
17-2). Fred Gehlbach ( 1994) compiled life-table statistics for two study 
populations in Texas. one in the suburbs and the other in rural \Vood
bnds. These small owls cmnmonly nest in cavities in wooded habitats. 
They live bet\veen 7 and 13 years and produce one brood of two to three 
young each year. 

In the suburbs, annual survivorship. S_,., of the screech ovvls increased 
·with age to a maximum of 75 percent per year. Individual owls achieve 
tt11l breeding potential by the age of 2 years, by which time each female 
produces an average of 1.3 temale otlspring each year. Bx. Actually, re
productive output varies greatly among fc1nales. and a minority 0ess than 
25 percent) of long-lived fernales produced most of the fledglings. Adding 
the annual products of survivorship and fecundity LxBx, yields the net re
productive rate, R0 . In this case, ~' is I.CH. a value indicating simple life
time replacement of an average female by one daughter and thus a stable 
population size. 

Screech owls, how·ever, do not t~u·e as well in the rural woodlands of 
central T cxas. Both annual survival and fecundity are lower thert>, yield
ing a net reproductive Llte of 0.5. That study population vvas declining. 

Longevity and Life Span 
Birds are rernarkable ten· their longevity (Holrnes and Ottinger 2003). 
Compared vv·ith marnmals, they are long-lived both tor their sizes and 
for their high rnetabolisrns, \Vhich average tl·om 1.5 to 2.5 times those 
of similar-sized ma1nmals. I3irds expend five times as much energy or 
Inore throughout their lifetin1es as do n1ammals of the same size. The 
long lives of birds challenge current understanding of the aging process 
through cellular degeneration due to the oxidative by-products of me
tabolism (Box 17-2). 

The life expectancy of 1nost indi,ridual small birds that survive to in
dependence is ti·om 2 to 5 years. Individual members of large-bird species 
live an average of 20 years. 

The 1naxin1um ages recorded in \vild birds average between 10 and 
20 years tor songbirds and between 20 and 30 years for seabirds and rap
tors. Records of long-lived individual birds abound. Some birds live about 
as long as humans. Arnong the records are a tema1c Northern Fulmar 50+ 
years of age, a S 1-year-old Laysan Albatross, a 36-year-old Eurasian Oys
tcrcatcher, and a 34-year-old Great Frigatebird. One record holder is ;1 
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ANTI-AGING MECHANISMS IN BIRDS? 

-~:-- The long life spans of birds interest 
~- biogerontologists, the biologists who 

study the aging process (Holmes and 

Ottinger 2003). What is responsible for aging? Aer

obic metabolism generates by-products known 

as reactive oxygen species (ROS) that damage 

cells, cell organelles (such as mitochondria), 

DNA, lipids, and proteins. Damage from ROS by

products is thought to be the major cause of ag

ing, or senescence. For this reason. we get plenty 

of encouragement to include antioxidants in our 

diets by eating such foods as blueberries. Brus

sels sprouts, and tomato salsa. 

High metabolic levels and reduced antioxidant 

activity increase ROS damage. Reproductive effort 

reduces antioxidant activity and thereby damages 

(A) Females 

0.5 L------'---------' 

2 6 
Clutch size 

health and reduces longevity. Experimental dou

bling of the clutch sizes of Zebra Finches, for ex

ample, caused antioxidant activity to decrease by 

24 to 28 percent in the male Zebra Finches, but 

not their mates (see illustration). 

The long life spans of birds suggest that, de

spite their high metabolisms and major energy ex

penditures, they have interesting ways of prolonging 

life by reducing ROS damage through oxidative 

protection. The mechanisms responsible for slow 

aging may be linked to the evolution of flight, be

cause bats show similar trends of life span and ag

ing. However, we don't yet know exactly what 

these anti-aging mechanisms are or whether they 

directly increase the life spans of birds by neutral

izing ROS activity (Ricklefs, pers. comm.). 
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Larger clutch sizes cause a reduction in the activity of the major 
antioxidant enzyme superoxide mismutase (SOD) in male Zebra 
Finches (B) but not significantly in female Zebra Finches (A). Daily 
energy expenditure (DEE) did not increase with the larger brood size 
in males, but females exerted additional effort. [After Wiersma eta/. 
2004] 

tennle Royal Albatross named ''Grandma," \vhich was banded at her 
nest in Ne\V Zealand and then disappeared at age .53. Another record
holding seabird is a Manx Sheanvater ringed on North Wales as an adult 
on May 22, 1957, and recaptured again 45 years later on April 3, 2002, 
having flown an estin1ated 800.000 kilometers on annual migrations 
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CHAPTER SEVENTEEN bet\veen Wales and South America. a distance equal to flying to the moon 
and back (Bhattacharya 2003). 

Captive birds tend to live even longer than their wild rebtives. Some 
parrots have lived to be 80 years old in captivity (Flower 1938). 

Annual survival rates accrue to define life span. The survival rates of 
adult birds range t1·mn as low as 30 percent per year for Blue Tits and 
Song Sparrows to highs of tnore than 95 percent for Royal Albatrosses, 
Bald Eagles, and Atlantic Putlins. In general, large species survive better 
than stnall species, and seabirds survive better than Lmd birds. 

In North and South America, the survival rates of tropical and South
ern Hen1isphere songbirds trend higher than those of related north tem
perate zone birds (Martinet al. 2000; Martin 2004). Manakins on Trinidad, 
for exan1ple, live between 11 and 14 years \Vith estimated annual survival 
rates of 89 percent (Sno\v and Lill 197 4). Estitnates of annual survival rates 
of the American Robin and related species (Turd us) increased from a low 
of 56 percent in tempt.Tate North American populations to 70 to 85 per
cent in subtropical and tropical populations (R.icklcts 1997). 

The risk of death is strongly seasonal t{w most adult birds. Survival 
rates of songbirds strongly con-elate \Vith seasonal changes in average 
n1onthly tetnperatures, which indicate the harshness of the lean or win
ter season. Surviving the \Vinter rnonths of low temperatures and declin
ing tood is a challenge t(x resident species of northern latitudes, such as 
chickadees (sec Chapter 18). Whether a seasonal envirom11L'llt is \Varm
cold or \Vet-dry, the shortage of tood f(w several months in that environ
ment increases mortality due to starvation. Population trends of some mi
grant European bird species are govcn1ed by ovenvinter survival in 
subsaharan At1·ica (lhttcn and Marchant 1977). Sitnilarly, annual survivor
ship of American Reds tarts corresponds in part to the quality of their win
ter habitats (MatTa and Holrnes 2001). 

The severe \Vinters of the northern latitudes increase adult mortality 
either directly or as a cost of migration. Migration itself brings substan
tial mortality in at least one species of wood warbler, and perhaps in many 
Neotropical migrants. Most field studies of the survival rates of migrants 
measure their returns to breeding or wintering territories each year and 
include both mortality on tnibrration and mortality on the \:vintering 
grounds. 

Approaching the question of mortality during migration more directly. 
Scott Sillett and Dick Holmes (2002) tracked seasonal survival in the Black
throated Blue Warbler. This handsome species migrates between Vlinter
ing grounds in the Caribbean and breeding grounds in New England. 
Annual survival rates were estin1ated to be 51 percent for males and 40 
percent for fetnales. Month-to-month mortality, however, \vas negligible 
(for both males and females) fi·om May to August in New England and 
6-om ()ctober to lVlarch in Januica. Instead. most of the annual mortal
ity (85 percent) \Vas during migration. Monthly mortality rates \Vere at 
least 15 times as great during tnigration as during periods of residency on 
the breeding or wintering grounds. Chapter 18 examines the roles of de
mography and density depL·ndence in population regulation throughout 
the annual cycle of the B1ack-throated Blue Warbler. 



Age-Specific Marta I ity 

Rates of annual survival change conspicuously \Vith age in the first years 
oflite and may also ditTer bet\vecn the sexes. A young bird's annual chance 
of survival (tl-otn fledging to breeding) typically is about half that of an 
adult. Only 13 to 30 percent of tledgling Great Tits survive their first 
year, but 48 percent of adult females and 52 percent of nules survive each 
year until the age of tlve years. After that age mortality rates increase 
(Cran1p and Perrins 1993). Small land birds are especially vulnerable in 
their first year. 

Revealing the high levels of predation on young birds are the metal 
bands. or "'rings." that accumulated with songbird carcasses in the nests 
of Eurasian Sparrowhavvks in Wythan1 \X/ood at ()xford. England 
(Perrins and Geer J 980). These raptors fed intensively on the marked re
search populations of Great Tits and Blue Tits. The spaiTowhawks took 
922 ringed tits in 1976. 759 in 1977, and 1220 in 1978. Most were ju
veniles. Each year. the sparrowha\vks ate t!·om 18 to 34 percent of all 
Great Tit juveniles in that population and fi-om 18 to 27 percent of the 
Blue Tit juveniles in that population. 

After birds have reached adulthood, their chances of survival increase 
and stay essentially constant. Survivorship in juvenile Florida Scrub Jays. 
for example, is extremely lo\v during the flrst few months afi:er they 
leave the nest (Woolfenden and Fitzpatrick 1996; Figure 17-5). Only 

(A) 1.00 (B) 1.00 -Egg 
-Nestling 

-Fledgling 
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FIGURE 17-5 (A) Survivorship of Florida Scrub Jays (males and females combined) observed in a population in central 
Florida, from fledging through age 10 years. Black symbols indicate sample sizes of cohorts containing more than 100 
potentially surviving birds. Data become more irregular and unreliable at the end because of small sample sizes. Note 
that the proportion surviving drops sharply in the first year of life to about 40 percent of the initial cohort. (B) A 
complete survivorship curve from beginning of incubation through possible age of senescence (question marks). Males 
(black circles) and females (white circles) diverge slightly after age one year because of the greater mortality of females, 
which disperse from their natal territory. Survivorship of breeders is identical between sexes. [From Woo/fenden and 
Fitzpatrick 1984] 
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CHAPTER SEVENTEEN 33 percent of Florida Scrub Jays survive their first year, ati:er vvhich they 

"graduate" to the higher survival rates of (breeding) adults, which aver
age 78 percent a year. 

A death rate that increases \Vith age is called actuarial senescence. Un
til recently, there \Vas little evidence th~lt the death rate increases with age 
in birds, as it does in mammals, including hmnans. Now challenging the 
traditional view that tnortality in adult birds is independent of age is ev
idence of senescence for at least 25 species including ducks, songbirds, 
and albatrosses (Holmes and Austad l995: McDonald et al. 1996). A care
titlly controlled analysis of the life spans of adult Florida Scrub Jays re
vealed that their rate of mortJlity doubles in 6.4 years. Whether the 
increasing death rate in jays is due to the degenerative etTects of their old 
age or other causes is not known (McDonald et al. 1996). 

One potential cause-age-related declines in in1mune function-has 
been documented in \vild populations of the Collared Flycatcher (Cichon 
et al. 20tl3). Older fem:lle flycatchers (5-6 years of age) produce fewer 
<mtibodies against a nonpathogenic vaccine of sheep red blood cells. They 
also produce sn1aller tledglings compared \Vith young females (1 year old) 
and middle-aged fetnales (3 years old). R.ecall that fen1ale birds transfer 
imnumoglobulins to their young through the egg. which suggests that 
\Veakening immune capacities of older females could directly impair their 
young's health. 

Fecundity 
Fecundity-the number of young raised successtidly-is a measure of an 
individual bini's reproductive success. Total lifetime reproductive success 
depends on the age at \vhich a bird starts to breed. on how long it lives. 
and on the cumulative result of the bird's annual reproductive perform
ance, both successes and E1ilures. Annual tecundity, in turn. depends on 
the nmnber of nesting attempts and the success of each attempt. the num
ber of eggs laid each time (clutch size), and the age and expetience of a 
breecling bird. Linked to these key elements of fecundity is a complex 
\Veb of vari~lbles governing the relationships between parents and their 
ot1spring (Martin 2004). 

Single and Multiple Broods Compared 

The nU!nber of broods that a pair can raise depends, in general, on the 
length of the breeding season. Predation early in the cycle also can stim
ulate nudtiple renesting atten1pts. For these reasons. tropical birds gen
erally attempt n1ore broods than do ten1peratc birds, owing, in part, to 
prolonged breeding seasons. In addition, because losses of nests and 
young to predators are higher in the Tropics than in temperate zones, 
renesting is often necessary to replace lost clutches. From t\VO to six 
successive clutches are not unusual in the Tropics. The White-bearded 
J\llanakin, for example. typically lays from three to five clutches per sea
son in Trinidad. 



Long nesting cycles or restricted breeding seasons, such as those in 
Arctic latitudes (mid-June to July) tend to preclude extra broods. Hence. 
many tetnperate and Arctic birds-Pileated Woodpeckers. Rutled Grouse, 
and Snowy ()wls. for exatnple-attempt only one brood. Short-lived 
species should try to atternpt an extra brood or two each season if they 
can, given the uncertainty of surviving to the next breeding season. Ex
perienced bluebirds, phoebes, and wrens raise two or more broods each 
season. Multiple broods in the same year signi11cantly increase an individ
ual bird's lifetime reproductive success. 

Long-term studies of the breeding dynamics of Black-throated Blue 
Warblers at Hubbard Brook in New Hampshire revealed that about half 
(53 percent) of the females laid a second clutch of eggs after successfully 
fledging their first brood (Nagy and Holmes 21J05a). These fetnales nested 
on high-quality territories with more food (Figure 17-6). The propor
tion of females that laid second clutches also incn:ascd in other experi
nlents in which suppletnentary f(Jod was provided and declined in 
experitnents in which the availability of food was reduced (Nagy and 
Holmes 2005b). Both chicks and their double-brooded mothers benetit
ted trom higher food availability. The young fledged at heavier body mass, 
which likely increased their survival after Hedging. Double-brooded 
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FIGURE 17-6 Food availability on territories of the Black-throated Blue Warbler 
affected both the mass of nestlings when they fledged and the probability that female 
Black-throated Blue Warblers would attempt a second brood. High-quality territories 
with the most food produced larger nestlings. Females on these food-rich territories 
were more likely to attempt a second brood. [From Nagy and Holmes 2005a] 

515 

LIFETIME 
REPRODUCTIVE SUCCESS 



516 
CHAPTER SEVENTEEN fe1nalcs maintained their physical condition: they exhibited no extra costs 

of mortality the follo\ving \Vinter. Annual survival of both was steady at 
40 to 45 percent. 

S(nne other bird species increase their seasonal productivity by over
lapping successive clutches. ()verlapping snull clutches can be a better 
way of increasing tccundity than enlarging a single clutch, because it sub
divides periods of peak parental care into smaller sep;1rate peaks. The male 
Goldcrest builds the second nest alone and then takes charge of the young 
in the t1rst nest when the female shifts to incubate eggs in the second 
clutch. Then. challenged by the needs of t\vo broods of young of ditTer
ing ages, the male tends the older brood. tor \Vhich the need is greatest. 
l-Ie shifts his attention to the second brood after the tlrst has achieved 
independence. 

Clutch Size 

The number of eggs that a female bird lays in each nest. or clutch size, 
is an essential and heritable cornponent of fecundity. Waterfowl pheas
ants, rails, and rnany other precocial birds have clutch sizes of as many as 
20 eggs. Passerines and other small land birds that feed their young lay 
clutches of 2 to () eggs, some as 1nany as 19. The exact number varies 
among species. Within a species, it varies with latitude, climate. age, and 
quality of territory. Variation within a single species can be t,'Teat. North
ern Flickers lay from 4 to 14 eggs: Blue Tits lay fr01n 8 to 19 eggs. Other 
birds have virtually invariant clutch sizes: precocial shorebirds typically lay 
4 eggs, and oceanic birds lay only 1 egg. Hununingbirds and doves nor
mally lay 2 eggs. 

A simplified and traditional hypothesis is that nutritional requirements 
for egg fonnation litnit the clutch sizes of precocial birds, whereas the 
abilities of parents to feed their young litnit the clutch sizes of altticial 
birds. This classic explanation, ho\vever, opens rather than closes the dis
cussion. For exan1plc, vvhy should the R.uby-crowned Kinglet lay tram 
8 to 12 eggs, whereas the Yellovv-nunped Warbler lays only 3 to 5 eggs 
(Martin 2004)? They are similar-sized species with similar life spans. They 
breed side by side in the boreal forests and eat sitnilar insect foods. Food 
limitation cannot explain tllis difference. We \Vill return to the question 
of food limitation and the evolution of clutch-size variations after tlrst 
touching on son1e other aspects of fecundity. 

Age and Experience 

Birds that breed for the first time typically produce f-ewer eggs and raise 
fcvv'LT oflspring than do older birds. ptimarily because competence and 
experience increase \Vith age (Forslund and P~i.rt 19<J5). As yearlings. Pere
grine Falcons are usually not good parents: they typically \vait two to 
three years to breed (Figure 17-7). First-year pairs that try to breed usu
ally £1il (H. B. Ton:ioH~ pers. conu11.). ()ne-year-old females, however, 
may nest succcsst\.tlly by pairing \Vith an older mate. If they breed. young 



FIGURE 17-7 A Peregrine Falcon. 
These raptors nest on cliff ledges. 
More recently, they also nest on 
tall buildings or bridges in urban 
areas. 

males may kill their own young. For example, a one-year-old male in 
Milwaukee fertilized his mace· s eggs and helped to t1cdge che young, but 
then he killed them by agt,'Tcssivdy diving Jt them and accidentally break
ing their wings. The next year. this male was less aggressive tmvard his 
otfspring. \vhich survived. In another case. a young temak joined an ex
perienced tour-year-old male in Minnesota. She dropped her first egg imo 
the nest box by accident while sitting on the trotH ledge and didn't know 
vvhat do \vith it. She was unable to roll it ft·om the edge of the box where 
it was lodged to the cenn·al nest scrape for incubation. The older male 
came to the rescue and promptly rolled it expertly from the edge of the 
box to the rniddle of the scrape. When the egg \Vas in its proper place . 
thanks to the male. the female settled on it right away and bid thl' rest 
of the clutch in the scrape . In this case, incubation was successtl.1l, but of
ten young females are inattentive and haphazard in their incubation be
havior, causing their nests to fail. 

Common Pigeons are prime prey tor Peregrine Falcons. In addition 
to having a lowered risk of being caught, older Common Pigeons in
crease their reproductive output by overlapping sequential clutches of two 
eggs each. The extent of overlap of clutches increases \Vith a mated pair's 
combined experience as parents and their ability to, togL"ther, handle the 
diHerent stages of parental care at the same time (Burley 1980) . 

As a general rule . reproductive perfonnance increases in the first years 
to a middle-age plateau and then de eli nes in okkr birds. Improved tor
aging skills. better access w prime resources, and enhanced knowledge of 
predators all improve parental abilities. After their first year, tor example, 
temale Eurasian Sparrowha\:vks increase both the average number of eggs 
laid and the average number of young t1edged per nest (Forslund and 
P:irt 1 <J9S; Figure 17-8). Seven- and eight-year-old females, however. 
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FIGURE 1 7-8 Age-specific fecundity in Eurasian Sparrowhawks. Both (A) clutch size 

and (B) the number of young fledged increase with age. Average clutch size grovvs to 
about five eggs in midlife but then declines in seven- to eight-year-old females. The 

average number of young fledged increases steadily with age and experience until age 
eight. [After Forslund a11d Piirt 7995] 

exhibit reproductive senescence. Clutch size drops sharply at age seven. 
and the number of young that they fledge drops sharply at age eight. 

In another example, older California Gulls produce more young than 
younger gulls (Pugesek 1983). The oldest gulls (12-18 years old) produce 
1.5 young per year, whereas middle-aged gulls and the youngest gulls 
(3-5 years old) produce 0.8 young per year. Mature gulls feed their young 
more frequc-ntly, spend 1nore tin1e looking for food, and leave the nest 
unattended less often than do the younger members of the colony. This 
exatnple is consistent with theory, which suggests that increased repro
ductive eHort is expected of older birds with fewer years left to offset the 
costs of reproduction. 

Delayed Maturity 

Many birds wait a year or two or more to breed (llox 17-3). More gen
erally, S\vitts breed at 2 years. parrots at 2 or 3 years, and raptors at 3 or 
more years. \Vater birds, except ducks, and seabirds generally take 4 or 
n1ore years to breed t(>r the tirst titne, and large albatrosses and condors 
take trmn 8 to 12 years. Atnong the species with late maturity. age at first 
breeding correlates strongly \~.tith longevity (see Figure 17-2B). 

In sorne species, the reduced prospects of reproduction in their t1rst 
year dist;lVor investtnent in bright territorial signaling plumage, tavoring 
instead more cryptic female plumages that help to reduce the risk of 
predation. 



•BOX l~~i.~--------------------------

YOUNG FEMALE TREE SWALLOWS DELAY BREEDING 
·~.:.- Floating populations of nonbreeding 
~· males, but not of females, are typical 

of birds. In an unusual case, many fe
male Tree Swallows, especially yearlings, are un
able to breed because of intense competition for 
nest holes. When they explore nest holes for va
cancies. yearling females are subject to attacks by 

older residents, both males and females. Also 
counter to the general trend among birds, female, 
not male, Tree Swallows delay the acquisition of 
full adult breeding plumage for one year. 

What might be the adaptive significance of 
these female swallows' delay in acquiring adult 
plumage? Ornithologists Bridget Stutchbury and 

Raleigh Robertson (1987) conducted experiments 
with models of yearlings and adults to test alter
native hypotheses. They found that yearling fe
males did not gain any reprieve from adult 
females, which attacked models with full breed
ing plumage or subadult plumages with equal in
tensity. Adult males, however. were always more 
aggressive toward the adult model. These orni
thologists concluded that the subadult plumage 
of yearling females was advantageous because it 
signaled their inactive sexual status to resident 
males. not because it signaled their subordinate 
status to resident females. 

Why should a bird delay breeding? Every extra year of nesting \vould 
seern to increase its chances ofleaving son1e ofispring. Birds that can breed 
in their tlrst year should soon replace others that delay breeding ten· sev
eral years unless the costs of early reproduction arc too severe. In long
lived birds. ho\vever, delayed maturity actually contributes to maximizing 
lifetin1c reproductive success. l )elayed dispersal and cooperative breeding, 
tor example, are a special case of delayed rnaturity (see Chapter 13). 

The f:Ktors favoring delayed maturity are well documented in Adelie 
Penguins (Ainley et al. 1983). First, breeding entails t,rrcater risk than not 
breeding. The mortality of breeders (3'J percent) is t,rreater than the rnor
talit)' of nonbreeders (22 percent). The greatest mortalit)' is found the first 
tin1e that young Adelic Penguins try to breed. An amazing 75 percent of 
3-year-old tenules die in their first atternpt to breed. The reason? They 
~ue less et11cient at obtaining the tood necessary to sustain the costly breed
ing effort. They tnay also be less \vary or adept at escaping leopard seals 
lurking at the edge of the pack ice. Mortality then declines \Vith age to 
I 0 percent in 11-ycar-old breeding fen1ales. 

Off-;etting the risks of initial reproduction in Adelie Penguins are im
proved prospects for raising young in subsequent attempts. Adelie Pen
guins that breed for the first time at three to tour years old (and survive 
that efrort) are less likely to lose their eggs or young in subsequent nest
ing seasons than are those penguins that breed for the first time at a later 
age. Whether these early starters are inherently better breeders or the early 
start someho\v enhances subsequent breeding success is not kno\vn. 

Three to four years seems to be the minimum possible age for repro
duction in small penguins such as the Adelie. Three nuin bctors are re
sponsible for this age requirement. First. studies of another species, the 
Yellow-eyed Penguin, suggest that two-year-old penf,ruins are usually not 
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CHAPTER SEVENTEEN reproductively 1nature. Si.xty-tlve percent of their eggs are interrile (l:tich

dale 1 957). Second, fi·on1 two to three years of experience seem to bees
sential tor young pensruins to develop the foraging eftl.ciency needed to 
accumulate the large energy reserves required for egg production and the 
long fasts while breeding. Third. at least one year of social experience is 
necessary to develop the behavioral skills required tor succcsstl1l pairing 
and the defense of nest, eggs, and young. Given the increased risks of 
mortality associated vvith breeding even when well prepared, there is a 
clear advantage to the three- to four-year delay typical of this penguin. 

Males of son1e songbirds do not acquire fi.1ll adult breeding plumage 
in their first breeding season, even though they are capable of breeding. 
Delayed plumage nuturation reaches extremes, for example. in the lek
displaying Long-tailed Manakin, where young 1nales wait eight years be
fore reaching breeding status. Indeed. delayed maturation and rhe 
acquisition of adult features are widespread among birds (Lawton and Law
ton 1986; Studd and Robertson 19H5). Of the ] OS sexually dimorphic 
passerincs of North America, 31 (30 percent) do not attain filii adult Inale 
plumage in their tirst year. Included in this number are R.ed-\:vinged Black
birds. Baltin1ore Orioles, Scarlet Tanagers, and A1nerican Redstarts. 

Instead of the striking black-and-orange plumage of adult males, year
ling or tlrst-year 1nale An1erican Redstarts rct:1in the olivc-brown-and
yellovv' tetnale plmnage. They arc sexually mature and establish territories 
(Sherry and Holtnes 1997). But dominant older males t{)rce them out of 
optimal habitats into less desirable (conifer) habitats. More than half of 
the yearlings (57 percent) t~1il to reproduce, nuinly because of a shortage 
of te1nales. <...1nly 25 percent of adult nules don't find a mate. and some 
are even polygynous. In addition, the mates of yearling males on their in
ferior territories lay smaller and later clutches. 

Annual Reproductive Effort 
Increased investrnent into annual reproduction may take its toB on a par
ent's physical condition, on its reproductive potential the following year, 
and on its annual survival (see Chapter 1 6). The costs of breeding tor 
young Ad.elie Penguins noted earlier are just one of many examples. Ex
perinlents with sea ducks called eiders show costs. too. specifically in ref
erence to the ettecr of cmTent effort on titture fecundity. Sveinn Hanssen 
and his colleagues (20Cl5) compared the costs of incubation for female 
Con1n1on Eiders by giving some females :1 three-egg clutch and others a 
six-egg clutch. Female eiders fast during incubation. The et1ort of incu
bating the larger clutch size increased the loss of mass in those females 
and reduced their immune functions. But the consequences did not be
come evident until the birds nested the t{)llowing year and produced sig
nificantly fe\ver eggs. 

Eastern Bluebirds also experience a tl.tturL' consequence of their annual 
reproductive etlort (Sief}ennan and Hill 2005). The experimental enlarge
ment of brood sizes prompts an increased feeding et1ort by the parents, 



as cmnpared \Vith the efforts of parents with reduced broods. !vbles that 
fed reduced broods produced brighter plumage color the next year. Con
versely. tending extra-large broods led to duller iridescence in the plumage 
of those males. The brighter-plumaged males that didn't overdo their ef
fort the first year then mated vvith better fem~1les that laid eggs earlier in 
the next season. 

The number of young fledged by Cmmnon Kestrels clearly affects their 
annual survival (Dijkstra et al. 1990: Figure 17-lJ). The reduction of brood 
size from the normal t1ve chicks to just three increases the annual survival 
of both males and females. Increasing brood size f)·om five chicks to six 
causes annual survival to drop sharply. Extrapolation of the curve t1tted 
to these experin1ental data to even larger brood sizes suggested that try
ing to raise 1nore chicks could be fatal. In t:Kt, it is. Sixty percent of the 
kestrels that raised two extra nestlings were found de~1d before the end of 
the first \~rinter. compared with only 29 percent of those that raised con
trol or reduced broods (Da~m et al. 199()). 

A long-held and strongly supported doctrine is that fe1nales suffer 
greater 1nortality and thus have higher costs of reproduction than males 
do. This outcome, too. is evident in the kestrels: annual survival of fe
males is 55 per cent cmnpared \vith 70 percent of males. even when rais
ing small broods. The better survival of male birds compared with females 
biases the sex ratio toward males in many bird populations, such as the 
A1nerican R.edstart discussed earlier. 
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N D l F M A M 
Realized fecundity: young fledged Months after experiment 

FIGURE 17-9 Tradeoff bet.~een reproductive effort and life span in the Common 
Kestrel. (A) Costs of reproduction are higher in females (white circles) than in males 
(black circles). Survival in both declined with experimental increases in brood size and 
in their realized fecundity (number of young actually fledged). (B) Enlarged brood sizes 
caused a major increase in mortality in the following year compared with control and 
reduced brood sizes. [(A) After Ricl<lefs 2000a and Di}l<stra eta/. 1990. (B) After Oaan et 

a/. 1990] 
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cxperi1nents with kestrels sug~est, and perhaps a bird 's full life span as 
\veil? Or is lift.~ span controlled by extrinsic E1ctors: predation, vvinter or 
off-season starvation, or perhaps the risks of tnigration? Each of these fac
tors could atTect the nutnber of lifetime breeding opportunities and there
fore the appropriate level of annual investn1ent. Increased reproductive 
drort can decrease the protective activity of n1ajor antioxidant enzymes 
(see Box 17-2). 

The various life-history traits link together to det1ne age-specific mor
talit)', age-specific fecundity, and lifetime reproductive success. These 
complex linkages challenge us to resolve patterns of cause and efTect. 

Tmn Martin (2004) asserts in his "new vie\:V of avian life-history evo
lution" that sources of age-specific nwrtality, such as nest predation and 
winter mortality, play a major role in determining the levels of reproduc
tive ef1ort of birds. He suggests that these sources of n1ortality can explain 
the diflerences in reproductive etTort observed among species that occupy 
tropical versus te1nperate latitudes. In this view, the longer life spans of 
tropic1l and Southern Hemisphere birds, due to Io·wer adult mortality, fa
vor reduced annual reproductive eflorts. including smaller clutch sizes. 
Local rates of nest predation Uuvenile tnortality) adjust reproductive ef
t<.)rt within latitudes, and food availability then adjusts reproductive efrort 
within species (Figure 17-1 0). 

,......., 
0 ·;:;: 
C'il 

..c 
Q) 

..... .o 
..... c 
~ .Q 
Q.)rn 
a;.O 
> ::::l 

';:3 u 
u c 
::::l·-

2 .rg-
C..V'l 
CIJ_c 
~.8 

::::l 
u 
ej:l 
~ 

Within latitudes 

Uuvenile mortality) 

Within species 
(food limitation) 

Nest-predation rate 
Uuvenile mortality) 

Among latitudes 
(adult mortality) 

FIGURE 17-10 Major environmental influences on latitudinal variation in life 
histories. Martin's hypothesis proposes that age-specific mortality is of primary 
importance in explaining differences in birds' reproductive effort. Among latitudes, 
lower adult mortality in southern latitudes favors reduced reproductive effort. Within a 
particular latitude, lower nest Uuvenile) mortality favors increased reproductive effort 
for a particular level of adult mortality. Food availability drives adjustments of 
reproductive effort within a species. [From Martin 2004] 



Age-specific survivorship aHects incubation behavior and. therefore, 
the length of the incubation period. It is well known that incubation pe
riods within a species depend on the parents ' attentiveness: More time 
actually incubating shortens the incubation period (see Chapter 15). Long
lived Argentine bird species are consistently less attentive than are their 
Arizona counterparts, even though predation ri;;k is about the same in the 
two resrions (Figure 17-1 1 A) . Recall the experiments demonstrating 
greater sensitivity to risks at the nest by Argentin e species (see page 449). 
Anorher result of this study was that the species with low mortality as 
adults were less attentive to their nests , which increased the risk of los
ing tht•ir clutch to predators (Fis'1.1re 17-11B). They opted instead for ad
ditional chances to breed in successive years. 
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FIGURE 17-11 
Artentiveness in Argentina 
versus Arizona. (A) Long
lived Argentine species 
(white bars) are consistently 
less attentive than are their 
shorter-lived matched 
equivalents in Arizona (gray 
bars). (B) Nest attentiveness 
increases with annual adult 
mortality. Black circles 
indicate Arizona taxa; white 
circles indicate Argentine 
taxa. Species with low adult 
mortality, especially those in 
Argentina, accept higher risks 
of nest loss by spending less 
time on the nest. [From 
Martin 2002] 
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No single topic has so occupied the attention of students of avian life
history patterns as has the evolution of clutch size. Clear patterns of clutch
size variation denund explanation. For ex~unple. average clutch sizes tend 
to be larger in the north temperate and in arid enviromnents than those 
at lower, tropical latitudes and in \Vet enviromnents. Why is this so? 

The lively historical discussions about the reasons tor such patterns 
continue, with incre~1sing emphasis on nest predation and adult mortal
ity. At work. however, ;n-c a host of factors ranging fiom phylogenetic 
history and constraints to age-specific tradeot1s between fecundity and lite 
span. Clutch size is only one trait in a complex network of interacting 
traits that guide the evolution of diverse life histories in a population con
text. Now broadening the discussion is the integration of physiological 
constraints that govern avian lite cycles \Vith the dynamics of population 
ecology that afrect an individual bircfs lifetime reproductive success. 

A fonnidable literature su1n1narizes and interprets conspicuous patten1s 
of clutch-size variation (Table 17-3). Clutch size is clearly an adaptation 
molded by selection over evolutionary time, but it is also sensitive to im
mediate environmental conditions. Sotne variations are due to genetic dif
ferences bet\:\,reen individual birds, and others are due to a female's 
physiological condition (see Chapter 14). The inheritance of egg-laying 
ability is well known to poultry £u·mers, \Vho increase egg production by 
artificial selection. What nmnber of eggs maximizes short-term or life
time reproductive success tor a particular species? 

Theoretically. an opti1nal clutch size-tor each bird in an average 
year-produces the maxinn11n number of young capable of surviving to 

sexual maturity. Theoretically again, an average optimal clutch size should 
prevail in local populations. Understanding the evolution~uy f<.1rces re
sponsible for the evolution of a particular clutch size, however, remains 
one of the most controversial and unresolved challenges tor ornitholo
gists, despite nearly a half-century of intense research. The debate about 

-TABLE'1~7-'-3 CQrtditiops;~co!r~l~te~d ~i~h,-vaJic{tions irrayeta~e-~ 
-tlutchF'sizesc~ _ 

Variable 

Latitude 
Longitude 
Altitude (temperate) 
Nest type 
Body size 
Habitat 

Feeding place 
Development mode 

Conditions Correlated 
with Small Clutches 
(2-3 Eggs) 

Tropics 
Eastern Europe 
Lo\vlands 
Vulnerable 
Large species 
Ivlaritime, island, and 
wet Tropics 
Pelagic seabirds 
Altricial 

Conditions Correlated 
with Large Clutches 
(4-6 Eggs) 

Temperate/ Arctic 
Western Europe 
Highlands 
Secure (cavity) 
Small species 
Continental, mainland, 
and arid Tropics 
lnshore seabirds 
Precocial 



the evolution of clutch sizes among birds centers on applications and ex
tensions of Lack's original food-limitation hypothesis. 

Food Limitation 

The avian clutch size is adjusted by natural selection to the maxinu1m 
number of nestlings that the parents can feed and nourish. Food availabil
ity limits clutch size. This fundamental postulatt. which was chatnpioned 
with great force by David Lack ( t 947. 1948), guided research t(w m.ore 
than half a century (I~icklefs 2000b). The hypothesis assumes that indi
vidual birds vvill be disadvantaged by natural selection if they lay te\ver 
egbrs each year than they can raise. 

The strongest support tor Lack's hypothesis comes from observations 
of the relative success of various sizes of clutches and from experiments 
designed to test the ability of parents to feed extra young. Some of these 
experin1ents were discussed in preceding chapters. In now-classic \Vork, 
Christopher Pen·ins and Dorian Moss ( 1975) experimentally increased and 
decreased the clutch sizes of Great Tits in Wythatn Wood, near Oxford. 
England (Figure 17-12). Clutches of 10 to 12 eggs produced the n1ost 
surviving young Great Tits. The probability of a chick's survival in a sn1all 
brood was greater than in a large brood because the nestlings in a small 
brood are better fed and are heavier \vhen they tledge, but the number 
of potential fledglings from snu1l broods is, by definition, lo\v. Above a 
brood size of 12, chicks tend to be underfed and to die. especially in 
"bad'' years of poor food availability. In 6 of 13 consecutive years, the 
average natural brood size in the population was 1 0-that is, close to the 
most productive number-but the average brood size was slightly lo\.ver 
than predicted in other years, an outcon1e resulting in an overall average 
across years of 8.5. 
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FlGURI. 17-12 Lack's hypothesis of optimal clutch size projects a maximum number 
of surviving young as a result of the balance between the number of young hatched 
and their probability of survival. In the population of Great Tits in Wytham Wood, 
broods of 10 to 12 chicks are the most productive. The average clutch size in this 
species is 8.5 (arrow). [From Perrins and Moss 1975] 
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CHAPTER SEVENTEEN Thus, birds seen1 to err on the side of caution. The vulnerability of 

large clutches in bad years Elvors Inoderate clutch sizes in the long run 
(Boyce and Pen·ins 1987). Conversely, the practice of brood reduction 
ga1nbles on the bonus of the occasional survival of an extra egg or chick 
(see Chapter 16). 

The strengths and weaknesses of Lack's hypothesis can be seen in its 
application to the increases in clutch size \Vith latitude. The average clutch 
sizes increase v,rith latitude for n1any passerines, owls, hawks, herons, terns, 
gallinules, some fowl, and some grebes. Lack (1 947) proposed that this 
increase was due to the longer day length at high latitudes. Birds nesting 
during the long high-btitude summer have more tin1e to find fiwd for 
their young and d1e1nseJves. 

The potentially positive effects of increasing day length, ho\vcver, do 
not explain \vhy clutch sizes increase with latitude tor owls that teed at 
night and thus have less t(waging ti1ne, not more. Clutch sizes also in
crease not \Vith day length but with longitude fi·om east to vvest in Eu
rope, with altitude in the temperate zone but not in the Tropics, and on 
the 1nainland compared \Vith adjacent islands. DitTerent day lengths can't 
be the explanation t(n- these trends. Finally, some species ofbirds can raise 
extra young that are added experirnentally (Vander Werf 1992). Even 
some large seabirds, such as gannets, \Vhich normally lay only a single egg. 
can raise two young when an extra egg is added to the nest, without ob
vious short-term penalty (Nelson l9n4). Thus, Lack's hypothesis, as stated 
above, cannot be fi1lly generalized. 

Seasonality and Density Dependence 

Lack's hypothesis dominated the discussion of avian life histories for at 
least 20 years, from 1947 to 1967. In this period, two great ornitholo
gists, l~eginald l\lloreau and Alexander Skutch, led opposing, population
based vie\vpoints that e1nphasized the et1ect of population density on 
reproductive rate. They \Vere, ho\vever, less f(Jrceful personalities than 
was David Lack (Ricklefs 2000b). As a result, their broader perspective 
did not prevail in their lifetin1es. Their views vvere revitalized in a lucid 
challenge by Martin Cody (1966) and a series of new modeling approaches 
to population ecology. 

Fro1n this work emerged the broader. modern population perspective 
of evolutionary ecology. This vie\:V' recognizes the advantages of reduc
ing the costs and risks of annual reproductive etlorts to 111aximize lifetime 
reproductive success. ThL· evolutionary ecology perspective also defined 
the effect of adult nwrtality, tlrst, on population density and, then, on re
production rates through density-dependent etTects on food availability 
(Fib'Lire 17-13). 

Seasonality of food is the key to these relationships. Birds of seasonal 
arid habitats in both Afi·ica and Ecuador have larger clutches than do those 
in habitats that are hLnnid year round at the same latitude. More gener
ally. clutch sizes of birds relate directly to seasonal increases i11 t(Jod pro
duction rather than to absolute level of food production (Ashmole 1963b; 
Ricklefs 19XO: Figure 17-14). This relationship exists because adult 



Moreau ,~ 

Ash mole .,. " 
" " ,*' 

" " r---. 
'---------l~: _____ • L..-.;;;......o.J...;r. .. :--.. ""'"""--~---' 

.... 

Mortality 

.... .... .... .... 
Sl<utch .......... .... .... ....... 
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reproductive rate. Arrows indicate the direction of influence. David Lack (solid arrow) 
stressed the control of reproductive rate by food availability, and in turn, the control of 
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Moreau, dashed line). [After Ricl<lefs 200Gb] 
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FIGURE 17-14 The seasonality hypothesis for geographical variation in clutch size. 
(A) Model of the seasonal increase in resources available for reproduction, measured in 
some months as the "surplus" above those resources that limit population size in the 
nonbreeding season. Clutch size varies in relation to the ratio of the breeding-season 
surplus to the adult population. Resources that are available during the breeding 
season depend on local demands by consumers, and these demands, in turn, depend 
on population density. The population densities of resident birds are regulated by low 
resource availability during the nonbreeding season. Seasonal increases above this 
baseline thus control the resources available for breeding on a per capita basis. 
(B) Clutch size increases with resource seasonality, measured as the ratio of maximum 
actual evapotranspiration (AE, an index of plant productivity) to the density of 
breeding pairs of birds. [From Ricl<lefs 7 9801 
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(A) 

mortality in the cold or dry season of lowest food availability detennines 
population density and baseline levels of food consmnption in a habitat. 
The survivors as well as seasonal visitors then can bendit fi·mn increased 
per capita food availability in the spring. 

Through its control of adult mortality, variation in the seasonality of 
resources is the ultimate cause of geographical variations in clutch size, at 
least within a species. The pattern of clutch-size variation in the North
ern Flicker. a \Videspread North Atnerican woodpecker, supports this "sea
sonality hypothesis'' (Figure 17-15). Clutches of the flicker range from 3 
to 12 eggs and increase by an average of 1 egg per I 0 degrees of latitude. 
Variation in clutch size is directly correlated \Vith the resources available 
to each breeding woodpecker. Walter Koenig (1984) estimated these re
sources as the ratio ofloca1 summer producrivity (in terms ofactual evapo
transpiration, an index of plant productivity) to the breeding density of 
all woodpeckers. Local breeding densities of \voodpeckers, in turn. are set 
by \Vinter productivity, \vhich detennines ho-w many woodpeckers sur
vive until the breeding season. 

Predation 

Adult n1ort;1lity is one of the principal population processes that shape 
avian life histories. Nest predation is another. Nest predation is a major 
force in the evolution of avian lite-history traits ranging ±l·om nest con
struction and visitation (see Chapter 15) to clutch size and caring for young 
(Martin 2004). 

In precocial birds, predation risk 1nay limit clutch size by limiting the 
nurnber of tledged young that parents can guard. Even though the par-
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FIGURE 1 7-1 5 (A) The clutch sizes of Northern Flickers vary from 3 to 12 eggs. 
Relative frequency equals the percentage of total sample that had x number of eggs. 
(B) The increase in average clutch size with latitude supports the seasonality 
hypothesis. Vertical lines on the graph represent local variation in clutch size. [From 
Koenig 19841 
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FIGURE 17-16 Predation selects for smaller clutch sizes through rates of parental 
visitation. (A) Larger clutches produce larger broods that require more frequent 
parental visitation for delivery of food. (B) Clutch sizes are negatively related to the 
nest-predation rate within each locality. Lower adult mortality in Argentina selects for 
smaller clutch sizes, and predation rates play a significant but secondary role. [After 
Martin eta/. 2000b] 

ents of rnany shorebirds do not teed their precocial young, for ex<unple, 
they brood and tend them actively and guard thc1n tron1 predators. Phys
ical distance between parents and their mobile young increases with brood 
size and potentially sets an upper limit on brood size (Satl-iel 1975). 

Nest predation rnay fwor snuller clutches of songbirds in several ways. 
First, small clutches take fewer days to complete, reducing the daily risk 
of their being found. Second, smaller numbers of young in a nest 1nake 
less noise that might attract predators (see Chapter 15). Third, and per
haps most gennane, reduced visitation by parents to teed smaller broods 
reduces the risk that nestlings (and parents, too) \Vill be found and eaten. 
Selection. therefore, flVors risking tevver eggs at a titnc and renesting as 
tl-equently as possible in (tropical) habitats with high nest-predation rates. 

Support for this hypothesis about clutch size and renesting cmnes, 
again, fi-om comparisons of nesting pairs of matched bird species in Ar
gentina and Arizona (Martin et al. 2000a: Figure 17-16). Reduced visi
tation rates in the t~lCc of diflerent levels of nest predation explain the 
variation in clutch sizes among bird species within Arizona and Argentina 
but not bet\veen the two regions. Instead, the difTerence between regions 
is best explained by differences in adult tnortality and adult attentiveness 
during the incubation period. as already mentioned. 

Summary 
Lite histories are sets of evolved traits or attributes. ~loven together, in
dividual lite-history attributes interact \\lith environmental variables to 
determine an individual organistn 's perfom1ance. In particular, the study 
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CHAPTER SEVENTEEN of life-history patterns of birds explores the links bet\veen parental efforts 

and lite span because, in the end. an individual bird's lifetime reproduc
tive success is \;vhat counts. Compounding the challenges of survival 
through each stage of the annual cycle are the tradeot1s bet\veen the short
term costs and risks of reproductive etlort and the opportunities tor breed
ing in the future. The rates of reproduction and annual survival of 
individual birds also combine to establish the dynamics of their popula
tion's growth or decline. 

A bird's lifetin1e reproductive output includes the age at \vhich it first 
reproduces, the number of young that it fledges each year, the survival 
of those young. and its O\Vn longevity as an adult. Most small birds live 
frmn 2 to 5 years, whereas large birds may live from 2(1 to 40 years. Al
though many young birds die in their first year as a result of predation 
and starvation, the survival rates of adult-; are much higher and remain 
basically the sarne from one year to the next. Senescence has been demon
strated for several species of birds. 

A t~1st-slo\V axis captures most of the variation an1ong the diverse life
history patterns of birds. Life-table analyses con1pile the statistics. or de
n1ographics, of individual perfon11ance. In general. short-lived species 
usual1y breed \vhen one year of age and produce many young each year. 
Long-lived species tend not to breed until they are several years old and 
to produce te\V young each year. Reproductive success and etTort usually 
in1prove with age and experience. l )elayed maturity is one way of max
itnizing lifetime reproduction. Birds also increase the mtmber of young 
produced by raising several broods sequentially in a season and, in some 
cases. by overlapping successive broods. 

Lack's original hypothesis that birds raise as nuny young as they can 
feed is now arnplified and inton11ed by the integration of the population
density effects of adult mortality. which affects food availability. High rates 
of nest predation favor smaller clutches. 

This chapter has reviewed individual lite-history attributes as they 
evolve in response to the environment tnediated by population processes 
such as adult n1ortality. Life-table statistics sum up the lifetime reproduc
tive successes of individual me1nbers of a population to detlne whether 
the population is stab1c. gro\ving, or declining. The dynamics of popula
tion trends then1selves, including the nature of density-dependent regu
lation, are the subject of Chapter 18. The dynatnics of bird populations 
based on the lifetime reproductive success of individual birds are also cen
tral to the themes of the final three chapters: the evolution of new species 
(Chapter 1 0); the coexistence of species in co1mnunities (Chapter 20): 
and the future viability of species, the heart of conservation of biodiver
sity (Chapter 21). 
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Populations 
The srtcces~fid coiiSCIVtifion <~(any thmucned species rcq11ires 
kllotvlc~{!C <~f both its population hioloL'I?Y a11d its aololiwl 
requ irenzen ts. (Bourlicre 1991, p. vI 

:cHAPTER 18 

B ird populations tluctuate dynamically in their sizes and their 
distributions. I )ram a tic rebounds may follow \\-'orrisome de-
clines. climate-induced bottlenecks, or local \vipeouts due to 

disease or predation. Fluctuations in population size, whether short term 
or long term. aiTect the genetic diversity of a popu1ation, the process of 
local selection. and the potential for speciation-the topics of Chapter 1 <J. 

The fluctuations in bird populations are the sunnned successes and t~lil
ures of individual survivorship and fecundity, outlined in Chapter 17. 
Sn1all-bird species vvith short generation tirnes have high growth poten
tial. They are abk to respond opportunistically to enviromnental changes, 
including human-dominated landscapes. Large-bird species \Vith long 
generation times, h<.)\vcver. do not rebound easily trmn their population 
setbacks. 

This chapter on populations is based on the principle that populations 
are dynamic. not stable or static. in their sizes and distr;butions. We first 
consider the growth potential of populations and the factors that control 
or lirnit that growth. The next topic, population regulation, concerns the 
effects of density-dependent t(wces within populations, including social 
interactions. The tlnal sections of this chapter sumnurize the value of 
long-term trends of bird populations as indicators of environmental qual
ity. The population dyn;nnics of a species are fully intertwined with their 
viability and their conservation needs, previe\ved here and then explored 
ttlrther in Chapter 21. 

Growth 
Bird populations t1uctuate dranutically in size fi·om year to year. Major 
stonns or unpredictable climate shifts can afiect local bird populations in 
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Although small popu la
tions of birds are vulnera
ble, they can be resilient. 

Most small populations have an intrinsic poten
tial to rebound from severe reductions. A leg
endary case is that of the Short-tailed Albatross. 
It once nested in abundance in the western Pa
cific and congregated at the entrance to San Fran
cisco Bay when whale slaughtering produced 
abundant food there. 

By 1929, feather hunters reduced this species 
to one population of 1400 birds that bred at 
Toroshima, an island refuge off southeastern 
Japan. Eruptions of the island's volcano in 1939 

and 1941 destroyed this remaining albatross 
colony. The species was declared extinct when no 
birds returned to the island to breed from 1946 

to 1949. 

Remaining, however, were some young birds 
that had been at sea. (Albatrosses wait 10 or more 
years before starting to breed.) In 1954, six pairs 
of these young survivors returned to Toroshima 
and produced a total of three young. Today, de
spite their low fecundity and delayed maturity, 
Short-tailed Albatrosses are recovering. The world 
population increased to 1840 birds in 2005 and 
continues to rebound. 

the short tenn. Healthy populations, ho\vever, typically rebound from 
their short-tenn setbacks (Box 18-1). 

Bird populations also change slo\vly with the passage of time. Great 
Tit populations throughout Holland and England. tor example. have 
gro-vvn in average size since about 1950, vvhereas local densities tluctuate 
fourfold fi-orn year to year (Figure 18-1 A). Gradual warn1ing of the Eu
ropean clitnate aided their widespread increase. and \vinter food fluctua
tions caused the changes timn year to year. Conversely, Texas quail 
populations. both Scaled and Northern Bobwhite quaiL are declining 
steadily (Figure 18-1 B). Widespread degradation of habitat is the reason. 
Populations of both species, but especially those of the Scaled Quail. in
crease w·ith rains and decline in dry years. 

Bird populations have great growth potential. The 120 Conunon Star
lings that were introduced into Central Park in Ne\v York City in 1890 
rnultiplied into more than 200 n1illion birds continent-wide in a century 
(Cabe 1993). More recently, but \vith similarities, the eastern population 
of the House Finch started vvhen a few caged birds \vere released on Long 
Island in 1940. The population gre\v rapidly in number, roughly 21 per
cent per year ti-mn 1965 to 1979 (Hill 1993; Figure 18-2). Expanded 
geographical distributions accompanied this rapid population growth. The 
range of the population expanded tl-mn Long Island throughout the east
ern United States and Canada. Continuing to expand west\vard to the 
nlidwestern states, this population rnade contact in Kansas 25 years later 
(early 1990s) \Vith the well-established \vesten1 populations of House 
Finches. 

Son1e life-history traits, particularly short generation times (early age at 
first reproduction combined \Vith short life span), f(1ster the evolutionary 
and geographical success of species through their effects on population 
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FIGURE 18-1 (A) Annual 
fluctuations in the density of 
breeding pairs of the Great 
Tit in two British forests, 
Marley Wood and the Forest 
of Dean. (B) Annual 
fluctuations and long-term 
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quail. A count-year number 
is assigned to the years in 
which the a bird count 
started and ended. For 
example, the number 60 
refers to the years 
1959-1960 and the number 
100 refers to the years 
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specifically, the average of 
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birds of a species per party
hour values for each count 
circle in the region. 
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FIGURE 18-2 Exponential population growth of House Finches introduced east of the 
Mississippi. [After Bocl< and Lepthien 1976h] 

gro\vth rates. Short generation tirnes greatly accelerate the rates of pop
ulation grovvth. The reproductive success of individual birds in the tlrst 
generations quickly compounds itself, compared with species that take 
years to n1ature and have few young at a tin1.e. Short generation time ex
plains why bacteria and insects rnultiply so £1st. In both birds and n1.obile 
rnammals such as bats, short generation tirnes also prornote the ability to 
colonize, to speciate, and to diversifY (Marzluff and Dial 1991). 

In generaL large-bodied species vvith lo\v reproductive rates have an
nual gro\vth potentials ranging ti-on1 10 to 30 percent. Srnall-bodied species 
vvith large brood sizes and high reproductive potentials have an annual 
gro-wth potential ranging fi·on1 50 to 100 percent in favorable years (Rick
lets 1973). 

A thriving population in a ne\v enviromnent grows in size in an S
shaped, or sigrnoid, gro\vth patten1. on a graph. The rate of growth in
creases slowly at first, then accelerates. and later declines because of 
negative feedbacks that lo\ver reproduction and survivaL As the size of a 
gro\ving population approaches the maxirnmn supportable by the envi
romnent, called the enviromnent's carrying capacity, the population 
gro\vth rate slo\:V'S dovvn as its needs tor resources begin to exceed their 
availability. The growing population also becon1es increasingly vulnera
ble to predation and disease. The population then fluctuates in size about 
an equilibriurn value that an environn1ent can support in a typical, or 
average, year. 

The t\vo key phases of the S-shaped gro\vth curve are the period of 
maxirnurn gro\vth and the final period of reduced gro\vth ending \Vith 
the stabilization of average annual population size. The changing popu
lation growth rates derive fron1 the demographic parameters of survival 



and fecundity reviewed in Chapter 17. I~ecall that, \:Vhen values of per 
capita replacement. R0 . arc greater than 1, they corTespond to a gro\ving 
population. and values less than l correspond to a declining population. 
The instantaneous growth rate, r, of the population is the logarithmic 
forn1 of R0 . In the phase of accelerating growth. the rate of change in the 
nmnber ofbirds with tinle-d1\Jidt, trmn differential calculus-is the prod
uct of the instantaneous growth rate r and the population size l~~ at tirne t. 
This relation is expressed rnathernatically as 

dJ\U dt = r1\J 

Bird populations have tremendous growth-rate potential in the accel
eration phase. Newly established N onh American populations of the Cat
tle Egret, for example, gre\v exponentially. Native to Atric1, the Cattle 
Egret colonized North Arnerica (tl-om South America) in the early 1950s 
and then increased dramatically from 1956 to 1971 (Telfair 1994). The 
calculated value of r \Vas 0.21 for the 16-year period fi·om 1956 to 1971 
(Bock and Lepthien 1976a). but, O\ving to immigration as \Vell as repro
duction. was as high as 0.84 during the initial 5 years of this expansion. 
After 1971, the gro\vth rate of the Cattle Egret population inN onh Arner
ica slowed down as the population stabilized and fluctuated about its up
per level (Figure 18-3). The species then declined in northern states. 

The recruitment of young birds into a local population <:very year 
drives the f,rrowth of a local population. Local recruitn1ent includes the 
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FIGURE 18-3 Population growth of Cattle Egrets that colonized North America in 
about 1950. Count-year number 46 refers to the years 1945-1946; number 103 refers 
to the years 2002-2003. [From National Audubon Society 20021 
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CHAPTER EIGHTEEN nurnber of young produced in the breeding season and, particularly, the 

proportion that survive their first si.x tnonths of life. In addition to those 
produced locally, recruits include young frorn other places. Immigrants 
fr01n elsewhere contributed to the initial growth of the Cattle Egret pop
ulations in North At11erica (Telfair 1994). In1n1igrants also contributed 
significantly to the growth of the population of Atlantic Put11ns on the 
Isle of IVlay, otT eastern Scotland. The nun1ber of puffins there increased 
by 19 percent a year fron1 1973 to 1981 (Harris and Wanless 1991). Re
cruittnent of inunigrating young birds fro1n a population on the Fame Is
lands 80 kilon1eters away accounted for 3 percent, whereas local 
production accounted for 16 percent. 

Control 
lnevitably, critical resources such as winter food stop or linut continued 
population gro\vth. In regard to the put1ins on the Isle of May, the sur
vival ofboth adults and inunatures declined after 1981 as a result ofwide
spread declines in v\·inter food in the North Sea. The lower survival rates 
halted the gnwvth of the population, \vhich stabilized in size. 

Ecologists distinguish between the tern1s ''lin1itation" and .. regulation,. 
of population sizes. Limitation refers to any ceiling on population gro\vth. 
Habitat, food, clinute, disease, and predation are the prinury forces that 
limit the sizes of bird populations. 

Regulation refers to the efiects of population density on population 
size. Density-dependent changes in birth rates and death rates buffer the 
short-tenn t1uctuations in populations. Both 1nean clutch size and nun1-
ber of fledglings of the Great Tit, for exa1nple. depend on local popula
tion density. Great Tits lay fe\ver eggs when population density is high 
than \~lhen it is low. Sixty percent of the variation in annual mean clutch 
size is directly related to population density. Success in rearing nestlings 
also decreases as population density increases, because of increased preda
tion and because fewer tenules atte1npt second broods (Figure 18-4). 

Long-term studies of the den1ography of the Snow Goose nesting 
colony at La Perouse Bay, IVlanitoba, illustrate the negative consequences 
of increasing population density. These studies doctunented a steady 
gro\vth of the population follo\ved by a decrease in its grovvth rate due 
to the dan1age intlicted by the geese on their ovvn Arctic marsh feed
ing grounds (Cooch and Cooke 1991). This Snow Goose population 
increased steadily in size by approxinutely 8 percent per year after 1973 
because fecundity routinely exceeded n1ortality. The grovving popula
tion, how·ever, darnaged the quality and availability of the nutritious 
tundra grass required by breeding geese and their goslings. Repeated 
degradation of the tundra caused gosling weight at fledging and subse
quent adult vveight to decline 11 percent fion1 1973 to 1981. First-year 
survival declined fi·on1 50 to 3.5 percent. These changes caused popula
tion gro\vth to slow down, consistent \Vith the operation of density
dependent processes. 
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CHAPTER EIGHTEEN The distinction between "limitation" and "regulation'' can be chal

lenging. Food supply, tor example, can linlit nurnbers in either a density
dependent \Vay or in a density-independent -vvay. The proportion ofbirds 
that starve would be independent of population density if mass starvation 
\vere due to a tnajor ice ston11 that elitninated critical tood supplies. On 
the other hand. the proportion of birds that starve rnay depend on the 
nmnber of birds that vie tor declining \vinter food supplies that can po
tentially support 50 birds but not 100 birds. 

The life-history parameters of fecundity or survival may be subject to 
density-dependent influences, but they stillrnay not limit population sizes. 
Density-dependent clutch sizes or adult survival, for exatnple, might not 
lirnit population size if instead, hurricanes ki11 n1ost of the juveniles each 
year, limiting recn1itment into the breeding population no rnatter ho-vv 
111any chicks fledge. In ~1 rr1ore specific exan1ple, density-dependent fe
cundity and survival in the breeding season have only a tninor etTect on 
the population sizes of Great Tits. Instead, the availability of winter food 
regulates population size through the density-dependent survival of jtwe
niles during the winter season. Habitat li1nitation, territorial behavior, and 
dispersal also play mediating roles. 

The next sections first consider the ecological forces that limit popu
lation sizes. Then follow the ways in which population density and so
cial torces can interact \Vith ecological forces to regulate population sizes. 

limitation 
The sizes of populations are litnited by the available habitat and food sup
plies. They are also limited by the prevalence of natural enernies, includ
ing predators, parasites, and diseases. 

Habitat 

More than any other 6ctor, habitat availability determines population size. 
Many endangered species, such as Red-cockaded Woodpeckers and Kirt
land's Warblers, are extre1ne habitat specialists \Vith limited and local dis
tributions that correspond to their particular needs. The Red-cockaded 
Woodpecker. for example, is intinutely tied to old-growth southern pine 
forests. Unlike most woodpeckers, R.ed-cockaded Woodpeckers excavate 
their nest cavities in living rather than dead pine trees. They require a 
highly litniting resource-narnely, pine trees that are 80 to 100 years old 
and have been infected by the red heart fungus. The fimgus rots the old 
pine tree's heart wood just enough to allo\V the woodpeckers to exca
vate. This excavation, hovvever, requires a major investment of time and 
energy. Not surprisingly, clans of this cooperatively breeding woodpecker 
reuse the same cavities for years. 

Major reductions in prirnary habitats reduce bird populations accord
ingly. Like Red-cockaded Woodpeckers, Spotted Owls depend on the 
retnnant old-gro\vth forests in the Pacific North\vest. These torcsts now 



cover less than I 0 percent of their original extent. Rails. bitterns, and \Va
teriowl populations generally declined throughout the United States as 
wetlands were drained for abrricultural, industrial, and suburban develop
ment. Less than 10 percent of the original wetlands of California renuin. 
In recognition of the loss ofhabit~lt, rnany conservation etlorts have shifted 
their emphasis in recent years tl-mn species protection to the preservation 
of critical habitats. 

Many species occupy assorted habitats that vary in quality. Local pop
ulation densities of Great Tits, for ex~unple, vary predictably \~'ith h;1bitat 
quality. Deciduous hardwood. (oak and beech) forests, for example, sup
port l 0 times as many breeding pairs as do pine forests. Mixed 
hard\vood-pine forests support intennediate population densities. The 
density of tits increases as the cmnposition of trees in a local forest shifts 
fi·orn pine to oak and beech (Figure 18-5). Less food in pine forests than 
in oak-and-beech forests leads to larger territories and n1ore starvation of 
nestlings. The atnplitude of annual population fluctuations also is greater 
in thinly populated pine habitats than in densely populated oak-and-beech 
woodland. The pine forest is a secondary, or suboptimal, habitat occu
pied by the overtlow of Great Tits that are excluded fi·orn deciduous 
woods. Conversely. individual birds frorn pine-torest habitats quickly flll 
vacancies in the hard\vood forest. 

The essential resources provided by a particular habitat range from toad 
to nest sites. For some birds. the availability of nest holes limits popula
tion size. Woodpeckers em dig their own nest holes, but other birds must 
either use abandoned woodpeckL~r holes or dig their own in soft dead 
\Vood. Dead trees and branches are routinely ren1oved fl-om the managed 
forests of Britain and other parts of Europe. The resulting shortage of nest 
sites caused the extirpation of the White-backed Woodpecker and clearly 
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Year 

FIGURE 18-5 Densities of Great Tits breeding in (A) oak forests are higher than 
those in (B) mixed oak-pine forests and much higher than those in (C) pine forests. 
[After 1</omp 1980] 
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CHAPTER EIGHTEEN linlits the population densities of species such as the Great Tit and the 
Eurasian Pied Flycatcher. In lieu of natural nest sites, these species read
ily adopt nest boxes, which increase local population densities. Similarly, 
populations of the Eastern Bluebird of North America rebounded frmn 
their \Videspread decline with the installation of bluebird nest-box trails 
(see Chapter 21). 

Widespread deforestation t~Tvors species that inhabit open country but 
hurts species tied to large tin1ber. N o\v-f~uniliar birds of cleared and 
second-gro\vth habitats, such as the Chestnut-sided Warbler, the Amer
ican Robin, and the Indigo Bunting. vvere once scarce. 

Changes in the forest understory also atTect bird populations in forests. 
Grazing cattle destroyed the undergro\vth of forests in Finlandl causing 
local losses of species such as Eurasian lllackcaps and Dunnocks that de
pended on the undergrowth. Both species increased in abundance after 
1956 with the removal of the cattle frmn the forests. Similar destruction 
of forest undergro"\vth is no"\v a result of the popu1a6on explosion of the 
\vhite-tailcd deer in eastern North America. This large brov.rsing mam
rnal changes the nonnal vegetation structure of a tnaturing forest by eat
ing and killing young plants that provide the low cover and shn1b layers 
required by 1nany ground-nesting forest birds. 

Because of their high densities on tropical \Vintering grounds, tnigrant 
birds are especially vulnerable to the destruction of natural habitats (Ter
borgh 1 980). Clearing 1 hectare of forest in Mexico elin1inates the same 
number of warblers as clearing tron1 5 to 8 hectares of breeding habitat 
does in the United States. Many tnigrants congregate to winter in the 
pri1ne agricultural lands of tropical highlands. Conservation of these trop
ical habitats \vill be essential to n1aintain viable populations of Neotrop
ical migrants. 

On a positive note, birds respond quickly to the availability of good 
habitat. Restored riparian woodlands, "\vell-managed grasslands, and for
est regro\vth all attract appropriate bird species. which grow robust local 
populations. 

Food 

Food supply, \~'hich often depends on clin1ate, lim1ts population gro\vth 
and influences population size, n1ost conspicuously in the form of their 
ye;ar-to-year fluctuations. 

Most of the evidence of starvation ~unong tetnperate-zone birds comes 
fi·om density-independent losses of songbirds, \VaterfowL and waders dur
ing hard winters. The very cold \v'intcr of 1981-1982, tor examplel \vas 
hard on British birds (()'Connor and Ca\vthon1e 1982). During that \vin
ter, tnortality rates in several species were 2 to 10 tirnes the nonna1 rate. 
Con1n1on Redshanks vvere unable to feed, because shritnplike am
phipods-their rnain food-remained deep in their burrows \vhen inter
tidal areas fl·oze. White Wagtails. searching for insects along fl·ozen 
shorelines, could no longer find one every 4 seconds. the average rate 
needed for their subsistence. 



Detailed local studies docurnentcd the correlation bct\vcen t(xxi abun
dance and size of island populations of Darwin's tlnches (Grant 1986). For 
exarnple, Daphne Major. one of the small islands in the Galapagos archi
pelago, suHered severe drought in I Y77, resulting in a critical shortage of 
the seeds that sustain the resident ground finches. When seed abundance 
plunged sharply in both number and volmne. finch abundance declined 
by a similar order of 1nagnitudc in both nmnber and total biomass (Table 
18-1; see also Figure 1-14. \vhich illustrates the dh.'ct of this event on 
average bill sizes in the popuLltion). 

Seabird populations also ~1re limited by their food supplies (Cairns 
1992). Mil1ions of Pcn1vian seabirds starve \Vhen their main t<.1od-the 
anchovy, a small fish-disappears over short tin1e periods as a result of 
changes in surt:lce-\vater temperatures due to El Nii1o. The total popu
lation of cormorants. pelicans, and other seabirds dropped ti·mn 27 nlil
lion to 6 million birds in 1957 and 1958, increased to 17 million as food 
supplies returned, and then plummeted again to 4.3 million birds in 1965 
(Idyll 1973). In recent years, the maximum number of seabirds in good 
years has declined owing to the overtlshing of the anchovy populations. 
Seabird populations throughout the world t~Ke similar challenges. 

Widespread food shortages cause irruptions. or mass evacuations, of 
populations, especially of birds ti-om the arctic and subarctic regions. The 
periodic southward invasions by Snow·y (Jwls are a classic spectacle co
inciding with the cyclic abundance of lenu1lings of the tundra (Parmelee 
199.2). More than 14,000 Sno\vy ()wls \Vere counted in southeastern 
Canada and New England during the great Snowy ()wl inv3sion of 1945 
to 1946. Because they were ;nvay tl·om their usual hJbitat and food sup
plies, rnany of the owls died of starvation. 

Other northern owls n1ove south in search of food when populations 
of their vole prey drop, especially after a smnmer of good o\vl reproduc
tive success. In rhe sunnner of 2004, the populations of red-backed voles 
and other rodents crashed throughout the boreal forests of Canada. Man
itoba vole populations dropped to their lowest levels in 12 years. Experts 
expected a southward 1novement of owls the following \vinter. Beyond 
all expectation ca1ne thousands of owls. Unprecedented numbers invaded 
the fields and backyards of Minnesota in the \Vinter of 2005. Local experts 

~tABLE 18-1 Effec_ti~fseed availability orLgfoiJnd .. finch abundan(2~ ~= 
qn'Daphne Major{ij~lfifi-Galapagos . - -- - - -

Year 

Seeds 

Total Number 
per Square 

Meter 

Total 
Volume 

(cm3/m2) 

Finches 

Total 
Number 

Bimnass 
(kg) 

r----------------~--~---------~-------1 

1973 (wet) 
1977 (dry) 

4821 
295 

From Crant and Grant 1980. 

lS 1640 
300 

26 
6 
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FIGURE 18-6 Annual variations in the winter abundance of four northern finches in 
the Chesapeake Bay region. Curves are based on annual Christmas counts. [After Bod 
1980] 

estinuted that n1ore than 5000 owls crossed the border into Minnesota. 
Most of them were Great Gray 0\vls, along with hundreds each of North
ern l-la\vk-0\vls and Boreal 0\vls. 

Irruptive invasions of the seed-eating birds of northern coniferous 
forests also create dramatic population events (Bock and Lepthien 
1976c). Invasion years, which are often the san1e in the Ne\v and Old 
Worlds, correspond to years of poor boreal forest seed production. Dur
ing these invasion years, Hocks of northern finches appear along road
sides and at backyard feeders. Eight North Atnerican species-the Pine 
Siskin, the !Zed-breasted Nuthatch, 1-ted CrossbilL T·wo-barred (also 
kno\vn as White-\vinged) Crossbill, Purple Finch, Pine Grosbeak, 
Evening Grosbeak, and Common H .. edpoll-tend to invade in the same 
years (Figure 18-6). 

Natural Enemies 

Predators, parasites. and diseases are natural enen1ies that zero in on pros
perous species and cause local densities to drop or distributions to con
tract. If the effect is occasional or short term, the local populations t1uctuate 
in annual size. If the negative forces are chronic or severe, some local 
populations becmne extinct, especially if they cannot recruit dispersing 
birds tl-mn other populations. 



Natural predators are a major source of annualtnortality among birds, 
especially nestlings, incubating fetnales, and young birds in their tlrst year. 
Itelentless predation is a driving force of natural selection tor escape be
haviors, camouflage plumage, and social behavior. With some conspicu
ous exceptions, however, predators don· t linilt or regulate the bird 
populations on which they prey (Newton 1998). Instead, they take weak. 
sick, and young birds, many of which are part of the surplus that exceeds 
locally limiting f()od supplies. 

As a rule. predators are opportunistic. They take what is tnost avail
able and switch to more comn1on prey species \vhen nurnbers of another 
decline. Hawks and owls eat many of the san1e prey eaten by mammalian 
predators such as f(Jxes and weasels, and they con1pensate tor one another 
in their functional response to the nmnbers of available prey. Some pop
ulations of grouse go through regular cycles of grovvth and decline that 
con-espond to the intensity of predation. The populations of the RutTed 
Grouse of Alaska. Canada, and the Great Lakes states cycle at intervals of 
8 to 1 I years in concert with population cycles of the SIH.nvshoe hare 
(Rusch et al. 2000). Predators, especially Northern Goshawks and Great 
Homed Owls, S\vitch to grouse as the hares decline. causing the numbers 
of grouse to decline also, with a slight lag. More generally. by increasing 
their takes when prey population~: are on the increase. predators-as \veil 
as intensive hunting by humans-may darnpen the population cycles of 
prey speoes. 

The endangerment and extinction of island birds by introduced pred
ators is a conspicuous exception to the staten1ent that predators don't limit 
bird populations. Most ( ll!J, or 92 percent) of the 129 bird species that 
have become oHicially extinct in the past 500 years are island species. 
Roughly half of these species \vere extenninated by introduced predators 
and diseases. The rest \Vere driven to extinction by direct hurnan exploita
tion and habitat destruction (BirdLife lnten1ational 2000). 

Ducks and upland game birds are another n1ajor exception to the rule 
that predators don't limit prey populations. Predation on duck nests by 
nild-sized predators, such as raccoons and red foxes. is a primary source 
of n1ortality of hen ducks. rvlid-sized predators can also litnit annual pro
duction and hence recruitment the following year, especially \Vhen good 
nest cover is limited. Mid-sized predators also litnit the annual breeding 
success of gan1e-bird species such as Northern Bobwhite in North Amer
ica and Red Grouse (a subspecies of the Willow Ptannig~1n) in Scotland 
(see page 556). 

Ironically, high rates of predation on game-bird nests tend to be our 
O\Vn doing. They are due to the removal of top predators, such as coy
otes. wolves, and mounuin lions. These animals once ~1te the mid-sized 
predators but did not severely prey on nests. 

Parasite infections and diseases can devastate bird populations. They 
can also have severe etTects on their ecology. life histories, and evolution 
(Loye and Carroll 19()5). Atnong the many consequences, increased ex
posure to parasites spurs birds to invest rnore into irnmune defense (Lind
strorn et al. 2004). In that way and others, parasite loads bias nute choice, 
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quality and display endurance, that signal nule health (Harnilton and Zuk 
1982; see page 339). 

The parasites of birds range trmn parasitic \VOnns and blood parasites 
to ticks, tnites, bedbugs, and blowflies. Grebes host at least 249 species of 
parasitic (helminth) wonns (Figure 18-7). More than 1 00 of these species 
are grebe specialists (Storer 2000). Colonial bird species genera1ly host 
substantial loads and a high diversity of kinds (taxa) of blood parasites, or 
hetnatozoa (Tella 2002). Maggots of blowflies and botflies infect a high 
proportion of the nests of nuny tetnperate-zone species as vvell as tropi
cal songbird species (Figure 18-8). The maggots '"reaken and kill the 
nestlings by draining substantial quantities of blood and other tluids. 

Parasites can pose a 1najor conservation threat to island species. Mag
gots of parasitic botflies, f<.1r exan1ple, threaten an endangered parrot, the 
Puerto Rican At11azon (Snyder et al. 1987). Pearly-eyed Thrashers, \vhose 
nestlings are heavily infected \Vith botflies. transport the botfly maggots 
\vith thetn as they tallow ne\V" roadcuts into the forest refuges of the 
Puerto Rican Anuzon. 

Similarly, parasitic blowtlics accidentally introduced into the Galapa
gos Islands in 1997 now infect most of the nests of Danvin 's \vell-knmvn 
finches. including the endangered Mangrove Finch (Fessl and Tebbich 
2002). The larvae teed on the blood of the nestlings at night and sorne
times burrow deep into their bodies, including their brains. On the is
land of Santa Cruz, the average little finch nestling had 23 maggots on it. 
One quarter of the nestlings surveyed were dying as a resu1t of the infec
tion. Death rates of finch juveniles also are rising. 

FIGURE 18-7 Life cycle of a common cestode parasite (Tatria hiremis) of grebes of 
the Northern Hemisphere. All but one of the 29 species in the family Amabiliidae are 
grebe specialists. Individual Black-necked Grebes (also known as the Eared Grebe), the 
definitive host shown here, carry an average of 2794 worms apiece. Worm eggs passed 
from the grebe's intestine are picked up by the intermediate host, a corixid bug, which 
the grebes later eat and complete the cycle. f From Storer 2000] 
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FIGURE 18-8 Frequencies of nest infection by blowflies. White bars represent 
colonial nesting species. Dark gray bars represent solitary nesting species. The Barn 
Swallow (light gray bar) nests both solitarily and colonially. [From Loye and Carroll 

1995] 

Local outbreaks of diseases, both bacterial and viraL occur regularly in 
bird populations worldwide and are now making headlines in the news 
as threats to hun1an health. too (Box 1 H-2). Smntner outbreaks of botu
lisnl kill hundreds and sometin1es thousands of\:vatetiowllocally each year. 
An outbreak of avian cholera killed 4000 seabirds. mostly connorants. in 
t\vo weeks in one seabird colony in South Atii.ca in January 2004. But 
these outbreaks are mostly tetnporary setbacks. 

Island bird populations are particularly vulnerable to disease because 
they lose their resistance to nuinland diseases. For example, lo\vland pop
ulations of the Hawaiian honeycreepers that survived the early deforesta
tion of the islands vvere destroyed by diseases. Captain Cook and his 
successors accidentally introduced mosquitos to the islands in the early 
1800s. The mosquitos carried bird pox ~md nularia. which elin1inated na
tive birds at low altitudes (Warner 1968: Olsen 1992). The potential spread 
of other diseases such as that caused by the West Nile virus (WNV). tor 
exan1ple, into sn1all and island populations of endangered species. includ
ing the endangered Hawaiian honeycreepers. is novv a n1ajor concern. 

The arrival of the West Nile arbovirus on the East Coast of the United 
States in the smruner of 1999 dre\v both pubbc and professional attention 
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AVIAN FLU 
The global success of mod
ern Euro-Caucasian soci
eties traces to the origins 

of agriculture and the domestication of animals 
thousands of years ago. New diseases transferred 
from domesticated livestock and poultry, how
ever, were one of the costs of the agricultural rev
olution (Diamond 1999). Smallpox. for example, 
came originally from swine. Now. animals carry 
and transmit 863 of the 1415 microbes that cause 
diseases in humans. Cats and dogs transmit 43 per
cent of those human-disease-causing microbes, 
livestock 39 percent. and rodents 23 percent. 
Birds transmit just 10 percent (Rosenwald 2006). 

Outbreaks of viral diseases occur regularly in 
bird populations. Arboviral and other mosquito
borne diseases, including West Nile, are just one 
category of them. Their levels of transmission to 
humans are typically low. 

Waterfowl carry many genetically distinct 
strains of avian influenza viruses, which are occa
sionally transmitted to domestic pou I try and hu
mans, sometimes with deadly results. The 
"Russian flu" spread from Central Asia to Russia, 
Europe, and North America in 1889-1990 and 
killed about 1 million people. The ''Spanish flu" 

of 1918-1919 killed at least 40 million people. 
Subsequent epidemics have been less deadly ow
ing in part to the widespread recent use of flu 
vaccines. 

Influenza viruses come in three primary 
forms. Bird flu is caused by the most virulent of 

the three forms. A deadly H5N 1 strain of avian 
flu emerged in the chicken farms of Asia, first in 
China and then in South Korea. It is spreading to 
wild bird populations as well as throughout the 
poultry industries of Asia, Europe, and Africa. 

The virus causes high levels of mortality in wild 
birds (Bird life International 2006). Between 5 and 
10 percent of the world population of the Bar
headed Goose perished in the outbreak at Lake 

Qinghai in China in the spring of 2005. The virus 
was also isolated from the Red-breasted Goose in 
Greece. Most of the world population of 88,000 
is confined to just five roosts in Romania and Bul
garia. both affected countries. 

What should be done-or not done? From a 
human health perspective, H5N 1 is not yet a ma
jor threat, pending critical mutations of the virus 
that would enable human-to-human transmis

sion. The mandatory destruction of domestic 
poultry has major economic and social costs. As 

to the wild birds themselves, the evidence for the 
role of wild birds spreading the disease remains 
weak. Illegal traffic of infected poultry is respon
sible for the rapid spread of the disease. Further, 
the World Health Organization, the Food and 
Agriculture Organization, and the World Organi
zation for Animal Health (OlE) agree that the con
trol of avian influenza in wild birds by culling is 
not feasible. They point out that attempts at 
culling would spread the virus more widely as sur
vivors disperse to new places and healthy birds 
become stressed and more prone to infection. 

to the potenti~1l consequences of diseases in n~1tive bird populations. The 
uncontrolled WNV spread across the country ti·om Nevv York to Cali
f(wnia in just five years. The Culex mosquitos that spread the disease feed 
primarily on birds in May and June. American Robins are one of their 
preferred sources of a blood meal in early summer. Heavy sununer rain
f.1lls caused major local increases in arboviruses transtnitted by burgeon
ing mosquito populations. Where the mosquito populations increased in 
the United States, the WNV hurt local populations of Atnerican CrO\VS, 
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FIGURE 18-9 Effect of West Nile virus (WNV) on a radio-tagged American Crow 
population in Illinois. The survival curve (dashed line) illustrates the loss of 31 of 39 
crows relative to WNV minimum infection rates (solid line) of mosquitos collected 
weekly at crow roost sites in east-central Illinois in 2002. [After Yaremych eta/. 2004] 

raptors such as Great Horned l)wls :md Red-tailed Hawks, and a variety 
of songbirds, including Black-capped Chickadees (Cat11·ey and Peterson 
2003: Banter and Hochachka 2003; Figure 18-9). 

Illinois was especially hard hit when the disease arrived in 2002. The 
WNV promptly killed 19 of 28 n1arkcd cro\VS in Champaign-Urbana 
(Yaremych et al. 20( 14). When the WNV tlrst reached Stillwater, Okb
honu, that same year. it killed at least 39 of 120 marked birds in a local 
study population of American Cnnvs (Catfrey et al. 2UU5). The follow
ing year, the WNV killed 51 (65 percent) of 78 rnarked cro\vs, includ
ing 82 percent of the juveniles. 

Such intense effects, ho\vever, tend to be local in nature. Widely dis
tributecL abundant species, such as cro\vs, rebuild local populations in a 
fe\v years by recruiting young crov.,.·s from other populations. With time 
also, resistant birds prevail by virtue of natural selection. 

One of the best documented exa1nples of the decline of a bird species 
caused by bacterial disease is that of the introduced and rapidly expanding 
population of House Finches in eastern North America, 1nentioned ear
lier in this chapter. A new infectious disease reversed their growth into ~1 

significant density-dependent decline (Hochachka and Dhondt 2000). The 
tlrst cases of conjunctivitis. caused by a novel strain of the poultry disease 
pathogen Afymplasma <{!(llliscptioml and manitest as conspicuous swellings 
of the eye, were reported trmn Washington, D.C., in the w·inter of 
1993-1 ()04. The pathogen typically kills an infected bird \Vi thin two to 
four weeks. Arrival of the disease in different places consistently causes 
the local House Finch populations to decline and to stabilize at J l<nver 
level (Figure 18-1 0). Also docun1ented by this study for the very first time 
w·as the geographical spread, or epizootic, of a novel strain of disease
causing bacteria in wild bird populations. 
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FIGURE 18-10 Effect of conjunctivitis eye disease on local House Finch populations. 
Changes in abundance of House Finches after the arrival of the disease are expressed 
as a percentage of the abundance that would be expected in the absence of this 
disease. Thick horizontal bands indicate median values; boxes span values from 25 to 
75 percent of the sample. [After Hochachl<a and Dhondt 2000] 

Regulation 
Population sizes are said to be regulated \vhenever birth rates, reproduc
tive success, or death rates vary \Vith population density. Mentioned ear
lier \Vere density-dependent clutch sizes and nun1ber of young that Great 
Tits fledge. We \Vi1l return to the population dynanlics of Great Tits later 
in this section. First, \Ve exatnine the ways in \vhich social forces mediate 
the availability of habitat and, therefore, local population size in densit;r
dependent ways. 

Social Forces 

Territorial behavior spaces individual birds according to the available re
sources. Con1petition for the best ten·itories can be intense and density 
dependent. The intensity of cmnpetition afiects the size of a territory that 
can be defended effectively and thus the number of birds that can nest in 
the available habitat. The spacing of territorial individual birds in primary 
habitat excludes some birds frmn the breeding population or forces them 
to occupy secondary habitats \Vhere nesting is less successful and the risk 
of mortality is greater. 

The occupation of available habitat has three stages (Figure 18-11). 
First, prinury habitat fills up. Then, unable to find vacancies in prin1ary 
habitat, surplus birds move to suboptinul habitat and wait for vacancies 
in better habitat. Finally, as subopti111al habitats are filled, renuining birds 
nu1st sin1ply \vait. usually as floaters, for vacancies in either habitat. De
fined as non territorial birds \vhose tnovetnents exceed those of tenitorial 
birds (Winker 1998), floaters live singly on hon1e ranges that overlap the 
breeding territories of established pairs. They also nuy form tlocks in 
areas that are not occupied by territorial breeders. In effect, floaters indi-



t----------Stages of settlement-----------! 

I 
I 

. . . . I . 
L1m1t 1n pnmary hab1tat 

® 

FIGURE 18-11 Stages of settlement in a local population of breeding birds. The first 
breeding birds to arrive in an area occupy primary habitat (stage 1 ). Birds unable to 
establish territories in primary habitat settle in secondary-or poorer-habitat (stage 
2). Floaters are birds unable to establish territories because they arrive after all the 
breeding habitat is filled (stage 3). Abbreviations: NF, number of floaters; Nsr, number 
breeding in primary habitat; Nsp. number breeding in secondary habitat. [After Brown 
7969] 

care that the size of the breeding population is lin1ited by the (saturated) 
habitat available. 

These stages are evident in the use by Great Tits of oak and then pine 
forests, as discussed earlier. The occupation by rnale Black-headed Gros
beaks of ten-itories differing in quality provides another example. This 
species exhibits delayed plurnage rnaturation. Young males have duller 
breeding plurnages than those of old rnales. Geot1iey Hill (1988) found 
that the breeding territories defended by 1nales varied in vegetation struc
ture and in the abundance of the grosbeaks· principal nest predators. West
ern Scrub Jays and Steller's Jays. Males that were three or more years old 
defended territories \Vith rnixed vegetation and tc\\" jays. These nuJes 
achieved the highest reproductive success. Yearling and two-year-old 
males settled on territories \Vith denser vegetation and 1nore jays. These 
males sutTered n1ore nest predation. An1ong these young rnales and irre
spective of their age, the n1ore brightly colored birds occupied territories 
of slightly better quality than did the dull-colored birds. Each year. the 
males shifted to better-quality territories that becune available. 

Large nmnbers of birds rnay be floaters by necessity. Nonterritorial 
t]oaters constitute about 50 percent of a popubtion of the Rufous
collared Sparrow (Figure 18-12) (Smith 1978). This tropical bunting, 
\vhich is closely related to the White-crowned SpatTO\V of North Anler
ica, defends territories and breeds throughout the year. Floaters, or tnenl
bers of the "undenvorld, '' live in \Veil-defined, s1nall home ranges. The 
ranges of young fetna]es are restricted to a single pair's territory, \vhereas 
the ranges of young males encmnpass trmn three to tour established ter
ritories. Males and females of the underworld \vith overlapping home 
ranges have well-detined., intrasexual dmninance hierarchies. The domi
nant birds of the appropriate sex till ne\v vacancies. Floaters quickly re
place established 111ales that disappear or that are experin1entally retnoved. 
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FIGURE 18-12 Rufous-collared Sparrow, a species with a well-developed 
"underground" of birds waiting for a breeding opportunity . 

The dynamics of control and attempted takeover oflimited territorial 
spaces are illustrated by Susan Smith's description of v,·hat happened when 
a territorial male Rufous-collared Sparrow (color banded RO) disappeared 
for nine days after capture and banding on August 10: 

Less than one hour after his capture , two banded underworld 
males were courting his mate, GY, but she actively chased both 
throughout the day. Also , at least four neighbor male owners 
invaded the territmy repeatedly and ·were driven out by GY. By 
August 15 one of these, YO, had fanned a stable pair with GY, 
and two other underworld males ... had established small 
territories at each end of YO's former territory. Both actively 
courted YO's tormer mate , RRO, \vho, unlike GY, readily 
associated '\Vith both. On August 17 I saw RRO copulating ' 'vith 
the one that sang rnore , RBO , and by August 18 they \vere 
established as a pair in her ten·itoty . Yet less than 24 hours later 
RO had returned and regained his territory and mate , and YO 
had reclaimed most of his old territaty with RBO. holding a 
small corner, forming a trio of one female (RRO) and two males 
(YO and R130). Five weeks later YO had regained all his 
territory, and RBO rejoined the underworld. fSmith 1978, 
p. 5771 

Social interactions bet\veen neighbors also govem the density-dependent 
regulation of Black-throated Blue Warblers on their breeding grounds in 
New England-specifically, the number of young that they fledge and 
the quality of those young (Sillett and Holmes 2004) . This smartly 
plumaged wood warbler winters in the Caribbean and summers in the 
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FIGURE 18-13 Density-dependent population regulation in the Black-throated Blue 
Warbler. Population trends are from plots at Hubbard Brook Experimental Forest in 
New Hampshire. (A) The number of adults was stable for 30 years with minor 
fluctuations about an average of I 0 per 10 hectares. (B) Population growth rate was 
negatively correlated with population density each year, causing decreases in abundance 
after years of high density and increases in abundance after years of low density. 
(C) Annual fecundity declined as the density of breeding adults increased on a 
64-hectare plot. Numbers next to the black circles are years. [From Rodenhouse eta/. 
2003] 

north woods of eastern North America. R.ecall that adults sutTer most of 
their annual mortality during Inigration bet\veen their seasonal residences 
(see Chapter 17). 

Density-dependent EKtors on the breeding grounds stabilized local 
populations ofl3lack-throared Blue Warblers (Figure 18-13A). How does 
this regulation \\·'ork? As population density of the warblers increased, in
dividual annual fecundity (number ofyoung fledged. average mass oftlcdg
lings) declined: so did the thL· annual growth rate of the population (Figun.:· 
18-13B and C). Females in denser populations also attempted fewer sec
ond broods. 

Conversely, the number ofyoung fledged and their quality, as well as 
the nmnber of second broods, increased at lo\v densities. The experimen
tal rernoval of neighbors cont"1n11ed this dynamic: the number of young 
fledged on the remaining territories increased (Rodenhouse et al. 2003; 
Figure 18-14). These density-dependent effects caused low population den
sities to rebound and high population densities to reduce themselves. 
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FIGURE 18-14 Black
throated Blue Warblers: 
Experimental removal of 
neighbors reduces density 
and increases fecundity 
(number of young fledged 
per territory). [From 
Rodenhouse et a/. 2003] 
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ble average of 10 adults per 10 hectares (see Figure 18-13A). 
The density-dependent changes in fecundity in Black-throated Blue 

Warblers stemmed fi-on1 increased cornpetition between neighbors breed
ing at high densities, particularly in years of low t()od avaibbility (Sillett 
et al. 2004). When the rernoval of neighbors reduced crowding, ten-ito
rialrnales spent less time fighting and ntore tin1e foraging for food. Their 
territory sizes increased and, consequently. so did the foraging area avail
able to thent. As a result, the parents were able to ieed their young more 
often. The heavier fledglings \Vere more likely to return the follo\ving 
year, increasing population density and perpetuating the process of 
density-dependent regulation. 

Great Tit Populations 

On1ithologists have n1onitored populations of the Great Tit in Holland 
since 1912 and in England, especially in Wythan1 Wood, near Oxford, 
since 1947. This species is quite sedentary and nests readily in boxes. es
pecially in managed \Voodlands \vhere natural cavities are scarce. Inspec
tion of the nest boxes yields accurate censuses of breeding pairs, clutch 
sizes, and young raised. Deciphering the dynamics of population regula
tion has been a primary goal of this research (Perrins 1979: McCleery and 
Pen-ins 1991). 

The rnain finding is that Great Tit populations are density dependent 
(Figure 18-1 5). The patterns of popu1ation regulation seen in the Great 
Tit have broad application to other birds. As a rule, bird populations seem 
to be li1nited by food scarcity during the nonbreeding season. 

Great Tit populations undergo substantial seasonal changes influenced 
by reproduction. mortality, and local Inigration. Each year, the popula
tion increases rapidly when the breeding adults produce t1edglings. This 
rapid population grovvth, htnvever, is short-lived. The heavy mortality of 
young birds and the loss of some adults then cause a steady decline. Al
though substantiaL the losses to Eurasian SpalTO\vha-vvks, IllL'ntioned in 
Chapter 17, have little final et1ect on the population as a \vhole (McCleery 
and Perrins 1991). 

The survival of both juvenile and adult Great Tits is density depend
ent. An average of only 22 percent of the juveniles survive their first year. 
R.ecoveries of banded birds throughout Britain showed that temales are 
less likely to survive in ;1 high-density-population year than in a low
density-population year. 

Most telling \Vere pioneering experi1nents by Hans Kluijver (1966) in 
a population on an isolated Dutch island in the North Sea. He removed 
60 percent of the eggs and nestlings in son1e years but not in other years. 
Both juvenile and adult survival doubled in the years when he ren1oved 
eggs and nestlings, ovving to decreased density and reduced cmnpetition 
arnong the ren1aining birds. Juvenile survival rose frmn ll to 20 percent 
and the survival of adults rose fi-mn 26 to 54 percent. Immigration and 
cn1igration did not atlect these experitncntal results, because migrations 
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FIGURE 18-15 Great Tit production, p, and survival to the winter in years with 
(A) high and (B) low breeding densities in a model population. Nesting in the spring 
adds many young birds to the population, but most of them die by winter. Averages of 
3.5 and 6 fledglings are produced per breeding pair, 28, in high- and low-density years, 
respectively. [After Klomp 19801 

did not occur on the tiny island. In other experitnents, the survival rate 
of juveniles in autumn and winter \Vas positively correlated with the per
centage of breeding birds removed in the sumn1er. 

Although annual variations in reproductive success, adult survival, and 
juvenile survival all potentially influence the density of the population 
during the breeding season. survival outside the breeding season actually 
controls population size the following year (Klon1p 1980). The survival 
of juveniles in particular is the key controlling variable. Winter toad sup
plies, especially the seeds of beech trees, control juvenile survival in both 
Oxford and Holland. Young Great Tits in Holland. for example, depend 
on beechnuts tl·om November to late February \Vhen other foods are 
scarce. Beechnut crops vary greatly fi·om year to year, and this essential 
reserve food supply is easily exhausted in poor crop years. 

The survival of juvenile Great Tits in a year of beechnut scarcity has 
a n1ajor efrect on recruitment levels the tollo\ving year and, hence, on 
population size. In one study on an island off the coast of Holland, local 
recruits averaged about 20 percent of the breeding population c~Kh year. 

ltecruitment also varies in relation to adult mortality over the winter 
(Van Balcn l 980; Figure 1 H-16). The recruitn1ent of young birds into 
the breeding population dropped when \Vinter food "\vas provided at bird 
feeders, starting in 19()(), decreasing adult mortality and. consequently. the 
number of vacancies available. Such observations dernonstrate once again 
that the density of established adults influences dispersal and recruitment 
patterns. 
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FIGURE 18-16 Composition of a population of Great Tits breeding on the island of 
Vlieland off the coast of Holland. Opportunities for immigration and the recruitment 
of Great Tits from other populations depend on the overvvinter mortality of the 

resident adults. [After Van Balen 1980] 

Dispersal itself increases with population density. In one well-studied 
case. young male Great Tits dispersed as little as 354 n1eters (median) in 
years of lo\v population density and as much as 1017 meters (median) in 
years of high population density (Greernvood et al. 1979). Young male 
Great Tits disperse further in populous years to find unoccupied territo
ries. which are scarce bec~mse so rnany established nules survive. Young 
that fledge late in the season usually disperse E1rther because young f1edged 
earlier in the season occupy the nearest territorial openings. 

Red Grouse Population Cycles 

Cmnplex rnixtures of density-dependent social behavior. parasite loads. 
and predation regulate the population cycles of the lted Grouse, a pop
ular and strongly n1anaged garne species of the moorlands of Scotland. 
''Red Grouse" is the long-used name tor this distinctive subspecies of the 



Willo\v Ptannigan. The populations of the Red Grouse undergo both 
long-tenn declines and short-tenn cycles (Thirgood et al. 2000). Most 
local populations of Red Grouse in Scotland have four- to eight-year 
cycles (Figure 1 S-17). Grouse numbers increase frmn lo\vs of 30 birds 
per square kilometer to highs of 120 birds per square kilometer. 

The population cycles of the Red Grouse partly relate to tood avail
ability and predation. Also contributing in a major way to the regulation 
of these cycles are an intestinal parasite (a nernatode wonn named Triclw
strongyhls tcuuis) and the intensity of aggressive social interactions. We will 
consider the worm t1 rst. 

The experimental cleansing of wonns trom local grouse populations 
through the application of a specif1c drug to 20 percent or more of the 
grouse in the population eliminates or sharply reduces the highs and lo\VS 
of the population cycle (Hudson et al. 1998). This wonn burrows into 
the soft walls of the intestinal ceca, causing local damage, internal bleed
ing, decreased absorption, and tnortality in the Red Grouse. I ntection lev
els of individual grouse can be severe: this worn1 was responsible for 
"grouse disease,'' which devastated the R.ed Grouse populations in the 
nineteenth century. The nematodes reduce the rate of ·weight gain in te
nules before incubation, as well as clutch size, hatching success, and chick 
survival. They also atTect ;tdult survival. Secondarily. the parasites may in
crease vulnerability to predation by reducing the ability of the grouse to 
control scent emission fi·on1 the intestinal ceca. Both hunting dogs and 
foxes use these odors to locate grouse. The efiects of the parasites on 
breeding production and survival are density dependent. The ctTects in
tensify with population density, ultitnately causing short-term popubtion 
declines. 

Social interactions-specit1cally, density-dependent territorial behavior 
and spacing-also govern the population cycles of I-z.ed Grouse. Early 
studies showed that the advantage of aggressive males increases with the 
density of grouse and causes an exodus of less aggressive birds. This ag
gressiveness leads to low recruitment and thus the do\vnturn of the cycle 
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FIGURE 18-17 Changes in (A) size of the breeding population (number of hens) and 
(B) breeding success (young per hen) of Red Grouse in one study area in Scotland. 
[From Hudson eta/. 7992] 
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FIGURE 18-18 Social forces driving the population cycle of the Red Grouse. The 
density of Red Grouse cocks holding breeding territories cycles from lows of 30 birds 
per square kilometer to more than 100 birds. The solid line shows the density of cocks 
in the spring. The decline at high population densities is due partly to the control of 
large territories by increasingly aggressive males, which reduces the recruitment of 
young, promotes emigration by less aggressive males, and the loss of vulnerable 
territorial males themselves. [After Watson and Moss 1980] 

(Figure 18-18). Franc;ois .'Vlougeot and his colleagues (2003) caused in
creasing populations to decline just by adding testosterone irnplants that 
increased the aggressiveness of tetTitorial males. Testosterone implants re
duced both ta11 n1ale density and the recruittnent of breeding males and 
fenules the tollo\ving spring by .SO percent. 

Long-Term Population Trends 
Established populations may be stable, like that of the Black-throated Blue 
Warblers in N e\v Harnpshire. Alternatively, they may gradual1y increase 
or decline over decades. Beyond the short-tenn cycles of their local pop
ulations, ntnnbers of fled Grouse have declined by 50 percent in the 
t\ventieth century o-vving to the loss of quality rnoorland habitat. The 
leaves of heathers are the prinury tood of this grouse. The grouse select 
nutritious leaves. and, in the spring. leaf quality afiects nutenul nutrition. 
egg quality, brood size, chick survival, and adult sum1ner survival. 

What happened? Increased grazing of sheep favored rough grassland 
instead of heather n1oorland, reducing the quality of both food and the 
cover that the grouse use to hide fron1 predators. The conversion of the 
rnoorlands into rough grasslands also tavored population increases of pip
its and voles. They, in turn, attracted n1ore predators-specitlcally, North
ern Harriers (also known as l--Ien Harriers). Increased predation by harriers, 
especially on grouse chicks in the sununer and young grouse in the full, 
increased tnortality rates. High densities of harriers suppressed local pop
ulation cycles of the Red Grouse. 

Standardized schen1es for n1onitoring the nun1bers of gan1e birds, such 
as the Red Grouse, guide decisions for n1anaging populations that can 



sustain annual hunting by sportsmL:n. The management ofvv·aterfowl pop
ulations is a major enterprise in this regard . Many species of North Amer
ican ducks declined severely in the early 1960s to lows of roughly 20 
million breeding pairs (Figure 18-19). The number of Northern Pintails 
alone dropped trom historical highs of Ill million pairs to record lows 
of 1.8 million pairs. Agencies in Canada, the United States, and Mexico 
then formulated the North American Waterfowl Management Plan 
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FIGURE 18-19 (A) Waterfowl populations in North America depend on wetlands, 
a habitat that is disappearing at the rate of 300 hectares or more per day. 
(B) Population fluctuations and long-term decline of North American duck populations 
from 1954 to 1993. Numbers expressed as millions of breeding pairs. [(A) Courtesy of 
A. Cruicl<shank/VIR£0. (B) From U.S. Fish and Wildlife Service 1993] 
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FIGURE 18-20 Audubon (A) 
Christmas Bird Count 
(A) Map of count circles, 
2000 in all. (B) Growth of 
cit izen scientist participation. 
[(A) and (B) From National 

Audubon Society 2002] 
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(NA WMP) , which set population-growth targets for each species, accom
panied by close regulation of annual harvests and close monitoring of an
nual nesting productivity. The stabilization , recovery, and rebuilding of 
the North American duck populations is well underway. 

Nationwide prob'Llms also monitor the long-term population trends 
of non-game-bird species in both North America and Europe. l3ased on 
the participation and expertise of large numbers of volunteer citizen sci
entists. the Audubon Christmas Bird Count (CBC). tor example, docu
ments the changing early-wimer distributions of North Amnican birds 
(Figure 18-20). The original 27 Christmas Bird Counts in 1900 tallied a 
total of 18,500 individual birds of 90 species in all the counts combined. 
Nov,·, 1110re than a centmy later, more than 60.000 volunteer birders tally 
nililions (70.000,00() in 2005: 193,000,000 in 2006) of individual birds of 
652 species north of Mexico and 1544 additional species internationally 
each winter, More than 2000 count circles engage dedicated compilers 
throughout North America and elsewhere throughout the \Vorld. The 
computetized data , available online (http:/ /www.audubon.org/bird/cbc/ 
index.html) . document population trends of North American bird species 
(Figure 18-21) . 

(A) 

~ 45 

"' ~ 30 
CJ 
a. 25 
v: 

"E 20 
:.0 
0 15 
~ 

10 CJ 
..0 

E 5 :;;, 
z 0 

1966 

(B) 

~ 0.6 
:;;, 
0 .c € 0.5 
ro 

~ 0.4 
CJ c. 

"' 0.3 "E 
:.0 
0 

Qj 
.0 0.1 E 
:;;, 
z 0 

1966 

70 74 78 

71 76 

Eastern Meadowlark 

82 

81 

86 
Year 

Merlin 

86 
Year 

90 94 98 2002 

91 96 2001 

561 
POPULATIONS 

Grassland birds 

Sa me 
Down 

FIGURE 18-21 
Computerized data from 
Christmas Bird Counts 
document (A) the decline of 
the Eastern Meadowlark, one 
of many grassland bird 
species in trouble, and 
(B) the growth of Merlin 
populations. I Photo, 
A. Morris/VIREO; graphs, 
from National Audubon 
Society 2002] 
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THE BREEDING BIRD SURVEY 
Complementing the Christ

mas Bird Count and based 

on a more formal proto

col of counting birds is the government-sponsored 
Breeding Bird Survey (BBS). It documents distri
butions and population trends of breeding bird 

species in June and July each year. Like the Christ
mas Bird Count, the BBS rei ies on the time given 

by thousands of skilled volunteer birders, or citi

zen scientists, and their early-morning efforts. 

Data produced by the BBS survey sounded the 

alarm on behalf of the Neotropical migrants un
dergoing broad-scale decline (Robbins et al. 

1989). The alarm, based on scientific trend analy
sis, rallied a conservation coalition of government 

agencies and nonprofit organizations under the 
umbrella alliance Partners in Flight. Modern non

game-bird conservation initiatives grew from this 

platform of broad-scale. coordinated participa

tion, striving to apply the lessons and successes 
of the North American Waterfowl Management 

plan to the future vitality of species such as the 
Cerulean Warbler and Henslow's Sparrow. Here is 
a brief summary of its history: 

During the 1960s, Chandler Robbins and 

his associates at the Migratory Bird 
Population Station (now the Patuxent 

Wildlife Research Center) in Laurel, 

Maryland, developed the concept of a 

continental monitoring program for all 

breeding birds. The roadside survey 

methodology was field tested during 

1965, and the North American Breeding 
Bird Survey (BBS) was formally launched 
in 1966 when approximately 600 surveys 

were conducted in the U.S. and Canada 
east of the Mississippi River. The survey 

spread to the Great Plains states and 

prairie provinces in 1967. By 1968, 

approximately 2000 routes were 
established across southern Canada and 

the contiguous 48 states. with more than 
1000 routes surveyed annually .... 

During the 1980s, the BBS expanded into 
the Yukon and Northwest Territories of 

canada, and Alaska. Today there are 

approximately 3700 active BBS routes 

across the continental U.S. and Canada, 
of which nearly 2900 are surveyed 

annually .... BBS data can be used to 
produce continental-scale relative 
abundance maps. When viewed at 

continental or regional scales, these maps 

provide a reasonably good indication of 

the relative abundances of species that 

are well sampled by the BBS. [From Sauer 
et al. 1997] 

The Breeding Bird Survey. sponsored by the U.S. goven1ment. has 
been tracking the trends of breeding species since 1960 (Sauer et al. 2005: 
Box 18-3). The population dynainics and trends of healthy bird popula
tions are not uniton11 over such large geographical areas as North Amer
ica. Instead, son1e local populations of a particular species increase \Vhile 
others elsewhere decline over the same time period. Trend data, there
fore, are best analyzed in regional and local segments. The resulting maps 
of the population trends of a species portray a topography of areas of in
crease, or sources, and areas of decrease, or sinks (Figure 18-22). 

Bird Population Trends As Bellwethers 

Biologists and politicians both recognize that birds are sensitive indicators 
of enviromnental health. Ever since the proverbial use of a canary in a 
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FIGURE 18-22 Geographical mosaic of population trends of the Blue-winged Warbler 
throughout its breeding range . Average annual changes in local populat ion density 
since 1960 correspond to shifts in the population and the loss of suitable old-field 
habitats. [From Sauer et a/. 2005] 

mine shaft, birds have served humanity as beU-...vethers of the state of the 
environment. Sensitive to toxic coal-mine gases, canaries would succumb 
long before such gases reached levels dangerous to miners , forewarning 
th em with ample tim e to get out of the mine. Outside the mine shaft, 
birds not only forage in vast numbers across the hemisphere, but their in
teractions as predators, prey . pollinarors. and seed dispersers make them 
pivotal players in ecosysten1 dynamics. As a result. bird populations be
come excellent indicators of biodiversity and barometers of ecosystem 
health (Box 18-4). 

The visible death s and reproductive t1ilures of raptors and songbirds 
alike in the 1950s sounded the alarm about the overuse of persistent 
organochloride pesticides, which were quietly taking their toll on human 
health as well. Accumulated pesticides. particularly DDT. not only kill 
birds directly but also interfere \Vith eggshell production and thus cause 
nesting [lilure (Risebrough 1986). Pesticide poisoning nearly extermi
I1ated Peregrine Falcons (see Figure 17-7) and Ospreys (see Figure 16-12) 

563 
POPULATIONS 



- !!OX18-4 

564 

GLOBAL WARMING AND SEABIRDS 

. ~··. ~aar~ir~s P~j~~a:i:~ec~o; 
global warming on the 

world oceans as well as the consequences of over
fishing. Species that live in the polar regions, both 
Arctic and Antarctic, are among the first to be 
challenged by the warming of the oceans. 
Seabirds of the North Sea had their worst breed
ing season on record in 2004. The reason? In
creases in water temperature due to global 
warming destroyed plankton populations at the 
base of the food chain and the small fish popu
lations that depend on plankton. Both seabirds 
and commercial fisheries at the top of the food 
chain lost their critical food supplies. 

Seabird populations in Antarctica are sensitive 
to the extent of the sea ice pack there, which is 

breaking up owing to global warming (Croxall et 
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al. 2002). Populations of the Emperor Penguin, 

for example, declined 50 percent from the mid-
1970s to 1982 (see the graph below). Global 
warming is breaking up the ice too early in the 
penguins' annual cycle and causing an increase in 
the mortality of molting adults and juveniles, with 
a special twist. After breeding. Emperor Penguins 
must haul themselves onto intact pack ice and 
stay put there while they molt for three to four 

weeks. Molting penguins die if they have to swim 
far in prematurely open water. 

Countering this mortality and helping to sta
bilize their populations is a positive effect of global 
warming. Open-water feeding areas, called 
polynyas, are larger and closer to the (winter) 

breeding colonies. Breeding success and adult sur
vival during this demanding period of the annual 
cycle are increasing as a result. 
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Size trend of the breeding population of Emperor Penguins at Pointe 
Geologie, Adelie Land, Antarctica, in relation to distance between the 
colony and the northern limit of the pack ice in winter. The greater this 
distance, the fewer the breeding pairs. [After Croxall eta/. 2002] 

in the eastern United States and Eurasian Sparrowhawks in Britain. To
gether, these raptors served as indicator species because, as predators at 
the top of the food ch~1in, they concentrate toxins in their bodies. 

Sitnilarly, the Bald Eagle, the national bird of the United States, be
came a national equivalent of the canary. Its population was in steep de-



cline. The reproduction of Bald Eagles in northwestem Ontario, for ex
ample. declined ti·01n an aver<lge of 1.26 young per nest in 1966 to a 
record low of 0.46 in 1974. Their reproduction increased to an average 
of 1.12 young per nest <lfter DDT \vas banned (Grier 1982: Figure 18-23). 

Paralleling the case of the Bald Eagles is that of the Brown Pelicm. 
one of the most tamiliar and abundant birds of the Gulf and West Coasts 
of North America (Figure 18-24). This species f:1ced extinction in the 
1960s because of widespn:ad reproductive f:lilure (Schreiber 1980b). 
Hydrocarbon pesticides in the marine toad webs of coastal Califc)rni<l , 
coastal Louisiana, and nearby Texas intetiered with the production of nor
mal eggshells, and the pelicans typically laid eggs with very thin or no 
shells. The ti·agile eggs wne easily broken under the weight of an incu
bating parent. The lack of reproduction in Drown Pelicans in Calitornia, 
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FIGURE 18-23 Return of the Bald Eagle. (A) Reproduction in Bald Eagles (solid line) 
improved aher the use of the pesticide DDT (arrow) was banned . The ban resulted in 
a drop in chemical residues (DOE) in eggs (triangles). Dashed lines represent weighted 
mean concentrations of ODE before and after the ban. (B) Population recovery of Bald 
Eagles in Wisconsin based on Christmas Bird Count data. [(A) From Grier 1982, 
copyright 1981 hy the AAAS. (B) Grapl1 from National Auduhon Society 2002; photo, 
T. Vezo/VIREO] 
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FIGURE 18-24 The Brown 
Pelican underwent reduced 
reproduction and severe 
population declines owing to 
the thinning of eggshells by 
DDT. The pelican 
populations are now 
increasing on both the East 
and the West Coasts of 
North America. 
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where eggshell thinning \vas most severe, and the alarming disappearance 
of pelicans fi·om Louisiana and Texas, placed this bird on the endangered 
species list in 1973. 

In each case, especially the high-profile plight of the Bald Eagle, con
servationists identitled the cHtse of the problems with bird populations. 
Governments banned the pesticides that were responsible . and users tram 
hmne owners to f.1rmers rc·stricted their applications of the toxins. Under 
close scrutiny , R1ld Eagles. Ospreys, Peregrine Falcons. and Brown Pel
icans recovered. No longer endangered, Brown Pelion populations are 
now expanding rapidly in C alitornia and on both the Gulf and the At
lantic coasts. Bald Eagles are now quite common in most of their origi
nal range. 

Population Crashes and Bottlenecks 

The conservation fi1ture of a population depends in part on its size and 
its genetic structure. Small populations have less genetic diversity than do 
large populations. Severe declines in population size, often called popu
lation '' crashes," reduce genL·tic vari:1bility and increase inbreeding among 



the survivors. Students of population genetics refer to these temporary re
ductions in population size and reduced genetic diversity as ''bottlenecks.'' 

The survivors that rernain after a population crash are subject to in
creased inbreeding, and its negative efiects can limit recovery. The f1il
ure of eggs to hatch is one of the predictable negative et1ects of inbreeding. 
due to the effect of deleterious genes on embryologic1l development. 
Hatching £1ihn·e of 10 percent is the norm for outbred species. Higher 
failure rates indicate problen1s (Briskie and Mackintosh 2004). For exam
ple, half of the eggs of the endangered Kakapo, a flightless parrot. in New 
Zealand t1il to hatch. Many other bird species of Ne\v Zealand have un
dergone severe population bottlenecks, either fi·om historical t'ndanger
ment or fi·om the small numbers of birds of exotic species introduced onto 
the islands. A broad comparative survey of these species revealed that 
hatching failure increased \Vith the severity of the population bottlenecks 
in both native and introduced species (Figure 18-25). Hatching £1ilurc 
increased in both groups when the bottleneck population sizes fell below 
150 birds. 

Population crashes of Song SpaJTO\VS studied on Mandarte Island otT 
the coast of British Columbia f~wored individual birds with little past in
breeding in their pedigrees. This color-nurked population crashed se
verely in 1979-1980 and again in 1988-1989 O\Ving to severe winter 
weather (Keller et al. 1994). Eighteen percent ( 18 n1ales, 9 tenules)) 
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FIGURE 18-25 Hatching failure rates increase with the severity of bottlenecks in bird 
populations in New Zealand. (A) Hatching failure in native species, many of which are 
endangered or recovering from endangerment. The smaller the population bottleneck, 
the greater the hatching failure. (B) Hatching failure rates of species introduced in 
small to modest numbers. The hatching failure rates are expressed as the difference 
between the rate observed in the population after it was introduced to New Zealand 
and the hatching failure rate observed in the population that was the source of the 
introduced birds. The smaller the number of introduced birds, the greater the 
difference in hatching failure in comparison with the source population. [After Brisl<ie 
and Macl<intosh 2004) 
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FIGURE 18-26 Changes in size of the population (line with squares) affect the 
average level of inbreeding (calculated genetic relationship to its grandparents) that 
prevails in a population of Song Sparrows on Mandarte Island in British Columbia. 
Levels of inbreeding (line with circles) increase during periods of population growth 
and the retention of multiple generations in the population. Population crashes, as in 
1979-1980 and 1988-1989, culled the most highly inbred sparrows from the population, 
sharply reducing the average inbreeding coefficient. [From Keller eta/. 1994] 

survived the 1979 crash, and 11% (7 tnales, 4 fenules) survived the 1988 
crash. The survivors had a significantly lower average inbreeding coefli
cient than did the population before the crash (Figure 18-26). This re
sult is a rare dernonstration that inbreeding can depress survival through 
an envirom11ental challenge. 

Island populations in particular tend to be small and to have lo\ver ge
netic variability than is typical of related species on the nuinland. Origi
nally, the Mauritius KestreL found only on the same island as that of the 
fabled Dodo, exhibited about two-thirds of the genetic heterozygosity 
found in n1ainland kestrels (Groornbridge et al. 2000). Then. from 1940 
to 1960, pesticides extenninated most of this island kestrel population, re
ducing it to fe\ver than 5U birds and, in the end, to just one breeding 
pair. The population crash reduced allelic diversity by 55 percent (fi:om 
3.1 to 1.4 alleles per locus) and genetic heterozygosity by 57 percent (from 
0.23 to 0.1 0). Conservation etiorts rebuilt the population to 200 pairs 
tl-om just one breeding pair. This replacetnent population is increasing in 
genetic variability by accumulating ne\v tnutations at a rate predicted for 
such a snull population. 

Summary 
Bird populations range in size fi·om hundreds of n1illions of birds to just 
a handfltl of survivors. In general, population sizes tluctuate dynamically 
fi·om year to year as a result of changes in breeding success and mortality. 



The growth of a population in a new environment usually follo\vs a pat
ten1 of a slow initial rate of increase, tollo\ved by accelerated growth rates, 
and finally, a decline in growth rates in response to f:1ctors that lo\:ver re
production and surviv~11. Established populations tend to stay close to a 
long-range average size. 

Habitat loss and pesticide poisoning of the t()od chain severely atTect 
son1e populations. Some bird species, especially those that require cleared 
or shrubby habitats, bcnet1t fi·orn hmnan expansion. Major ecological 
torces-habitat. food, climate, predation, and disease-set upper limits on 
population growth. Diseases and parasites probably play a more substan
tial role in limiting bird populations than has been understood until re
cently. At high densities, social forces and density-dependent changes in 
fecundity or survival regulate populations about an average size. Surplus 
birds of territorial species stay in the background as ·'floaters'' \Vhile they 
wait tor an opening. Population sizes depend on the balance between rates 
of dispersal and recruitment. which, in turn, are often density dependent. 
Detailed studies of Great Tit populations in Holland and England and of 
Black-throated Blue Warblers in Ne\v Hampshire illustrate the nature of 
density-dependent regulation of population size. 

Extrinsic forces, such as numbers of vole prey, drive cyclic changes in 
population size in scnne species such as owls. In gan1e birds, such as ptanni
gan of the tundra, density-dependent aggression and parasite intections 
drive these cycles. Long-tern1 declines correspond to changes in habitat 
and increased predation. Long-tenn trends in bird populations. docu
Inented especially by large nlllnbers of citizen scientists, serve as bell
\Vethers of the quality of the enviromnent as well as changes in climate. 

This chapter started with the point that bird populations are dynamic, 
fluctuating in size tl-om large to stnall and back to large again. Population 
sizes may change dramatically in size over periods of several years, owing 
to annual variations in survival and fecundity. In general, most local pop
ulations probably undergo periods of srnall size. Smne rebound. others 
become extinct. Such periodic bottlenecks reduce genetic variability in 
local populations and, n1ore importantly. provide the principal theaters 
tor evolutionary change and speciation, the topic of the next chapter. 
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Species 
The or(~in and nature (~{species remains utterly mysterious. 

[Bateson I Y22, p. SS] 

T he first bird species of the Mesozoic era 150 million years 
ago diversified n1any tirnes. I~epeated speciation-the sepa
ration of one species into nvo or n1ore derived species

tnultiplied their nun1bcrs and enriched the biodiversity on Earth. 
The process of speciation is no longer 1nysterious. New species of birds 

evolve through sexual selection and ecological adaptation in isolated pop
ulations. The process of speciation starts \Vith visu~~l or vocal differences 
based on minor genetic changes or, smnetirnes. cultural experience. Con
tinued genetic divergence leads to reproductive incmnpatibility. Unlike 
insects, however. birds retain their reproductive cornpatibility long after 
they achieve behavior~1l isolation. 

This chapter begins \Vith an introduction to species concepts and how 
birds speciate, a topic initiated in Chapter 3. Then follovv the patterns of 
geographical variation and genetic structure of bird populations, includ
ing clinal variation-gradients of changing character states such as dark
ening feather color-and exarnples of genetic ditrerences bet\veen local 
populations. Cases of hybridization tlgure prmninently in studies of avian 
speciation in part because they provide tests of reproductive compatibil
ity. In addition, the details of hybridization help to reveal the social and 
genetic architectures of species ditrerences. The final section of the chap
ter sununarizes the behavioral aspects of speciation tr01n itnprinting to so
cial and sexual selection. Stud.ies of Darwin's tinches on the GaL1pagos 
Islands capture some of our best perspectives and insights into the process 
of speciation in birds. 

What Is a Species? 
Species are the prin1ary units tor describing <md analyzing biological 
diversiry. Each species has a characteristic size, shape, color, behavior, 
ecological niche, and gL'ographical range. 
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ing kno\vledge. In the early stages of avian taxonomy, ornithologists de
scribed slightly diftercnt populations as distinct species. Knowledge of 
geographical variation was lirnited then. Son1eti1nes, our predecessors clas
sitled dit1erent1y plumaged sexes or age classes as di±Ierent species. As a 
result. the number of kno\-vn species dim bed to about 19,000 in the early 
1900s. 

Combining, or "lumping," species on the initial lists followed, as an 
understanding of age, sex, and geographical variations increased. Many 
so-called species \Vere recbssified instead as distinct populations, or "sub
species." Adding to the mergers of species on the initial lists \vas the adop
tion in the 1 940s of a broader species concept-the polytypic species 
concept, -vvhich allo-vvs a species to contain two or more variant forms. It 
en1braced the potential reproductive cmnpatibility of variable populations. 
Changing practices in the first half of the twentieth century reduced the 
number of species that were oft1cially recognized to 8600 (Mayr and 
Arnadon 1951). More recently, the taxonmnic pendulum started to swing 
back to a 1niddle position with the recognition of n1ore distinct, isolated 
populations as species. Current lists of the birds of the world recognize 
about 10,000 species (Dickinson 2003; Gill and Wright 2006). 

Ho\v best to detine species as the ftlndainental units ofbiology has been 
the topic of a perennial debate that dates to Danvin himself (Zink 1996; 
Avise and WolJenberg 1997). Cornpeting species concepts range from the 
practical to the philosophical (O'Hara 1993). The Phylogenetic Species 
Concept. which is attracting practitioners, is described later in this chap
ter. However, the species concept that prevails generally and in this text
book is the Biological Species Concept, or BSC (Mayr 1970; Coyne and 
Orr 2004). So defined, "Species are groups of ti-e ely interbreeding natural 
populations that are reproductively isolated tl·om other such groups." 

The reproductive compatibility of individual organis1ns-ranging ±1-om 
tnate choice to the viability and fertility of offspring-serves as the ulti
rnate criterion for inclusion in a biological species. Sexual reproduction 
links rnales, fen1ales. and their oftspring into cohesive populations, some
tirnes in surprising ways (Box 19-1). Mating of like individuals with each 
other, called assortative mating, isolates some sets of those cohesive pop
ulations fi·orn other sets of sirnilarly cohesive populations. Thus, White
cro-vvned Sparro\vs nute with each other, but they do not interbreed with 
Song Sparrows that nest nearby. American White Ibises mate with each 
other, but they do not interbreed with the Glossy Ibises that nest in the 
san1e colon ics. 

Assortative Inating may go unrecognized. Until l965, for example, 
ornithologists recognized just one species of large black-and-white grebe 
(genus Archmophorus) of western North An1erica. called the Western Grebe 
(see Figure 3-16B). This grebe, \vhich is best kno-vvn tor its elaborate 
''rushing'' courtship display. has t\VO color f(xms. The light-phase bird has 
a pale back and an orange ycllo\v bill and is \vhite above its ruby red eyes, 
\vhereas the dark-phase bird has a yello\V green bill, with black extend
ing below the red eyes. 



·-

POPULATION COHESION OF CUCI<OOS 
Separate populations of 
Common Cuckoos, a spe
cialized brood parasite 

(see Figure 13-5), seem to defy the concept of 
reproductive cohesion. Recall that females of the 
brood-parasitic Common Cuckoos sort into sets 
of individual birds that lay different-color eggs. 

Their eggs mimic the eggs of their specific hosts. 
Sets of females that lay similar eggs are called 
gentes. Are the gentes different species even 
though females are not distinct in other ways? 
What about the males? 

sex chromosomes (Gibbs et al. 2000). Females 
segregate into genetically distinct sets of birds 
that carry the same (gente) genes for egg color. 
These genes are located on the W sex chromo
some. Recall that females have one Wand one 

Z sex chromosome. 

The solution to this puzzle is found in the 

Males have two z sex chromosomes and are 
not genetically subdivided into matching gentes. 
They also do not discriminate among females 
from different gentes. Instead, they interbreed 
nand iscri mi nately with these host-specific fe
males. Thus, the males provide the genetic cohe
sion of just one species. 

While studying the courtship behavior of these handson1e \Vater birds. 
R .. obert Storer (1965) tallied the c01npositions of rnated pairs in northern 
Utah and discovered that light-phase grebes paired preferentially with each 
other. So did dark-phase birds. Censuses of large grebe populations in 
Utah, Oregon, and California proved that rnixed pairs of light-phase and 
dark-phase grebes are rare. constituting less than 3 percent of all pairs. 
Subsequent study revealed ditTerences in their advertising call, \vhich they 
use to locate their mates, plus ditTerenccs in foraging behavior. size, and 
DNA (Storer and Nuechterlein 1992). 

The discovery of assortative rnating indicated reproductive isolation 
bet\~'een coexisting, or syn1patric, populations. Consequently. the light 
and dark color phases are no\v dubbed separate species. called Clark's 
Grebes and Western Grebes, respectively. 

No accepted or specific genetic distances currently define species of 
birds. hnagine, however, being able to identifY any species of bird tron1 
a short, standardized DNA sequence that might be ernbossed as <l nlicro
dot on a n1useum label or readily available fron1 a feather. This vision of 
a DNA bar n1ay be as possible as it is <lnlbitious, prescribing bar codes 
not just for birds but also for all organisrns (Marshall 2005). 

A successfi.tl pilot test on birds breathes life into the concept (Hebert 
et al. 2004). DNA sequences of the tnitochondrial DNA gene encoding 
cytochrOine c oxidase I (COl) clearly distinguished 260 species of North 
American birds (Figure 19-1 ). Closely related species in the san1e genus 
averaged 7.9 percent divergence of these sequences, cmnpared \Vith an 
average of 0.4 percent for diHerent individual birds of the satne species. 
With just a few exceptions. differences an1ong species exceeded 1.25 per
cent. Unusually low divergences characterized the Herring Gull and its 
close relatives, Vv'hich speciated in the past 10,000 years, as \Veil as species 
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FIGURE 19-1 The 
mitochondrial gene CO 1 

reliably distinguishes 
currently recognized bird 
species from one another. 
Genetic divergences averaged 
0.4 percent within species, 
compared with 7.9 percent 
between species within 
various genera. Species in 
different families averaged 
12.7 percent with much 
variation. The results are 
based on pair-by-pair 
comparisons of the 
nucleotide-sequence 
differences found in 437 
North American bird species. 
[After Hebert et a/. 2004] 
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of oystercatchers, crows (A1nerican con1pared with Northwestern), and 
t\vo ducks (Mallard compared ·with An1erican Black Duck). 

In addition to suggesting that one gene could serve as a systematic bar 
code for birds, this pilot survey revealed surprisingly deep genetic differ
ences ·within four species: Eastern Meadowlark, Warbling Vireo, l'v1arsh 
Wren, and Solitary Sandpiper. Each of the tl.rst three species is kno-vvn to 
c01nprise n.vo populations that n1ight merit recognition as distinct species. 
A hidden, potentially new species of Solitary Sandpiper. however, en1erges 
as a con1plete surprise. 



Allopatric Speciation 
Most species ofbirds evolve in geographical isolation. called allopatry. un
der conditions of minimal gene exchange with sister popuhtions (Figure 
1 9-2). The allopatric speciation model explains the origin of most species 
of birds. Comparisons of the dit1erent mockingbirds isolated on dit1erent 
Galapagos islands, t(Jr example, led Darwin to tonnulate his insights about 
the origin of species and the importance of geographical isolation. Iso
lated islands of habitats on continents set a sitnilar stage t(Jr speci;ltion of 
the bird populations that occupy them. 

Sister populations separated and isolated in geographical space diverge 
fi-om each other. Sometimes, divergence is slow and, sometitnes, it is rapid. 
Conspicuous patterns of geographical variation among populations are a 
result of this divergenct'. 

One-third of the species of North Atnerican birds sho\V conspicuous 
geographical variation among distinct regional populations, or subspecies. 
The 51 described subspecies of Song Sparro·ws. tor example, range from 
sooty in the Pacific Northwest to pale bro\vn in the deserts of Califon1ia 
and from medium-sized in ()hio to large, thrush-sized birds in the Aleu
tian Islands. Geographical variation can evolve. sometimes rapidly, be
cause different environments fi1vor ditTerent attributes (Parker 1987). The 
crests of Steller's Jays in the western United States vary in length in rda
tion to the openness of the vegetation in their habitats and to their effec
tiveness as social signals (sec Figure 11-1 0). The ditierent bill dimensions 
of Fox Sparrows in the western United States correspond to ditTerences 
in their diets (Zink 1086: Figure 1 tJ-3). Geographical ditfnenccs in size 
or color may be due dirL·ctly to environmental ditTerences rather than 
evolved genetic diHerenccs among populations (Box 19-2). 

Divergence may be a random process, it nuy tallow adaptation to 
ditTerent habitats, or it may result tl-mn sexual selection. The enhance
ment of plmnage ornamentation. size, and song traits through sexual 

Single species 

A 

Two subspecies 
A' 

Two species 
A' 

Geographical 
barrier 

A" 
Divergence 

B 
Removal of 
barrier 

Time~ 

Reproductive isolation 
and coexistence 
~------------- ~ u 

cu 

~-------------& 

Sympatry 

FIGURE 19-2 Geographical speciation proceeds through the divergence of 
populations in space and time. Letters designate genetically discrete populations. The 
separation of a population facilitates genetic divergence (A yields A' and A"). The 
reproductive incompatibility of populations (A' and B) can result from sustained 
isolation. A reversal of geographical isolation and range expansions can lead to 
coexistence as separate species. 
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FIGURE 19-3 Geographical 
variation in the Fox Sparrow. 
The bill dimensions of local 
populations diverge as the 
sparrows adapt to the food 
in local environments. These 
populations also differ in 
body coloration. [After Zinl< 
1986] 
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CHARACTER HERITABILill' 
We tend to assume that 
size and color variation are 
genetically controlled and 

that they are not directly affected by the environ

ment. This assumption is reasonable, but it is not 
certain. 

In her pioneering study, Frances james (1983) 
demonstrated the effects of local environments 
on size features of Red-winged Blackbirds. Both 
their bill shapes and their wing lengths vary geo
graphically. Some of this variation can be attrib
uted directly to the environment. 

When james transplanted eggs from the nests 
of one population to nests of another morpho
logically distinct population, the dimensions of 
fostered chicks grew to resemble those of their 
foster parents. Red-winged Blackbirds trans
planted from the Everglades to Tallahassee, 
Florida, grew shorter, thicker bills, similar to those 
of the Red-wings in Tallahassee. Red-wings from 

Colorado transplanted to Minnesota developed 
longer wings and toes (see illustration). Thus, 

these young acquired some of the attributes of 
the host population. The incompleteness of mor
phological shifts by transplanted birds, however, 

revealed a significant degree of genetic control or 
heritability. 

The heritability, H, of a character is the pro
portion of total observed variability that is con
trolled by the genes rather than by the 
environment. From one-half to most of the size 
variation observed in bird species has a genetic 
basis. Body masses of chickens are moderately 
heritable (H = 0.53). In contrast, feathering traits. 

breast angle, body depth, keel length, and shank 
pigmentation have lower heritabilities: H = 
0.25-0.40 (Kinney 1969). Studies of character 
heritability in wild birds. often difficult exercises 
in quantitative genetics, indicate moderate to 
high heritabilities: 0.43 to 0. 95 (Boag and Noord
wijk 1987). Such heritabilities expose characters 

to long-term genetic change by natural selection 
and to short-term environmental modifications 
(because H is less than 1.0). 

Colorado transplanted 
to Minnesota 

Colorado controls 

Colorado normals 

~~ Minnesota controls 

• - ---o- Minnesota normals 

-1.74 -1.78 -1.82 -1.86 -1.90 -1.94 -1.98 

Longer wing length-tarsus and toe-tarsus ~ 

Environmental influence on the dimensions of nestling Red-winged Blackbirds. 
When transplanted to nests in Minnesota, eggs from nests in Colorado yielded 
nestlings that were shaped more like Red-wings in Minnesota than were the 
controls in Colorado. Nestling shape is here defined in terms of a discriminant 
function that relates wing length to size of the legs and feet. [From James 19831 

selection is especially important to the early divergences of sister popu
lations (Price 1096). ThL· divergence of ornaments or song then leads to 
reproductive isolation through assortative mating. Continued divergence 
leads to genetic incompatibility that reduces the viability or fertility of 
hybrid oti~pring. 

577 



578 

CHAPTER NINETEEN The interactions of divergent sister taxa-if and when they come back 
into contact, called secondary contact-test their reproductive, ecologi
cal, and behavioral compatibility. Species in secondary contact encounter 
ne\v opportunities to nute with dissimilar birds. They 1nay coexist vvith
out interbreeding but compete for quality territories. Of particular rele
vance to the speciation process, hybridization nuy be limited at first in 
its trequcncy of occurrence or the species tnay practice strict assortative 
n1ating that leads to reproductive isolation and. thus, conformity to the 
det1nition of biological species. 

Alternatively, divergent taxa in secondary contact might hybridize and 
blend ·with each other. depending on the extent of the their divergence. 
Quite possibly. hybridization is responsible for the modern characteris
tics of some n1odern bird species. The Gilded Flicker of the southwest
ern United States. for example, may be of hybrid origin (Short 1965). 
Son1e local populations of towhees in .l\1exico consist only of hybrids 
with characteristics of both the Spotted To\vhee and the Collared 
Towhee (Greenlaw 1996). 

Darwin's Finches 

Peter and R .. osetnaty Grant (1997) and their colleagues studied the details of 
the process of speciation by Darwin's finches tor n1ore than 30 years. Their 
findings helped to det1ne the rules of the speciation process (Box 19-3). 

-"1JOX 19-3 ~-----------------------

SEVEN RULES OF SPECIATION IN BIRDS 
Seven primary rules sum
marize the essential fea
tures of the speciation 

process in birds (After Grant and Grant 1996): 

1. Speciation starts with divergence in geograph
ical isolation. or allopatry. 

2. Divergence in allopatry through ecological 
adaptation or sexual selection precedes sympatry 
(coexistence in overlapping geographical areas 
without interbreeding). 

3. Premating isolating mechanisms evolve in al
lopatry before postmating isolating mechanisms 
evolve in either allopatry or sympatry. 

4. Premating mechanisms include the effects of 
learning and cultural processes such as sexual im
printing. 

5. Postzygotic incompatibilities arise first in fe
males (the sex with two different sex chromo
somes), in accord with Haldane's rule. (Haldane's 
rule says that both male and female hybrids may 
be sterile, but the sex with two different sex chro
mosomes-male fruit flies and mammals. female 
birds-tends to be sterile more often than the sex 
with two of the same sex chromosomes.) 

6. Genetic mechanisms differ for the control of 
premating mechanisms (additive polygenes) and 
for the control of postmating mechanisms (non

additive effects of dominance and epistasis, which 
is an interaction between nonallelic genes. espe
cially one in which one gene suppresses the ex
pression of another). 

7. Divergent bird species retain genetic compati
bility and the potential for viable F1 (first gener
ation) hybrids longer than do mammals and for 
millions of years after speciation. 



They concluded that the multiplication of species of Darwin's tlnches. 
15 total, follo\ved three basic steps, repeated over and over again (Fig
ure 1 9-4). First was the original colonization of the Galapagos Isl;nH.is by 
the ancestor fron1 mainland South A1nerica, probably a grassquit of the 
genus Tim·is (Sa to et al. 2001). Second was the colonization of other is
lands by dispersal from the first isbnd. Speciation of these finches took 
place when small colonizing founder populations undenvent rapid but 
si1nple genetic changes followed by population grow·th and adaptive di
vergence. Third, derived and divergent populations recolonized the orig
inal. or "first," islands. Secondary contact and coexistence with their sister 
populations or species completed the speciation process. Sorne of Dar
\Vin 's finches now have rnoderately large populations on several islands 
united by gene flo\v. 

Hybridization, though rare, occurs between s01ne pairings of all six 
species of ground finches as well as with other Darwin finches-namely, 
the tree finches and cactus finches. First-generation (F 1) hybrids are 
viable and ttTtile. as are later backcross hybrids. The current species re
tain substantial genetic compatibility with little sign of posttnating isolat
ing mechanisms. These mechanisms will develop slowly as a result of 
continued divergence of species that are effectively isolated reproductively 
by their species-recognition behavior (see page 599). 
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FIGURE 19-4 A model of allopatric speciation in Darwin's finches of the Galapagos 
Islands. First, their mainland ancestor, a grassquit, colonized one of the islands (step 
1 ). Its descendants dispersed and colonized additional islands (step 2), starting new 
isolated populations that diverged from one another. In the final step (3), members of 
a divergent population established themselves on the original island and coexisted 
there-in sympatry-without interbreeding with the descendants of a parent 
population. [After Grant and Grant 1997] 
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CHAPTER NINETEEN Geographical Isolation on Continents 

The isolation of bird populations on ren1ote oceanic islands is easy to en
vision. Isolation on the mainland is less so. In overview, changing cli
nlates and their etTects on habitats isolate bird populations on continental 
landKapes. For example, wet-dry cycles t]·agrnentcd the habitats and iso
lated bird populations trom one another in Australia, Africa, and South 
Arnerica (see Figure 3-2). Fractured sets of sister populations. or vicari
ants, then evolve into different species. 

The history of the modern Australian birds featured 10 specific trac
tures (Figure 19-5). An1ong them was a major separation of the birds of 
the northern and eastern part of the continent from the birds of the cen
tral and southern regions. The birds that occupied wet habitats on the 
southern edge of Australia also split t]·mn those of the central arid region. 
Later, the birds of the central arid region and the birds of the southen1 
n1oist region split again. The deterioration of climates during the Pleis-

E. australis= Eastern Yellow Robin (areas 5a and 3) 
E. g. griseogularis and f. g. rositJae =Western Yellow Robin (areas 7 and Sb) 
E. georgiana= White-breasted Robin (dotted area at bottom left) 
T. c. nana and T. c. capita= Pale-yellow Robin (areas 3a and 3b) 
T. I. leucops and T. I. albigularis =White-faced Robin (areas 9 and 1) 

FIGURE 19-5 Fragmentation of Australian habitats was responsible for the 
geographical speciation patterns on that continent. (A) Ten primary ecological barriers 
(A-J) separate the geographical regions of endemism (areas of restricted distribution) 
of Australian birds (1-1 0). (B) Distributions of Australian robins (Eopsaltria and 
Trege/lasia) in relation ro the major areas of endemism of Australian birds. The eastern 
coast is enlarged at the right so as to show the different distributions of the two 
species found together there. [From Cracraft 1982a] 



tocene epoch caused the birds of thL· t\vo northern regions to split re
peatedly at ditTerent sites. Sister taxa diverged \Vith these separations, pro
ducing. tor example, the current assemblage of species and subspecies of 
Australasian robins. These sister taxa came back into contact when their 
ranges expanded during t~1vorable cli1natic periods. 

DNA comparisons can help to dctlne hovv long ago popubtions v ... ·ae 
separated. Ccnerally speaking, species exhibit nuck·otidc divergences 
in roughly 2 to H percent of their mitochondrial DNA (tntDNA). Uird 
species in tropical South America exhibit more genetic divergence than 
do temperate-zone species (Capparella 1991 ). On the basis of the critical 
assumption that DNA diverges at a rate of roughly 2 percent each rnillion 
years, many species originated in the Pliocene (3.5 to 7 mya) and sonw are 
older still (Klicka and Zink 1997; F. 13. Gill et al. 2005). 

Winter Wrens, tor another example, underwent repeated fi·agrnenta
tion, or vicariant events. of their populations throughout the Northern 
Hemisphere dating to the Miocene (Drovetski et al. 2004; sec the gl'o
logic time scale in Table 2-1). This widespread tiny songbird is f(1und 
throughout northern North America and Eurasia. Slight ditll.Tences in 
plumage color~ltions of ditTerent population<> contributed to the descrip
tion of as 11 Lmy as --1-3 su bspccies (Hejls et al. 2()U2). Analysis of their 
mtDNA (~\lD2) revealed the nuin teatures of their evolutionary history 
that were not evident trom external comparisons. 

The expansion of Winter Wrens started fi·om their original popula
tions in North America. They spread \Videly throughout the Northern 
Hemisphere roughly 13 million years ago in the middle Miocene (Drover
ski et al. 2004). Much later, the glaciations of the early to mid-Pleistocene 
split the wren populations sequentially into six evolutionarily significant 
units with species-level genetic divergences (3 to H.8 percent). 

Pleistocene climate changes played a major role in defining rnodcrn 
birds of the northern continents. Through numerous extinctions, the gla
ciers pruned the species assemblages that had prospered in the gentler 
preceding clinutcs of the Tertiary. Losses accrued \Vith the habitat t]·;1g
tnentation that was a regular consequence of the repeated advances and 
retreats of the glaciers. Those bird populations that survived the effects of 
changing climates on major habitats shrank in size and beccune fl·agtnented 
in their distribution. WhL·n the glaciers retreated, the bird populations fol
lowed ~md l'ngaged in new contl-ontations with one another. 

In some cases, postgbcial expansions of populations throughout the 
northern United States and Canada have been too recent to ;dlow 'iub
stantial genetic divergence (Ball and A vise 1992). For example, widespread 
North American bird species. including Red-winged Blackbirds, Downy 
Woodpeckers, Mourning Doves (Figure 19--6), and Black-capped Chick
adees, have nearly the same mtDNA genotypes fi-om one side of the con
tinent to another. 

The Yellow-rumped Warbler provides an example of populations that 
diverged while fragmented by the glaciers. Now considered one large 
polytypic species. the Yellow-rumped Warbler includes tour distinct 
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FIGURE 19-6 Mourning Doves are a common sight (and sound, with their mournful 
coo) throughout much of the United States. Their populations there have expanded 
too recently to allow substantial genetic divergence in mtDNA. 

subspecies. Two of them are sedentary populations in Mexico (11(\!r[(r·ons) 
and Guatemala (~;oldnumi). They are distinct forms in both plumage color 
and genetics, with a long history of isolation. The migratory populations 
that breed in North Ame1ica diverged ti·om the sedentary populations in 
the early Pleistocene and then split again into eastern (wronata) and west
ern (auduboui) forms mving to the Wisconsin glaciation of the bte Pleis
tocene. The eastern and \vestern populations diverged into the distinctive 
subspecies of the Y diO\v-rumped Warbler-the Myrtle Warbler and 
.A.udubon 's Warbler, respectively (Figure 10-7). Although they difrer in 
plumage coloration. they exhibit few genetic ditTcrences. 

Myrtle Warblers and Audubon's Warbkrs now interbreed in thenar
row mountain passes of the Canadian Rockies. These divergent popula
tions came back into contact about 7300 years ago, when the glaciers 
retreated and the forests reunited. West\vard movement of Myrtle War
bler genes and eastward movement of Audubon 's Warbler genes have ex
tended the zone of intergr;l(iation . or hyb1id zone, beyond the mountain 
passes to create a zone of intergradation 130 kilometers wide. Whether 
Myrtle and Audubon's Warblers meet the crite1ion of ' 'freely interbreed
ing' ' required for species status is under discussion. with a strong propos;ll 
to recogmze all four subspecies of the Yellow-rumped Warbler (Mila et 
a!. 2003). 

Ring Species 

Ornithologists have long predicted that divergence among populations 
linked in a series or chain over a large continental area could lead to the 
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FIGURE 19-7 Model of the distributions of the eastern subspecies of the Yellow
rumped Warbler, or Myrtle Warbler, and the principal western subspecies, or Audubon's 
Warbler. They became separated during the Pleistocene epoch (Wisconsin glaciation), 
when they diverged from a common ancestor. Question marks indicate regions for 
which the habitat type at that time is unknown. [From Hubbard 19691 

reproductive isolation of the populations at thL· ends of the chain. The 
discovery of such so-called ring species-two reproductively isolated forms 
connected through a chain of interbreeding populations-would support 
this prediction, but fevv· such discoveries have materialized. Nm>v' , afi:er 
many years of searching. we have a viable and intriguing example of an 
avian ring species-namely, the Greenish Warblers of central Siberia 
(Invin et al. 2005; Box 19-4) . 

The Phylogenetic Species Concept 
Concerns about the practical application of the BiologicJl Species Concept 
prompt some omithologists to prefer instead the Phylogenetic Species Con
cept (PSC). For example, unlike Myrtle Warblers and Audubon's Warblers. 
the vast m;~ority of isolated and divergent populations do not come into 
contact. Distinctly ditl'erent, geographically separated, or aUopanic, popula
tions therefore torce omithologisrs to make an educated guess in regard to 
what might happen should comact be established in the future . 

According ro the PSC: . a \pecics is th e sn1alkst aggregation of popu
htions that can be diagnosed by a unique combinatio n of character st1tes 
in co111p;1rable individu;ll organis111s (Nixon and Wheeler 1990). Each his
torically ti·agmented population with distinct characteristics serves as the 
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A RING SPECIES IN SIBERIA 
The Greenish Warbler 
ranks high on the list of 
truly nondescript birds of 

the world . Nevertheless, it invites our attention as 
the best example of an avian ring species in which 
intergrading populations connect two reproduc
tively isolated populations (Irwin et al. 2005). 

The Greenish Warbler breeds in a narrow band 
of tree-line habitat in Siberia and the Himalaya . 
The band of that tree-line habitat encircles the 
high-altitude deserts of the Tibetan Plateau, form
ing a geographical ring of connected populations 
(see map). The one gap in the ring in northern 
China is due to recent habitat destruction. 

Classical studies of size and plumage col
oration, what there is of it, defined a series of 
intergrading subspecies, or closely related species, 

throughout this ring. Genetic comparisons by 
Darren Irwin and his colleagues confirm the con
tinuous intergradation between adjacent popula
tions, except for the two most northern ones, 
which coexist without interbreeding in central 
Siberia . They are reproductively isolated, terminal 
populations of increasingly divergent, interbreed

ing populations. 
Historically, Greenish Warblers expanded on 

two fronts into Siberia as the climate warmed . 
Rapid adaptation to the northern forests and the 
migration distances required to reach them, 
which favor longer wings, caused the populations 
to diverge on the two fronts and to be reproduc
tively isolated as biological species when the two 

northernmost populations came into secondary 
contact. 

• Tibetan 
Plateau 

Ring populations of the Greenish Warbler in Siberia. Different shades represent different morphological 
subspecies rhat intergrade with each other. The two widespread northern subspecies Phylloscopus trochiloides 
nitidus (west) and Phylloscopus troc!Jiloides plumbeitarus (east) coexist without hybridization (hatched area) in 
central Siberia. Habitat destruction in northern China has recently interrupted rhe continuity of the ring of 
populations. Symbols for localities sampled indicate major clades (groups related by evolutionary descent from 
a common ancestor) based on mitochondrial DNA. Open symbols represent western clades; solid symbols 
represent eastern clades. The generic distance between individual birds within and between clades increases with 
geographical distance around the southern chain of populations. [After Irwin eta/. 2005] 



working unit of the PSC. Rather than combine geographically distinct, 
but potentially interbreeding. populations \Vith distinct evolutionary his
tories into one larger, variable, or polytypic. species, the PSC distinguishes 
each one as a separate evolutionary species unit. 

This approach gives greater w·eight to the evolutionary histories of the 
isolated populations than it does to the fact that they might interbreed 
where and when they achieve syrnpatry. For exarnple, the f()ur popula
tions of Y dlovv'-rumped Warbler and the six genetic groups of Winter 
Wrens n1erit attention as significant evolutionary lineages and status as 
phylogenetic species. Full application of the PSC to the birds of the world 
would roughly double the number of species recognized. 

Population Size and Structure 
Population sizes and structures guide the evolution of geographical vari
ation. In particular, the movement of young birds fl·om the sites where 
they hatched to the sites \vhere they breed, called natal dispLTsaL deter
mines population structure (Figure 19-8). Colonial seabirds. such as al
batrosses. gulls, and terns, usually return to their natal island colonies. 
Songbirds such as the House Wren, Great Tit, the Eurasian Pied Fly
catcher, and the Song Sparrovv stay \Vi thin a tew kilometers of their na
tal territories. ()nly a fe\\' individu~1l birds of such species disperse \videly. 

Large n;1tal dispersal distances unite populations. Small natal dispersal 
distances L'n hance genetic isolation. In general, dispersal also prornotes 
outbreeding (Greenwood 1987). The tendency to stay near one's birth
place, called philopatry, increases the probability of breeding with near 
relatives, even siblings, and thus increases the risks and costs of inbreed
ing (see Chapter 18). 

Effective Population Size 

The average dispersal distance of a species defines the size of a locaL re
productively cohesive population, or derne, in \vhich gene exchange is 
theoretically a random process. Small demes are more likely to evolve 
bster and in directions tnore likely dictated by chance than are large ones. 

The nurnber of birds in a detne is called the etTective population size, 
which decreases with shorter dispersal distances of juveniles. The effec
tive sizes of bird populations also decrease w·hen srnall groups of colonists 
stan ne\v populations. when populations ti-agrnent into small isolates \vith 
lirnited dispersaL when populations arc confined to isolated colonies on 
long, nan-ow coastlines, or ·when just a tew birds dmninate nonmonoga
mous breeding systetns. as do lekking manakins or f,'TOuse (see Chapter 13). 

Ornithologists estimate that noncolonial passerine birds disperse I kilo
Ineter per year (BatTo\vclough 1980). This distance indicates that the ef
fective population sizes of such birds are quite large-frorn roughly 175 
to 7700 birds-and that evolutionary change tends to be slow and adap
tive. It follows, also, that bird speciation usuall·y results t!·on1 slow. 
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FIGURE 19-8 Dispersal of adult male (top) and nestling (bottom) House Wrens. Most 
adult males disperse over a small area, whereas young wrens disperse more widely. 
[After Barrowclough 7 978] 

:1daptive divergence of large, ti-agmented populations or from rapid ge
netic change in small. founder populations (BaiTowclough 1983). 

For exan1ple, populations of Comtnon Mynas introduced to Australia, 
New Zealand, Ha·waii, Fiji, and South At1·ica fi·om India ditTer genetically 
more ti·mn one another than do populations in Asia. Most of these in
troduced populations started as snull founder populations. Subsequent re
ductions in population size and randmn changes in gene compositions in 
the past 100 to 120 years have prmnoted genetic shifts comparable to 
those between different subspecies of other birds (Baker and Moeed 1987). 

Clines and Local Evolution 

The evolution of geographical dit1l.·t-ences atnong bird popubtions de
pends on the relative strength of two opposing f()rces: natural selection 
and gL'ne flow. Natural selection-the dit1l.'rential propagation of geno
types-promotes divergence by fnroring one genetic attribute over an
other. Gene tlow-the moVL'ment and incorporation of alleles among local 
populations due to dispersal-opposes divergence by blending the dit1er
ences among adjacent populations. 

Clines are gradients of changing character states, such as (increasing) 
body size or (darkening) feather color. How tnuch the character changes 



ti-om site to site along the gr;1dient depends on the relative intensities of 
divergent selection and gene tlmv due to dispersal. 

Clines are especially· conspicuous in birds that have simple (Mendelian) 
genetic color morphs. The proportio ns of red (actually bright rufi.1us) ver
sus gray Eastern Screech Owls, tor example, change systematically with 
locality. Local populations change ti-om mostly red owls in Tennessee to 
mostly gray ovvls in Maine and Florida (Figure 19-9). The advantages of 
color altem;Jtives derive ti·om protective coloration or exposure to pred
ators such as th e Great I-I orned Owl. As the type of forests changes fi·mn 
rich brown hardwoods in the center of their range to grayish conifers in 
the north and to pinelands in the t;1r south. the concealing coloration 
changes from reddish to gray. 

Clines may be either static or dynamic. In static clines, the equilib
rium bet\veen selection and gene tlow is stable: the composition of the 
populations will stay the same. Dynamic clines change with time as a re
sult of an ongoing ditli.1sion of neutral traits due to gene flow or as a re
sult of an advantage of one trait over its alternatives. 

IJananaquits provide one example of a dynarnic cline (Wunderle ll)83). 
These small. tropical. warblerlike, nectar- and truit-eating birds are abun(tmt 
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FIGURE 19-9 The proportions of red-phase Eastern Screech Owls found in local 
populations (A) decline from high values of 70 to 80 percent in the center of the 
range of this species to 30 percent or less at the edges of the range. (B) Eastern 
Screech Owl. l(A) From Owen 1963. (B) R. G A Simpson/VIREO] 
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nanaquits prevails throughout most of the Caribbean. An all-black fonn 
of this species. determined by a single dominant mutant allele. inhabits 
the island of Grenada (Theron et al. 200 1). 

Y ello-vv-and-black Bananaquirs from adjacent islands colonized the 
arid soutlnvestern corner of Grenada in the early 1900s. They replaced 
the black tonn in their initial foothold on the island and then expanded 
progressively to the north and east. Exhibiting a 17 percent selective ad
vantage, yellow-and-black B;lnanaquits advanced eastward at a rate of 
roughly 400 111cters per year. mixing with and then replacing black forms. 
As a result, the proportions of the re1naining black torm increased di
nally to the north and east. The replacetnent continued dynamically for 
21 years and then stopped \.Vhen droughts lin1ited continued population 
gro\vth and expansion of yellow-and-black Uananaquits (MacColl and 
Stevenson 2003). The dynamic cline stopped and st~1bilized as a static 
cline (Figure 19-10). 

Sornetimes, bird populations evolve ditierences on an extremely local 
scale. T\vo examples illustrate this phenmnenon. First is the striking ge
ographical divergence atnong populations of a species of white-eyes (Zos
tcrops) \Vithin the confines of a stnall island in the Indian Ocean. Second 
are detailed studies of genetic population structure of the Great Tit on 
Vlieland island otT the coast of Holland. These studies refocus our atten
tion on the potential scale of microevolution (evolutionary change be
t\veen local populations) in birds. 
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FIGURE 19-10 Yellow-and-black Bananaquits are common only in southwestern 
Grenada, the region of their recent colonization of this island. All-black birds (black 
morphs) occupy the rest of the island. Shown here are the proportions of the black 
morph (black circles) at sampling sites (A through M) for the interval 1974-1978, 
graphed in regard to distance from the westernmost point of the ·island. Triangles 
indicate the results of resampling the localities in 1981 and show how proportions of 
the black morph have declined. [From Wunderle 1983] 



White-eyes are Old World ecological equivalents of the Bananaquit 
(Figure 19-11 A). One species lives only on the small. rugged island of 
La Reunion in the \Vestern Indian Ocean. Like Eastern Screech Owls. 
the Reunion Gray White-eye has gray and rufous brown color morphs. 
which change in proportion rapidly over distances of only a few kilome
ters on steep mountainsides (Gill 1973). Proportions of gray white-eyes 
in local populations increase clinally with ;dtitude fi·om none in coastal 
populations to more than 90 percent in populations above 2000 meters. 
Gray white-eyes predominate through some strong advantage in the t,'Tay 
heath vegetation of high altitudes. Conversely, brown white-eyes are ll
vored by selection in the hardwood to rests of IO\\'er altitudes. The advan
tages of ·'browns. , downslope and of '·grays .. upslope establish a steep 
clinal gradient. 

Independent of the proportions of the two color morphs , brown 
white-eyes vary strikingly in color and size at ditTerent locations on La 
Reunion. Three distinct populations. each with altitudinal clines in size 

Riviere 
des Galets ' 

c 

FIGURE 19-11 (A) White-eyes (Zosteropidae) are highly opportunistic songbirds of 
the Old World Tropics and successful colonists of remote oceanic islands. (B) Three 
distinct populations of the Reunion Gray White-eye evolved on the island of La 
Reunion in the Indian Ocean. Zones of contacc and hybridization are indicated by dots 
(in darker area). Population B is isolated along the coast, separated from the other two 
populations by the Riviere St. Etienne and lava flows of Grand Brule. It probably 
originated as a result of hybridization between populations A and C. The contact 
between populations Band C, indicated by question marks (?), remains unknown. 
!From Gill 1973] 
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headed f()nn, a brown-headed form, and a gray-crowned, brown-naped 
form evolved as srnall, isolated populations on different sides of the is
land before the arrival of humans. After \videspread cutting of the forests, 
\:\.-'e speculate, the ranges of each color tonn expanded and now abut 
one another at major riverbeds and at a lava flow, thus remaining partly 
isolated. 

Much smaller than La Reunion is the tiny 4022-hectare island of 
Vlieland on the coast of the Netherlands. Vlieland is home to rwo ge
netically distinct populations of Great Tits. A rernarkable 30-year study 
documented the n1oven1en ts and genetics of the Great Tits and quan
titled the microevolutionary interaction between selection and gene 
tlow (Postma and Noord'vvijk 2005). Different levels of immigration 
and gene tlovv' hom the mainland sustain a genetic dit1erence between the 
two populations. 

Specifically, t:ernale Great Tits on the \Vestern part of the island con
sistently lay on average 1.15 more eggs in a clutch than do temale Great 
Tits on the eastern part of the island only a few kil01neters away. This 
diflerence in clutch size has a strong genetic con1ponent: females that 
move eastward or west'vvard ·within the island continue to lay the clutch 
sizes that are consistent with their place of origin. The root cause of the 
diHerence between sites lies curiously in the rates of innnigration and set
tlement by tits tl·om the mainland. 

Selection on Vlieland as a whole f:lvors te1nales that live twice as long 
as the mainland tits and produce smaller clutch sizes. But each year, te
males from the tnainland, which are genetically predisposed to lay larger 
clutches, tnigrate to Vlieland. They rnigrate tnostly to the west side of the 
island. ImmigLmts account f()r 43 percent of the annual recruitment to 
the west side compared with only 13 percent to the cast side. The local 
selection for small-clutch females can override the 13 percent influx in 
the east but not the 43 percent intlux in the west. 

Hybrids 
Ivluch early thinking about speciation in birds etnphasized hybrids. This 
emphasis was based on direct but, we no\v realize. inappropriate applica
tions of fruit tly (Drosophila) genetics to birds (Grant and Grant 1997). 
Small genetic changes tend to cause tnale sterility in fi·uit flies but not in 
birds. Instead. with sotne exceptions, birds retain the potential for suc
cessful hybridization through surprisingly high levels of genetic diver
gence. Consequently, successfttl hybridization atnong birds is not limited 
to closely related or sister species (Zink 1996). Unlikely parents some
times hybridize successfully because of their retained genomic compati
bility. Intergencric hybrids between species of wood warblers, ducks, and 
pheasants, an1ong the many examples. testifY to this compatibility. 

More.' than I () percent of bird species are known to hybridize (Grant 
and Grant 1992). The word "hybrid'' itself grabs our attention. It evokes 



the powerful concepts of novelty, strength, sterility, inferiority. and su
periority (Gill 1998). Hybrid birds both challenge and t;1scinate or
nithologists. Each yt'ar ornithologists report new novelties due to 
hybridization. Deciphering their parentage can be a wonderful ornitho
logical puzzle. 

Descriptions of the tirst ''Brewster's" and ''Lnvrence 's ., Warbkrs col
lected in Massachusetts in 1874, for example, provoked much debate. 
They finally proved to be hybrids between Blue-winged Warblers and 
Golden-winged Warblers (Gill 2004; see page 596). In another case, at 
the beginning ofNorth Atnerican ornithology, Audubon hin1self described 
the enigtnatic "Cincinnati Warbler." A century and halflater, Gary Graves 
( 1988) detennined it to be a hybrid between a Kentucky Warbler (Oporor
nis) and a Blue-\vinged Warbler (VenniJJora). 

Hybrid Inferiority 

Hybrid inkriorit)' may first be evident in intermediate plunugc or dis
plays. They can render the hybrid less et1ective in courtship. Hybrid crosses 
of Anna's Hummingbirds and Costa's Hummingbirds, tor example, arc 
intermediate in many details of plmnage as well as in the circular courtship 
f1ight displays characteristic of these species (Wells et al. 197H). Similarly, 
a hybrid male of a cross bet\veen the Sharp-tailed Grouse and the Greater 
Prairie Chicken was unable to perton11 bobs, bows, and t<.1ot stomps cor
rectly and mated infrequently as a result (Evans 1966). 

Smne bird hybrids exhibit sterility or substantial inferiority. Like 
tnules-the hybrids of temale horses and male donkeys-almost all the 
hybrids of the E1stern Meadovvlark and the Western Meadowlark are ster
ile (Lanyon 1979). The hybrids appear normal and healthy, but they pro
duce infertile eggs vvhcn paired in captivity with an Eastern Meado\vlark 
or a Western Meadowlark. Uecause there is no gene tlow between them. 
the two meadowlarks rem;lin distinct biological species, in contrast, say, 
with Myrtle and Audubon's Warblers. 

Both male and female hybrids 1nay be sterile. but the sex vvith two 
ditTerent sex chrornosmnes-rnale fruit flies and matnmals, female birds
tends to bl.' sterik more often than the sex with two of the same sex cllfo
mosOJnes (see Box 19-3). Data from vertebrates and invertebrates broadly 
support this expL'Ctation-kno\vn as Haldane's rule because it was stated 
first by J. B. S. Haldane (1922). Studies of hybridization bet\veen Eurasian 
Pied Flycatchers and Collared Flycatchers support the predictions of 
Haldane's rule (Gelter et al. 1992). From 15 to 20 percent of the breed
ing pairs in their hybrid zone in northern Europe are mixed-species pairs. 
Female hybrids are typically sterile, but male hybrids are fertik. 

Hybrids nuy produce viable sperm or fertile eggs. but the test of 
their fertility cmnes later in the developn1ent of the zygotes produced 
by rhen1. Blocks of genes of one parental species rl.'combine with the 
genes of the other species tor the first tirne in meiosis and gatnete for
Illation in the first-generation (F 1) hybrid. Incompatible gene combina
tions rnay then disn1pt the delicate process of embryo developmt'nt in 
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' ·~ : ~·~: ... .... : ; 
FIGURE 19-12 The eastern 
Baltimore Oriole and the 
western Bullock's Oriole 
interbreed in a narrow zone 
of overlap in the Great 
Plains. The lighter gray 
indicates the extent of 
infiltration of Bullock's 
characters eastward and of 
Baltimore characters 
westward. These two oriole 
species were once lumped 
together as the Northern 
Oriole, but later study 
revealed that they are not 
closely related sister species. 
[From Rising 1983] 

the second-generation (F2) otEpring. This phenomenon is called F2 
breakdO\vn. For example, fl:male F 1 hybrids between ditTerent species 
of junglet()\vl (wild chickens) lay tertile eggs. but tew of them hatch 
(Morejohn 1968). The embryos perish before hatching as a result of de
velopmental failure caused by incompatible sets of genes. 

Hybrid Zones 
Hybrid zones otter ways to study the genetic and social architectures of 
speciation (Harrison llJ91). But hybrid zones vary greatly. Some shift lo
cation in response to changes in selection or dispersal. Some are old , nar
row, and continuing sinks of hybrid interiority. Others are stable zones 
of hybrid superiority. Still others are new contacts in the early test phases 
of genetic and social confi·ontation that may be resolved through natural 
selection . 

The proportions o f hybrid and parental phenotypes in a zone of over
lap serve as criter;a f()r judging whether two populations are the same 
species. Evidence of fi·ee interbreeding or lack thereof is the principal cri
terion tor deciding whether populations are ditlerent species. The con
servative decision is that the two populations belong to the same biological 
species when hybrids are abundant and blending tl-eely with parental types 
in a zone of overlap (American Ornithologists' Union 1998). 

Conversely. separate species status is warranted if no hvbrids are pres
ent and complete reproductive isolation is manifest. Species status also is 
warranted ifhybt;ds appear in low frequencies. if interspecific pairings are 
intrequent, if hybrids are less viable than the parental tonm, or if the hy
brid zone is narrow and stable. 

A variety of bird species t()llnd throughout eastern North America are 
repbced by populations of similar or closely related taxa in the western 
part of the continent. In the Great Plains alone. 11 of 14 such pairs of 
taxa engage in hybridization (Rising 1983), including eastern and \Vest
ern populations of the Northern Flicker-the Yellow-shafted Flicker and 
the Red-shafted Flicker, respectively-and two orioles-the Baltimore 
Oriole and the Bullock 's Oriole (Figure l9-12). Farther north are addi
tional cases of replaceJnent with hybridization. 

To assess the extent, dynamics, and consequences of hybridization. or
nithologists obtain samples of individual birds tt·om a series of localities 
throughout the zone of overlap. In the procession ti·om cast to west 
through the zones of contact benveen these taxa, the t!rst samples of flick
ers ;md orioles include only the eastern representative of the pair. The 
samples tl-om the hybrid zone consist of intermediate and variable phe
notypes. Most birds at certain localities in the hybrid zone are intenne
diate in appearance, a finding that indicates that they ti·eely interbreed. fn 
accord with the Biological Species Concept. the eastern and western coun
terpart populations of the flickers are currently lumped into single species. 
Then continuing to sample west of the hybrid zone. th<: composition 
sv . .:itches to include only the \Vestern representatives. 



The pendulum of species taxonomy has swung back and forth in re
gard to the eastern Baltimore (}riole and the westen1 Bullock's Oriole 
(Rising and Willian1s 1999). Initial studies of the hybrid zone suggestl'd 
extensive interbreeding. Consequently, in 1 CJR3, the Con1n1ittee on Clas
sification and Nornencbture of the AmL'rican On1ithologists' Union 
(AC1U) lumped the two species into a single species, the "Northern Ori
ole." Additional studies of the hybrid zone revealed that it vv·as narrow 
and stable in s01ne areas and that hybridization decreased with continued 
contact in other areas. In addition, phylogenetic studies revealed that Bal
timore and Bullocks's ()rioles were not closely related sister species atter 
all. Consequently. the AC)U Checklist cmnmittee reversed its original de
cision and, in I <J95, restored the two orioles to full species status, to the 
delight of the residents of MaryLmd. 

Stable Hybrid Zones 

Hybt;dization in zones of secondary contact often persists and continues 
unabated for centuries. The narrow hybrid zone between the Hooded 
Crow and the Carrion Crow of Europe has not changed in width f(w at 
least 500 years. Hybrids between the all-black Canion Crow and the 
black-and-brray Hooded Cn)\V are easily recognized by their variable color 
patterns (Figure 19-13). At least some of the h·ybrid zones in the Great 
Plains region of North America, including that of the Northern Flicker, 
are of ancient origin, dating to the expansion of isolated populations af
ter the retreat of the glaciers 1 0.( lOO years ago. 

Two theoretical models explain the stability of such hyb1;d zones. The 
bounded superim;t)~ model of Moore (1977) proposes that hybrid zones 
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FIGURE 19-13 Color patterns of hybrid crows. Two main series of continuous 
variation in the distribution of black pigmentation characterize hybrid phenotypes. 
Boxes schematically represent the body. V, ventral view; D, dorsal view. The same 
amount of black pigmentation may be either uniformly scattered over gray parts of 
the "pure" Hooded Crow phenotype (fotver series) or may be concentrated toward the 
rear of the body (upper series). [From Saino and Villa 1992] 
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brids are equally or better ~H.hpted than their parents. The model best ex
plains the stable hybrid zones ofboth the cro\vs in Europe and the flickers 
in North An1erica. The stable hybrid zone of Hooded and Cani.on Cro\VS 
coincides \Vith an ecological inter£1ce between alpine valleys and the in
tensively cultivated plains, where hybrid and nonhybrid crows are equally 
fit (Saino and Villa 1992). The hybrid zone between the western (red
shafted) and the eastern (yellow-shafted) populations of the Northern 
Flicker has not changed in width or location for at least 1 ()() years and 
probably n1uch longer (Moore and Buchanan 1985). The continued free 
interbreeding bet\vecn the flickers suggests no disadvantages and perhaps 
some advantages of hybrids in the zone of their contact. 

The dynan1ic equilibrium n1odel of Nicholas Ba1ton and Godfrey 
Hewitt (1985) proposes that a stable hybti.d zone is a population sink of 
interior hybrids produced relentlessly by in1n1igrants fi·on1 the aqjacent. 
large. pure populations. Sharp boundaries bet\~'een the hybridizing species 
are a result. This model applies \veil to zones ofhybridization by grasshop
pers and perhaps. \Vith a twist. to Townsend's and Hermit Warblers in 
the PacitJ.c Northwest. described in the next section. 

Transient Hybridization 

Hybridization smnetimes occurs just upon the initial contact of two species 
and then stops as reint()rcement of correct species recognition sets in. For 
cx~unpk. the Silvcreye of Australia colonized Norfolk Island in the South 
Pacific east of Australia at least three times, 111ost recently in 1904 (Gill 
1970). Shortly after the third invasion, smne of the Silvereyes hybridized 
with the descendants of the preceding invasion, which in the interim had 
evolved into the larger Slender-billed White-eye. But hybridization did 
not continue, and the two white-eyes no\v coexist as distinct species on 
Norfolk Island without interbreeding. 

Two species in secondary contact are not always equal. Competitive 
interactions between species cause hybrid zones to change location. Some
times. new competitive interactions cause the local extinction or replace
nlent of one species by another (Rhymer and Sirnblerloff 1996). 

The To\vnsend's Warblers and Hennit Warblers of the great forests 
of the Pacitlc Northwest of North An1erica provide a prime example of 
replacement following transient hybridization (Rohwer et al. 2001; 
Figure 19-14). Of the two. T C)\.vnsend's Warbler is the competitively su
perior, aggressively donrinant species. By virtue of their behavioral ad
vantages, To\vnsend's Warblers are steadily replacing Hermit Warblers. 
Townsend's Warblers have been winning for thousands of years. The 
hybrid zone between the To\\'nsen<..fs Warblers and the Hermit War
blers stays narrow owing to selection against the hybrids, \vhich don't 
compete successfully for quality territories. The location of the hybrid 
zone, however, is moving steadily soutlnvard into the remaining Her
mit Warbler populations. 



FIGURE 19-14 Location of two hybrid zones (Olympic and Cascades) of Townsend's 
Warblers and Hermit Warblers in Washington State. Black circles indicate pure 
Townsend's Warbler populations, and white circles indicate pure Hermit Warbler 
populations. Samples from mixed populations show proportions of the two 
phenotypes. Heavy lines indicate midpoints of phenotype transitions. Thin straight 
lines indicate transects sampled through zone used to analyze changes in characters. 
[From Rohwer et a/. 2007] 

The distinct, but neutral, mitochondrial DNAs of the tvvo species move 
reciprocally and symmetrically in opposite populations. R.ecall that 
mtDNA is a small circle of DNA that undergoes maternal inheritance. 
Female birds pass it to their chicks in the cytoplasm of the ovum of the 
egg. But. because Townsencfs Warblers replace Hermit Warblers as the 
hybrid zone moves forward, a subst;mtial genetic ft)otprint ofHcnnit War
bler rntDNA remains behind in the replacement To\vnsend's Warbler 
populations. The markers persist as a "ghost" image of the original Her
nut Warbler range that once extended into southern Alaska. 

Blue-winged Warblers and Golden-\vinged Warblers further illus
trate the dynamics at work in transient hybridization (Gill 2004). Blue
\Vinged Warblers generally replace Golden-winged Warblers, their sister 
species, within 51 l years of local contact. The Colden-\vinged Warbler 
is declining throughout most of its original range and in some places it 
is endangered. 
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species of wood warbler are strikingly different (Figure 19-15). The dif
ference in t:1ce patterns is controlled by a single pair of alleles vvith dom
inance. First-generation hybrids. called "Bre\vster 's Warblers.'' produce 
viable offspring when they 111ate with either 13lue-wings. Golden-wings. 

(A) (B) 

(C) (D) 

FIGURE 19-15 Two species and two hybrids of warblers: (A) Blue-winged Warbler; 
(B) Golden-winged Warbler; (C) Lawrence's hybrid; (D) Brewster's hybrid. Stippling 
represents bright yellow; dark hatching represents olive. Gray, black, and white are as 
shown in the drawing. Blue-winged Warblers are bright yellow and olive with white 
wing bars and a narrow black li ne through the eye. Golden-winged Warblers are gray 
above, white below, with yellow wing bars and crown, and bold black patches on the 
throat and the eyes. The contrasting facial color patterns of the two species have a 
simple genetic basis, like the color phases of other species. The plain throat and 
narrow black eye line of the Blue-winged Warbler are dominant to the black throat 
and black eye patch of the Golden-winged Warbler. Other plumage-color characteristics 
are cont rolled by several genes that supplement one another. The Brewster's Warbler 
resembles a Golden-winged Warbler with the face pattern of a Blue-winged Warbler. 
The Lawrence's hybrid resembles a Blue-winged Warbler with the face pattern of a 
Golden-winged Warbler. [After Fici<en and Ficl<en 7 968] 



or other hybrids. The blending of plumage colors coupled to the altenu
tive t~Kial color patterns produces a variety of hybrid types, including 
'·Lawrence's Warbler.'' Male ''Brewster's" hybrids are disadvantaged with 
respect to obtaining mates and tend to be excluded tl-om optimal ten·ito
ries (Confer and Tupper 2000). There is no evidence that female "Brevv'
ster's'' hybrids exhibit the negative efrects of hybridization predicted by 
Haldane·s rule (see page 591). 

The Blue-\vinged Warbler \vas once an uncommon species of the South 
Central United States. The Golden-winged Warbler nested t~1rther north 
and at higher altitudes in the Appalachians. The clearing of forests in the 
mid-1800s and the increases in second-growth vegetation throughout the 
northeastern United States benefited both species. The Blue-\vinged War
bler expanded northward into the range of the Golden-\vinged Warbler. 
Hybridization and replacements followed. 

The replacement of Golden-winged by Blue-winged Warblers pro
ceeds through a predictable shift in the composition of local assen1blages 
of these \Varblers. At first Golden-winged Warblers prevail locally in the 
heart of their original range. with perhaps an occasional pioneering lllue
w·inged \Varbler or odd hybrid tonn. Increases in inunigrant Blue-winged 
Warblers balance the proportions of the two species. In addition, an assort
n1ent of intennediate hybrids backcross to both parental species. Finally, 
only Blue-winged Warblers remain, perhaps \Vith remnant Golden-\vinged 
genes (Shapiro et al. 2004). The pace. pattern, and genetic details of re
placement vary substantially an1ong localities. 

Behavior and Speciation 
This chapter and preceding chapters emphasized the po\ver of social 
recognition in birds. The power of social recognition is key to under
standing the evolution of ne\v species of birds. It explains why bird species 
in general hybridize so rarely despite their genetic compatibility (Gill 
1998). 

The behavior of birds, particularly their capacity tor new behavior and 
its cultural transmission. can drive their speciation (Wyles et al. 1 983; 
West- Eberhard 1 983). Broad correlations among brain size, taxonomic 
diversity, and rates of tnolecular genetic change suggest that enhanced 
brain capacities and behavioral innovations catalyze speciation and taxo
nornic diversification in both prirnates and songbirds. 

Behavior, rather than the environment, can be the driving force of evo
lutionary change when individuals exploit the environrnent in nev·.r ways. 
New habits then spread rapidly through the population by cultural trans
mission, followed by the evolution of anatornical traits that enhance the 
effectiveness of individuals practicing the new habit. New behaviors that 
ultimately spa\vn anatomical change are tnore likely to arise in populations 
of individuals that have the inte!Jigence to develop such behavior. 

The evolution of prenuting isolating mechanisn1s in allopatry stands 
out as the first step in the speciation of birds. This first step entails only 

597 

SPECIES 



598 
CHAPTER NINETEEN minor genetic change (Grant and Grant 1997). Preferential pairing of like 

types, or positive assortative mating, maintains the cohesion of popula
tions and the separation of coexisting species. Substantial genetic diver
gence then follo\vs changes in mate-choice practices. 

Behavioral changes in social recognition and in mate choice need not 
be entirely genetic. Instead, cultural learning of paternal songs can drive 
n1ate choice. Early imprinting starts a process of social preference that seg
regates coexisting birds into distinct clusters. Assortative pairing follows, 
with rare mistakes. Recall that early imprinting by Sno-vv Goose goslings 
on the color of their parents detennines later n1ate preferences and leads 
to assortative 1nating (see Chapter 16). 

Speciation in birds, therefore, can be a cultural process as -vvell as a ge
netic process. Cultural speciation based on sexual itnprinting of parental 
characters and behaviors is potentially a significant part of the speciation 
process in birds (Grant and Grant 1990; Vaneechoutte 1997; Irwin and 
Price 1999; Ten Cate and Vos 1999). The brood parasitic indigobirds are 
the classic, though specialized, exan1ple of this process in the \Vild (Chap
ter 13). Cross-fostering young birds with other species also illustrates the 
pow·er of sexual irnprinting (Chapter 16). 

Ho\v, then. do a young precocial bird and young of other species with
out parental care develop a sense of social identity? Recall the megapodes. 
or moundbuilders, that leave the cornpost nest independently upon hatch
ing. running off on their exceptionally strong young legs (Chapters 15 
and 16). They provide valuable insights into early social recognition. Ex
periments using robotic chicks of the Australian Brush turkey revealed that 
the young mcgapodes gather naturally \Vith other young of their own 
species. They do so by responding innately to a series of visual cues, both 
beluvioral and n1orphological (Goth and Evans 2004). In particular, the 
strong ultraviolet (UV) and other short wave-length retlectance of the legs 
of their kin evokes a strong innate social response. The chicks approach 
robots \Vith the right UV leg color. So the color of their powerful little 
legs, v1.rhich are not readily seen by hawks timn above, serves as a natu
ral club n1e1nbership card. No one, however. knows ho\V these initial so
cial responses lead to their choice of mates when they grow up. 

Socia I Selection 

Social selection favors nevv' signals or co1nn1unication of identity that can 
drive the speciation process (West-Eberhard 1983). Charles Darwin (1871) 
recognized the itnportance of social selection long ago. Signals of com
munication enable individuals to compete successfi.1lly for mates, space, 
or access to food. 

Sexual selection (see Chapter 12) is one kind of social selection that 
promotes, t()r example, the extravagant display plumages of male birds
of-paradise. Songs also are subject to elaboration through vocal contests 
and culun-al change. Through social ritualization these same attributes en
able pair formation. species recognition, and initi~1l reproductive isolation. 



The development of song differences betw·een Marsh Wrens of east
ern and western North Atnerica illustrates the role of social selection in 
speciation. l.Z.ecall that \Vestern Marsh Wrens have innate brain cap;Kities 
for larger song repertoires than do eastern Marsh Wrens (Chapter 8). Male 
Marsh Wrens duel vocally \Vith one another to win the best territories 
and the most te1nales. The larger repertoires and brain capacities of the 
vvestern Marsh Wrens retlcct intense con1petition tor fenules in restricted 
pothole cattail marshes. Specifically. sexual selection and the behavior of 
countersinging have led to the elaboration of the brain nuclei that con
trol singing behavior, associated ditTerences in song-learning abilities, and 
nuting preferences. Generally separated by a 1 UO-kilo1neter gap, eastern 
and western Marsh Wrens coexist and pair assortatively in some marshes 
in the northern Great Plains (Kroodsma et al. 1997). Divergence has pro
ceeded 6r past the initial stages of prenuting isolation through song di
vergence. The two Marsh Wrens also exhibit substantial divergence in 
the base pair sequence of the cytochronlc oxidase I gene of their mito
chondrial DNA (Hebert et a!. 2004). 

Speciation in Darwin's Finches 

Early in this chapter we examined the basic steps and seven rules of spe
ciation in Darwin's finches. Most significantly, the long-tenn t1eld stud
ies of these birds by Peter and Rosen1ary Grant have revealed the 
importance ofbehavior, especially learned songs, in the speciation process. 

Darwin's finches are prime examples of adaptive radiation of bill sizes, 
feeding habits, and behavioral innovations (Grant 1999; see also Chap
ters 1 and 7). Periodic and stringent sorting of individuals with new be
haviors and new anatmnical features promote the evolution of ne\v species 
of finches. 

The evolutionary history of Darwin's finches has been 1narked by 
episodes of strong selection for changes in bill morphology. The direc
tion and intensity of selection, ho\~'ever, are unpredictable. They change 
dratnatically on the time scale of decades (Grant and Grant 2002). The 
drought of 1976. tor example, resulted in a shift of bill sizes to those that 
enabled the finches to feed eHiciently on the seeds that were available 
(Chapter 1). Similar steps contribute to speciation of birds generally. 

Changes in bill size and feeding behavior lead to premating isolation, 
because Darwin's tlnches use bill 1norphology to recognize their O\Vn 
species. Experiments with t1nches in their natural habitat de1nonstrated 
that bill size, shape, and color are primary visual cues that determine mate 
choice. Laurie llatclifTe and Peter Grant (1983) tested the responses of 
several pairs of sympatric species of ground finches (Geospiza) to taxi
denny mounts of ditTerent species. Males and females both discrin1inate 
between their ovvn species and other species based on visual cues of bill 
morphology. 

The use of visual cues starts \Vhen young tlnches imprint on the appear
ance of their parents. Later they use those visual cues. and also song, to 
choose their 1nates. In this way, bill size and shape serve as a premating 
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cial interactions to other individuals of the san1e species. 
In addition to bill rnorpholOf,'Y· song ditTerences acquired through vo

cal imprinting play a significant role in species recognition and mate choice 
by Danvin's finches (Grant and Grant 1 <J97). The songs of Danvin's 
finches diverge between populations due to errors of chance or copying 
as vvell as extinction of local songs. Like 1nany songbirds (Chapter 16), 
young tlnches imprint on their father's song, a cultural trait, as well as 
morphology, a genetic trait. 

Territorial males discriminate between songs of their own and other 
species in carefi.1lly controlled playback experi1nents. Song also tends to 
be a primary cue tor mate choice. With rare exceptions. females avoid 
mating with males that sing another species· song. They also avoid mat
ing \Vith males with songs that closely rnatch the songs of their father, 
vvhich reduces the risk of inbreeding. 

The process of imprinting on the ~1ther's song, however, is not per
fect. ()n the island of Daphne Major, occasionally a young male Cactus 
Finch learns the song of the Medimn Ground Finch. Such a 1nistake leads 
further to rnistakes in mate choice and thus to hybridization. In one case, 
a female Mediwn Ground I:;inch mistakenly mated with the tnale Cactus 
Finch that wrongly sang her species' song. Their hybrid ot1spring then 
backcrossed \Vithout serious penalty to other Medimn Ground Finches 
(which sing like their t1ther). 

Summary 
Species are the primary units of systematic biology, serving as the basis 
t(w describing and analyzing biological diversity. ()f the many competing 
species concepts and definitions, the one that prevails in ornithology is 
the Biological Species Concept (BSC). It states that a species comprises a 
set of populations that are capable of fieely interbreeding under natural 
conditions. An alten1ative concept, the Phylogenetic Species Concept 
(PSC), stresses historical patterns of divergence and would recognize more 
distinct local populations than does the Biological Species Concept. 

Birds on continents speciate through vicariant events such as division 
of large populations of North An1erica by glaciations or of South Amer
ica and Australia by wet-dry clinute cycles. Secondary contact-the re
uniting of previously isolated populations-tests the ability of populations 
to interbreed. ()nee considered separate species, the Audubon's Warbler 
and the Myrtle Warbler appeared to interbreed fi·eely where they come 
into contact in the Canadian l~ockies. On the basis of this evidence they 
\Vere lmnped together and are treated as populations of the satnc biolog
ical species, the Yello\v-rmnped Warbler. 

I3irds retain their genetic cmnpatibility and potential tor hybridization 
long after they achieve behavioral isolation based on visual or vocal dif
ferences arising frmn rninor genetic changes or sometimes cultural expe
rience. Hybrids of genetically divergent species may be unable to produce 



viable sperm and eggs. Incompatible blocks ofgcnes also may disrupt early 
embryo development. 

The evolution of geographical ditTercnces :unong natural bird popula
tions depends on the relative strengths of two opposing forces: the inten
sity of natural selection bvoring one genetic attribute over another and 
the rate of genetic blending as a result of interbreeding of individuals fi-om 
dit1erent locations-gene flow. Clinal variation of simple genetic color 
phases track the opposing strengths of these t\vo forces. 

New species of birds evolve via prenuting isolating 1nechanisn1s that 
arise through sexual selection or ecological adaptation in isolated popula
tions. Danvin's finches on the GaLlpagos Islands provide exan1ples and in
sights into this process. The capacities of birds to develop new, learned 
behaviors may contribute to the process of speciation. Behavior, rather 
than the enviromnent. can be the driving f()rce of evolutionary change if 
a new behavior is followed by the evolution of new anatomical traits that 
support the behavior. Sexual imprinting contributes to a process of cul
tural speciation in son1e, but not all. birds. 

This chapter stressed the process of divergence and speciation of birds, 
particularly some of the genetic and behavioral features of that process. 
Ecological changes feature strongly in the completion of the speciation 
process. Coexistence of reproductively isolated species in sympatry requires 
resolution of competitive interactions t()r t()od, tor nest cavities. or other 
litniting resources. Ultilnatdy these interactions define the community of 
species that coexist in a particular habitat or locale. The next chapter ex
ainines the fonnation and richness of ecological communities of birds. 
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Communities 
Tizc ruet tropital lotl'la11ds are rich in diuersity (~(species, in 
diversity (~f stn1cWre, and in their J[CIIeml aspect (~f luxuriance. 

[iVLlcArrhur 1972, p. 199] 

esources, such as toad and nest holes, determine not only 
the local population size for a species but also how 1nany 
species can coexist locally in one habitat. Coexisting 

groups of species are called conununities. 
This chapter en1phasizes the dynanuc nature of bird con1111unities, in

cluding those on islands ·where the patterns of losses and gains of species 
are best docmnented. Whether the numbers of species reach an equilib
rimn helps to define positions in the continuLnn of conununity structures. 
At one end of the continuun1 are ''open'' assen1blages detennined largely' 
by geographical history with roon1 tor additional species. At the other end 
of the continuum are "closed" con1n1unities organized by interspecific com
petition t(1r limited resources and resistant to invasion by additional species. 

After a review of the general patterns of species diversity in space and 
tirne. this chapter looks at the role of competition in structuring bird con1-
rnunities. Patterns of ecological segregation and geographical replacement 
among similar species point to a role t(x cornpetition in community struc
ture. But rigorous documentation of actual competition is dift1cult. The 
role of interspecific competition as a dmninant t(wcc that controls the 
cmnposition of conununities is hotly debated. In one situation. the effects 
of competi6on among European tit species on their reproduction and for
aging il1ustrate the costs of coexistence tor ecologically sinular and closely 
related species. The local c01npositions of species, ho\vever. also relate to 
larger playing fields of geography and history. 

The Dynamics of Communities 
Whether it's a question of tallying the nmnbers of individual birds of dif
ferent species \Vhile birding or doing a tormal census. the result is the 
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FIGURE 20-1 Most species are rare, and a few are abundant. The distributions of 
species abundance typically compile to a log normal distribution, with a long skewed 
tail to the right, such as the one shown here. Data that are intrinsically geometric or 
multiplicative rather than additive produce log normal distributions. Populations 
multiply. So, in principal, the distribution of their abundances should be log normal. 
[Graph after Temple 2004] 

san1e. Most species are rare or present in sn1a1l numbers, and a fe\V are 
con1n1on or abundant (Figure 20-1). Their distributions correspond to 
the dynan1ic nature ofbird species, \vhich rnultiply, prosper, and taiL They 
expand and contract. They generalize and specialize. Local and assem
blages of species therefore correspond to their cmnbined histories and 
prosperities. Competition for limited resources also may determine which 
particular species coexist and in \\'hat nutnbers. 

Evolution and the availability of resources both play major roles in 
forming conununities. The local cornpositions of species change fron1 
epoch to epoch in accordance ·with evolutionary history and from season 
to season in accordance vvith resource availability. Reflecting regional his
tory, avifaunas (the birds of a particular region or time period) are the 
grand result of millions of years of evolution, adaptive radiation, immigra
tion, disperse:1l, and extinction of bird taxa. Invasions and fusions of species 
frorn other regions supplement adaptive radiations of ecological types 
within a region. 0\ving to the availability of resources as well as to their 
histories, local bird conununities increase dra1natically in both size and di
versity in tropical forests, in cmnparison \Vith local conununities in north
ern temperate forests. 

The species in a community can occupy different trophic levels, or 
feeding levels, and range ti-om insect-eating \Varblers to the hawks that 
eat then1 and fi·mn plankton feeders to fish eaters (Box 20-l ). Each species 



STABLE ISOTOPES CLARIFY SEABIRD FOOD WEBS 
Stable isotope analysis 
(SIA) helps ornithologists 
to decipher food webs. es

pecially marine systems that are hard to study di
rectly. The ratio of two isotopes of nitrogen 
( 15N/14N) in animal tissues. for example, increases 
from zooplankton (krill) to krill-eating fish or 
birds to fish-eating birds (cormorants) and sea 
lions at the top of the food chain (Sydeman et 
al.1997; see graph). This ratio increases with each 
step in the food chain because the metabolic syn
thesis of new protein from food consumes more 

of the lighter isotope 14N, leaving more (3 per
cent) 15N in the predators' tissues. The marine
system food web off the coast of California. for 
example, includes five levels, with seabirds occu
pying the upper levels, from three to five. 

Offshore 

20 

18 

The ratio of stable isotopes of carbon 
( 13C/ 12C) in tissues reveals where seabirds feed, 
on the basis of the kinds of prey that they eat, 
and whether they change feeding habits at dif

ferent stages of the breeding cycle. Feeding on 
fish near the coast leaves a different signature 

of carbon isotopes in the tissues from that left 
by feeding on krill in the open ocean. SIA of the 
egg albumen of California seabirds, for exam
ple, revealed that Cassin's Auklets and Common 
Murres use krill to produce their eggs. Common 
Murres then shift to fish to feed their young, 

as do most of the other seabirds. Rhinoceros 
Auklets and Pigeon Guillemots rely on fish 

throughout the breeding cycle, including egg 
production. 
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Trophic structure of a community of seabirds and their prey on the coast of California based on analyses of 
stable nitrogen and carbon isotopes, expressed in parts per thousand (%.,). (The formula for calculating these 
values in standard delta notation produces a negative number for carbon.) Nitrogen isotopes change with 
trophic level in the community. Birds and sea lions occupy higher trophic positions than fish, squid, and krill. 
Carbon isotopes vary with inshore versus offshore feeding habits. Abbreviations: EUPH (krill, or euphausids), LING 
(lingcod), SQUI (squid), SABLE (sablefish), SARD (sardine), SALM (salmon), SBRF (short-bellied rockfish), CAAU 
(Cassin's Auklet), ANCH (anchovy), WEGU (Western Gull), COMU (Common Murre), PIGU (Pigeon Guillemot), 
RHAU (Rhinoceros Auklet), PESH (Pelagic Shag), BRCO (Brandt's Cormorant), EJMU (northern sea lion). [From 
Sydeman eta/. 1991] 
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FIGURE 2G-2 According to 
some ecologists, stable 
communities of coexisting 
bird species derive from a 
larger pool of species 
through the dynamics of 
population dispersal, through 
colonization in relation to 
habitat or other resources, 
and sometimes by 
competitive resolution of 
unstable species 
combinations. [After Wiens 
7983] 

has specific requiren1ents, called its fi1ndatnental ecological niche (Grin
nell 1917). For exan1ple, we expect to find Pileated Woodpeckers in 
forests \hlith large trees full of carpenter ants. Pileated Woodpeckers oc
cupy a \vide variety of forests \Vith big, ant-ridden trees, but the Red
cockaded Woodpecker of the southeastern United States has a different 
and highly specialized niche. It requires old pine forests with trees from 
80 to 1 OU years old that have been infected by the red heart fungus. 

Woodpeckers play a central role in tbe larger comtnunity. They and 
their dead trees are a resource that supports a healthy diversity of verte
brate and invertebrate species that depend on one another. The foraging 
and nest-excavation activities of \Voodpeckers determine hovv· dead trees 
actually decay and bec01ne available for use by other species (Farris et al. 
2004). For example. more than 50 percent of the woodpeckers sampled 
in the ponderosa pine forests of northern California carried tl.mgal spores 
on their bills. They transport these spores ti-on1 tree to tree, causing ne\v 
trees to decay and to becorne suitable for excavation of their new nest 
holes. Many species of ho1e-nesting birds and small mammals use the di
versity of nest holes that result, building guilds (sets of ecologically simi
lar species) of interdependent nest-cavity species (see Figure 15-5). 

Resource availability and evolutionary history shape conununities. and, 
together, they give rise to cmnpetition-the interactions among species 
through \Vhich one species tnay directly or indirectly preclude the pres
ence of another. Con1petition itself can play a tnajor role in forming com
Jnmlities. Fron1 a larger pool of potential candidates tor a community, 
competition selects those species best able to coexist (Figure 20-2). Cmn
petition typically constrains a species' habitat or feeding opportunities and 
thus narro\vs that species' realized ecological niche. This outcome is more 
likely than the exclusion of one species by another. 

Populations 
Dispersal ability 

Competitive ability 
Exploitation strategy 

"Assembly rules" 
Colonization probability 

Habitat requirements 
Competitive interactions 

Permitted species combinations 

Community 
Stable coexistence 

Partitioning of resources 

Resources 
Predictability 
Productivity 

Variety 
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Ecologists debate the relative irnportance of these three forces-evo

lutionary history, resource availability. and cmnpetition-in conununity 
ecology. Con1petition has long been assurned to be the rnain force in 
structuring bird communities, but in·egular seasonal changes keep many 
conununities in a state of dynamic flux. Habitat disturbance, fluctuating 
resources, ongoing colonizations, and local extinctions impose short-term 
changes on avian con1n1unities. In addition, deforestation and the rota
tion of Elnnlands transfonn \Voodland habitats and their cmnn1mlities of 
bird species into patchworks of chronically unstable and unsaturated habi
tats. New or unstable habitats invite opportunistic use by birds and inva
sion by exotic or introduced species. Son1e comrnunities, therefore, lack 
predictable structure and, instead, nuy be fortuitous or historical collec
tions of species (Hubbell 2001; but see McGill 2003). 

COMMUNITIES 

Islands 

Because islands are such discrete places, island birds provide rnany of our 
clearest exarnples of community dynamics as well as the process of spe
ciation (see Chapter 19). We can deduce and smnetin1es actually docu
rnent the arr-ivals of ne\V colonists and their subsequent adaptations, 
expansions of distribution, and disappearances in tirne. 

The active dispersal tl-om and colonization of isolated places are trade
n1arks of bird behavior. The dynanlics of colonization are n1ost apparent 

Between the large, exotic 
islands of New Guinea and 
New Britain in the South 

Pacific lie several small islands, the Long group. 
On these little-known islands, Jared Diamond and 
his colleagues (1989) discovered an example of 
the rapid evolution of character displacement be
tween two species of small, nectar-feeding hon
eyeaters (genus Myzomela). 

The Long group's volcanic caldera collapsed 
300 years ago in one of the largest known vol
canic explosions. It undoubtedly eliminated all 
bird life. The current avifauna consists mostly of 
small island specialists, or supertramps, that have 
recolonized the island. Among the now estab
lished supertramps are two similar honeyeaters, 
the Ebony Myzomela from the northern Bismarck 
Archipelago and the Scarlet-bibbed Myzomela 
from the southern Bismarck Archipelago. The two 
honeyeaters are present abundantly together all 

over the Long islands and often feed in the same 
flowering trees. 

These honeyeaters are the only two bird pop
ulations on the Long islands in which the birds 
have evolved to different sizes since colonization. 
The Ebony Myzomela is now larger than the birds 
of its ancestral populations. and the Scarlet
bibbed Myzomela is now smaller. The difference 
in size between the birds of the two colonizing 
populations has increased from 24 to 43 percent 
on the Bismarck Archipelago to 52 percent on the 
Long islands. Elsewhere, closely related species of 
honeyeaters coexist only if they differ in size by 
50 percent or more. 

Diamond and his colleagues concluded that 
the changes in size in the two honeyeaters on 
the Long islands represent character displace
ment in response to each other's presence dur
ing the few centuries since the Long group's 
devastating eruption. 
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Number 
of 

Species 
Obsen'ed 
(Regional 

Locality Diversity) 

Panama 135 
Trinidad 108 
Jamaica 56 
St. Lucia 33 
St. Kitts 20 

on oceanic islands, such as the West Indies, \Vhich receive periodic ar
rivals of new visitors dispersing over ·water ti-mn larger source areas. Wa
ter barriers fc1vor colonization by highly n1obile species that travel in small 
groups. Bananaquits in the West Indies and white-eyes in the Indian and 
Pacific ()ceans are superb island colonists-or "'supertrarnps'' (Diamond 
197 4). Their extraordinary dispersal abilities enable then1 to be the most 
predictable tlrst colonists on newly formed islands (Box 20-2). Successful 
colonization of one island may be tollo\ved by the colonization of adja
cent islands and continued spread throughout a region. 

A colonist's ecological t1exibility and its cmnpetitive ability to t!t into 
the local conllllunity increase its chances of establishing a population on 
a nevv island. Bananaquits and \vhite-eyes are generalized opportunists, 
able to take advantage of local situations. They breed readily and repeat
edly. After they are established, their populations thrive and grow rapidly 
in an envirorunent vvith fe\v enernies-specialized predators, con1petitors, 
diseases, or parasites. 

PopuL1tion growth under such conditions of so-called ecological re
lease leads to large, dense populations and to the use of a ·wider variety 
of habitats than is the case on the 1nainland. Resident birds of the Pearl 
islands off western Panan1a, for exatnple, achieve densities from 20 to 40 
percent higher than those reached on the adjacent rnainland. They also 
torage over a greater vertical range and use n1ore habitats than do their 
tnainland counterparts (MacArthur et al. 1972). Both the average nunl
ber of habitats used by a species and the density of each species in a par
ticular habitat 1nay double on s1nall islands with tew species, such as 
St. Lucia and St. Kitts of the Caribbean (Table 20-1). 

Populations on different islands diverge fr01n one another as they adapt 
to local niches. The divergence of allopatric populations was discussed as 

Average 
Number 

of Species Relative 
per Abundance 

Habitat Habitats per Species Relative Relative 
(Local per per Habitatb Abundance Abundance 

Diversity) Species (Density) per Species" of all Speciesb 

30.2 2.01 2.95 5.93 800 
28.2 2.35 3.31 7.78 840 
21.4 3.43 4.97 17.05 955 
15.2 4.15 5.77 23.95 790 
11.9 5.35 5.88 31.45 629 

<~Based on 10 counting periods in each of nine habitats in each locality. 
1The relative abundance of each species in each habitat is the number of counting periods in \vhich the species 
was seen (maximum 10); this number times number of habitats gives relative abundance per species; this relative 
abundance times number of species gives relative abundance of all species together. 

From Cox and Ricklets 1977. 



FIGURE lo-3 White-eyes are excellent island colonists that often occupy unfilled 
niches on remote islands that have few other birds. Shown here are (A) a typical 
species, the Bridled White-eye, and (B) a large, thrushlike species, the Giant White-eye. 
These species are found together on Belau (Palau) in the Caroline Islands. [From Lac!< 
1911] 

part of the speCiation process tor Darwin's finches (see Chapter 19). 
Generalized colonists, such as white-eyes, 1nay take over the specialized 
niches of species that are missing ±rom island communities. The increased 
specialization of the first colonists then contributes to their ability. as 
well as to that of their descendants, to coexist with later arrivals. On 
La Reunion in the Indian ()cean. where there is no nectar-feeding sun
bird. the Reunion Olive White-eye has become ;1 specialized nectar
teeding species in both bi11 n1orpbology and b:havior (Gill 1971 ). It co
exists there with a second, generalized \Vhite-eye, the Reunion Gray 
White-eye (see Chapter 19). In the tropical Pacitlc, unusually large species 
of \vhite-eyes have evolved independently on 12 small islands that have 
tevv other species. These large white-eyes often coexist with one or more 
other. smaller species of white-eyes (Figure 20-3). 

Turnover 

Turnover-the addition and loss of species-causes the con1posit1on of 
avit:lunas to change with the passage of time. The time scales range tl-om 
the long-term. gradual replacen1ents of ancient t~1xa by more recently 
evolved taxa to short-tenn. yearly changes. The number of species may 
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CHAPTER TWENTY or rnay not reach an equilibrium where new additions through coloniza

tion or speciation balance extinctions. 
The nwnber of species present in northern Scandinavian bird com

rnunities, for ex~unple, fluctuates by 15 percent ti-on1 year to year 
Qarvinen 1980). Farther south. in the rich deciduous forests of Birdsong 
Valley, S\veden, annual turnover is about 1 0 percent. In both regions, the 
repeated extinction and immigration of snull nmnbers of rare species (frorn 
one to two pairs total) are the prin1ary causes of annual variations in conl
n1unity richness. Higher turnover in the north is caused by the greater 
unpredictability of \Veather during the breeding season and the greater 
proportion of rare species, v .. rhich in turn are rnore likely to become ex
tirpated or locally extinct. 

The local tun1over of species is a funda1nental concept of geographi
cal ecology. Both island and tnainland aviEnuus are subject to conspicu
ous species turnover. Turnover rates of l to 20 percent of species a year 
prevail on srnall, offshore islands, such as the Channel islands otT the coast 
of California (Diarnond 1980). Annual censuses of birds on a small British 
island, Calf of Ivlan, revealed that Northern Wheatears and Eurasian 
Stonechats repeatedly becarne extinct on the island, only to be replaced 
within a short time by new inunigrants of the s;une species. In this way, 
regular inunigrations may obscure regular extirpations until the popula
tion establishes itself (Figure 20-4). 

Like hmnan civilizations, bird populations undergo long-term cycles. 
The expansion of their numbers and their geographical range is follo\:vcd 
by diversitlcation, speciation, specialization, and then decline, local extir
pation, and the replacement by younger species (Ricklefs 2005). The bird 
population cycles themselves span long intervals of roughly l rnillion years, 
which allo\vs plenty of time for ne\v traits to evolve. 

Initially fonnulated to explain the deployn1ent of ants on the islands 
of the South Pacific (Wilson 1961), these so-called taxon cycles capture 
the concept of dynarnic changes in the cornposition and structure of bird 
conununities on islands and n1ost likely on continents, too. CmTcnt data 

Year 

FIGURE 2o-4 Turnover of Northern Wheatears (top) and Eurasian Stonechats 
(bottom) as indicated by annual breeding bird censuses on the Calf of Man, a small 
British island. Regular extinctions and replacements of small populations take place. 
Abbreviations: I, immigration; E, extinction. [From Diamond 7980] 



suggest that the cycles of diHeTent species are largely independent and not 
coordinated, for ex~unple, by clinute cycles. 

What really triggers the expansions in birds' population size and range? 
We don't knuw. A principal hypothesis t~nrors escape tl-om burdens of 
ene1nies-parasites, diseases. or predators-by virtue of a new mutation 
or behavioral trait. 

Conversely, reproductive success and population size tend to decline 
as a result of increased susceptibility to cnen1ies-n;1Inely. parasites and 
predators. Aggressive nevv colonists or cmnpetitors also force prc·viously 
established residents to retreat into a subset of the available habitats. De
clining population sizes increase the probability that some populations will 
become extinct. Local extinctions then fi·ag~nent the distribution of the 
species. The House Wren, for exampk, was once widespre~1d on islands 
of the Lesser Antilles of the eastern Caribbean. It then disappeared for no 
apparent reason fi·om Guadeloupe and Martinique and is close to extinc
tion on St. Vincent. 

What may appear to be the direct. cmnpetitive replacement of older 
endemic species on islands by new colonists nuy only be coincidence. 
For example, Mourning Doves replaced the endemic Socorro Dove on 
Socorro Island, otT Baja California. in the 1970s. The extinction of the 
Socorro Dove and the colonization by the Mourning Dove turn out to 
have been independent events related to the establishn1ent of a garrison 
of the Mexican army. The army's cats ate the tame endemic doves. Its 
new wells provided the drinking vvater required hy the colonizing Mourn
ing Doves Qehl and Parkes 1 9H3). 

I3iochetnical analyses of ages and relationships among island bird pop
ulations confin11 cornplex patterns of expansion. specialization. and the 
fragmentation of distributions. The oldest of the 57 lineages of snullland 
birds occupying the Lesser Antilles dates back roughly 10 million years 
(Ricklefs 2005). Expansions and recolonizations by derived species pro
duced a complex mosaic of conununities of species on ditierent islands. 
For example, two lineages of mitnic thrushes (lVlimidae), the West Indian 
thrashers and tremblers, date back roughly 4 million years. Their history 
features at least 16 chapters of island colonizations and divergences of sub
species or species (Hunt et al. 2001). The three moden1-species groups 
of tremblers det;ve tl·orn splits at the beginning of the Pleistocene 2 tnil
lion years ago. 

Island Biogeography 

Although island aviEnmas may change regularly in the composition of 
their species, the nu1nber of species present theoretically reaches a bal
ance between gains due to immigration and losses due to extinction 
(MacArthur and Wilson 1967). The predictable balance between gains 
and losses is known as the equilibriun1 theory of island biogeography. By 
this theory, the point of intersection bet\veen the immigration curve and 
the extinction curve detl.nes an equilibrium species number (Figure 20-5). 
The rate of extinction increases with the nmnber of species on an island 
because there are more species \Vith competition-reduced population sizes. 
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Immigration rate 

(A) 

Close 

s 
Number of species on island Number of species on island 

FIGURE 20-5 (A) The number of species found on an island reflects the balance 
between the rate of immigration (colonization) and the rate of extinction. 
(B) Immigration rates on islands that are distant from source areas are lower than 
rates on islands close to source areas. Extinction rates on large islands are lower than 
those on small islands. Extinction rates increase as the number of species present on 
an island increases. The point of intersection of the two curves for any particular 
island defines the expected equilibrium number of species, S. [From Ric/<lefs 1916a] 

Conversely, the rate of inunigration Edls as the number of species in
creases. Fewer new species fiom source areas are possible, and the colo
nization of an island full of competitors is rnore ditlicult. 

Rates of extinction and colonization vary an1ong islands of ditJerent 
sizes and degrees of isolation. In general, the observed relations between 
the nmnber of species and island size are in accord with the model (Fig
ure 20-6). H<nvever, they do not take into account nussive prehistoric 
extinctions caused by humans. such as the Polynesian colonists on the 
Hawaiian Islands and elsewhere in the South Pacific (Olson and Jatnes 
1982). 

The number of equilibrium species for large land-bridge islands, "\vhich 
vvere once part of a tnainland with a full cmnplement of species, is much 
greater (often three titnes) than that tor large distant oceanic islands. 
w·hich depend solely on colonists that cross the seas. Land-bridge islands 
have lost species steadily since they were isolated by rising sea levels at 
the end of the Pleistocene epoch (1 0,000 years ago). Small land-bridge 
islands have lost a greater proportion of their initial populations of birds 
than have large land-bridge islands of cmnparable age (Table 20-2). 

Barra Colorado Island in Panama is a land-bridge island that vvas sep
arated from the mainland in recent times by the opening and flooding of 
the Panarna Canal in 1 914. The island is hmne to the prestigious Smith
sonian Tropical Research Institute. Its scientists thoroughly documented 
the species that were present and how they fared in 85 years of isolation 
(Robinson I <J99). The result: 65 bird species have disappeared fi·om the 
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FIGURE lo-6 The number of species, S, found on islands increases in direct relation 
to island area, A. This graph is plotted for islands of the West Indies. [From Ricl<iefs and 
Cox 7972] 

island. ()nee gone, sedentary torest-d\:\,relling species in particular have not 
recolonized the island. Many of then1 were lost before 1970. At least 14 
species disappeared after 1970, and three others (Slate-colored Grosbeak. 
Speckled Mourner, and Rufous Piha) that \Vere abundant in 1970 no\v 
persist only in small numbers. 

Extinction can result sitnply from the inevitable tluctuations in the size 
of small populations. The probability of extinction, therefore. depends on 
population size and on the area containing the population. 

What has been causing this loss of bird species fi·om Barro Colorado 
Island? Several changes contribute to the loss, but one of then1 highlights 
the importance of large predators, such as jungle cats and l'agles. These 

Nun1ber of Species 

Island Area (ktn2) Original Present Extinct 

Fernando Po 2.036 360 128 232 
Trinidad 4,834 350 220 130 
Hainan 33.710 198 123 75 
Ceylon 65,688 239 171 6H 
Tasmania 67,978 180 HH 92 

From Terborgh and Wimer 1980. 
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84 
37 
38 
28 
51 
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CHAPTER llNENn' predators disappeared soon after isolation. leading to increases in their 
prey-snu11 forest manmuls and other predators of ground-nest birds. 
Sinlilarly, 1nainland forests are increasingly reduced to small island frag
Inents that are subject to loss of species in \vhat is sometirnes called the 
snuB-island effect (see Chapter 21 ). 

Open and Closed Communities Compared 

Historical forces add and subtract species frorn local cornmumttes over 
long time periods. Evolutionary changes. on one hand, con1bined with 
seasonal changes and daily species interactions on the other hand, mold 
the actual cornpositions of local assernblages of species. Whether conm1u
nities achieve stable equilibria through short-tern1 or evolutionary adjust
ments remains uncertain. 

Classical con1munity ecology was largely an equilibriun1 science that 
assumed that both population and community processes tended strongly 
to\vard equilibrium states (R.icklets 2005). R.eplacing that assumption now 
is a growing recognition that dynamic evolutionary and ecological adjust
rnents may prevail. A continuum of possible conununity structures indi
cates the diversity of these processes in play. 

Derived from early botanical thought are two polar views that em
brace the continuum of community formation and dynamics (Figure 
20-7). Open cmnmunities are fortuitous. dynamic assemblages of essen
tially noncon1peting species. The species in these cmnrnutlities each align 
themselves independently along environmental gradients according to 

their own ecological requirements (Gleason 1926~ Wiens 1990). Closed 
communities are stable combinations of species that separate themselves 
trorn a pool of possible colonists and con1petitors. Community etliciency, 
stability, and resistance to invasion by additional species increase with evo
lutionary adjustment ~nnong mernbers of the con1munity. In this view. 
cmnpetition for lin1ited resources structures the local cmnposition of 
species. The closed-con11nunity concept has been a dominant theme of 
modern studies of bird co1nmunities. 

These vie\\.7 S are extreme. but evidence exists for both. For exan1ple. 
the birds that breed in upland hardwood stands in southern Wisconsin 
form open-cmnrnunity assernblages of species (Bond 1957). Their habi
tats range from open, dry. deciduous forests dmninated by black oak trees 
to denser, n1oist forests dominated by sugar nuple trees. Certain bird 
species, such as the Red-eyed Vireo, are more common in \Vet-cliinate 
forests. Others, such as the l3lack-capped Cllickadee, are n1ore con1mon 
in dry-climate tcHests. Some, such as the Atnerican l~edstart. are most 
con1n1on in intermediate forest types. Each species has specific preferences 
or needs and chooses its habitat accordingly. These overlapping distribu
tions suggest independent, ecologically related associations, not coincident 
relations of coadapted species. 

Disturbance and unpredictable clinute changes foster open-community 
assetnblages. Series of unpredictable wet and dry years or of severe and 
benign winters arc the nonn worldwide. Pronounced year-to-year variations 
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FIGURE 2G-7 Open and closed communities are extremes on the continuum of 
possible community structures along environmental gradients, such as dry forest to wet 
forest. In open communities (bottom), species are arrayed independently according to 
their particular ecological needs. In closed communities (top), distinct sets of species 
occupy particular habitats with breaks at the interfaces between habitats, called 
ecotones (arrows). [From Ricl<lefs 1979a] 

are typical even of tropical rain forests. once thought to be the 1nost sta
ble of ecosystetns. Fire, an extren1e tonn of disturbance, naturally and pe
riodically devastates chaparral co1nmunities in California and the grasslands 
ofboth Africa and the \Vestern United States. Ret,rro\vth after a burn pro
ceeds through regular patterns of plant succession and associated bird com
Inunities. Through the years, localized burns and recoveries create an 
ever-changing mosaic of unstable habitats. The local conununities that 
occupy them are therefore dynamic ones rather than self-perpetuating 
systems at equilibrium. 

Similarly, fire controls the shrub-steppe bird comn1unities of the Great 
Basin of western North Atnerica. Interspecitlc cmnpetition does not seen1 
to be an important force in such dynanlic cmnmunities (Dunning 19H6). 
Instead, these birds appear to be limited pt;ncipally by winter t()od avail
ability rather than by summer food availability. They respond opportunis
tically and without con1petition to locally abundant, nonlimiting resources 
on their breeding grounds. 
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CHAPTER TWENTY Cmnnnmities of hummingbirds also are dynatnic ones centered on 

current blooms of t~wored flowers. The evolutionary histmy ofhumming
birds features physiological ~H.-bptations to high altitudes, such as those of 
the Andes of South America, and specializations of bill structure for feed
ing and pollinating particular tlo\vers (see Figure 1-9). It also features in
tense competition within and an1ong species tor nect~lr. 

Hunm1ingbirds, as \veil as other nectar-feeding birds, provide some of 
the best examples of closed assetnbbges of species that compete for tood. 
Coexisting hmnmingbirds organize themselves in predictable, but often 
temporary. sets around one or tvvo large, territorial species that control 
access to preferred flowers. In the highlands of Costa Rica, tor example, 
the aggressive Fiery-throated I-I ununingbird and Green Violetear control 
the clusters of tlo\vers that are rich in nectar (Wolf et al. 1976). Comple
menting such territorial species in each local set of species are (1) a large, 
nontcrritorial, long-billed species, ·which visits scattered t1ovlers contain
ing large nectar volmnes: (:2) a small-sized. nonterritorial, short-billed 
species, which visits s1nall flowers containing small a1nounts of nectar; and 
(3) a small-sized, sharp-billed tllcher, such as the Tufted Coquettt'. which 
steals nectar trmn undefended big tlo'"'ers by piercing the base of the 
corolla (Figure 20-HA). 

()rnithologists ticquently discover that the ranges of closely related 
species are mutually exdusive. Each island in the West Indies, t(w exam
ple, is inhabited by only 2 or 3 hurnmingbird species. although 15 hum
tningbird species inhabit the region (Figure 20-SB). ()nly two resident 
species. a small one ;md a large one, in habit low-lying islands. Mountain
ous islands are populated by three types of hunnningbirds: a small. wide
spread species and two large ones, one of thern in the lowlands and the 
other in the highlands. Competition em be inferTed to be the process his
torically responsible tor such replacement patterns of ecologically sinlilar 
spenes. 

If con1munities were truly closed, they \vould be resistant to invasion 
by ne\V, introduced species. But so-called invasive species occupy many 
bird con1nnmities worldwide. Think of Conm1on Starlings and Conm1on 
Pheasants in North An1erica. The avifmnas of the West Indies now in
dude 23 established exotic bird species. The Haw·aiian Islands have more 
than 45. and Florida has 58 plus n1ore than 100 additional species that es
cape or are deliberately released each year but don't yet breed. 

What is the distinction, if there is one. between what '~'e call ''inva
sive,'' "alien." "exotic," or "nonnative" species and what \Ve call "native'' 
species that expand their range or invade a new island naturally? It rests 
on the role ofhurnan transport in their dispersal (Ricklds 2005). Whether 
introduced species are poor dispersers that advance because they are su
perior cornpetitors that can penetrate a closed cmnmunity is unknown. 
The rnany exotic species introduced into the Hawaiian Islands have largely 
tailed to invade the intact native forest there (Scott 1986). Instead. they 
thrive only in disturbed and hmnan landscapes. much like those of their 
origins. As with natural range expansions, exotic species rnay thrive be
cause they temporarily escape tl·mn the herbivores, predators, or pathogens 
that fon11erly linlited their nun1bers. 



(B) 

FIGURE 20-8 (A) The small Tufted Coquette uses its sharp bill to steal nectar from 
undefended big flowers by piercing the base of the corolla . (B) Geographical 
replacements of possible competitors. Different species of small hummingbirds do not 
coexist in the West Indies; instead, they have segregated distributions. [After Lac!< 1971] 

What is known is that the success of an introduction corresponds pri
marily to the introduction efrort itself--how many birds are released hO\v 
many tirnes. Many half-hearted introductions fail. 

Species Diversity 
The number and diversity of bird species in an area vary with habitat . 
among continents. and from one region of the planet to another. The 
major patterns of species richness-lowest in the Arctic, highest in the 
Tropics-have been kno\vn for years. The underlying causes of these 
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CHAPTER TWENlY patterns, however, continue to challenge us. Understanding why there 

are so many more species in tropical communities than in temperate com
munities is especially challenging. The next sections review the patterns 
of species diversity in rime and space, with special emphasis on tropical 
species diversity. 

Diflerences among communities in numbers and relative abundances 
of their species relate to regio nal and historical processes as well as to lo
cal ti.1rces such as productivity and seasonal stability. Diversity in tropical 
communities. in particular, relates to their long, stable histories of accu
mulation of specialized species (Moreau 1966). Ancient communities may 
be the most species rich of all. For example, the forest faunas of Panama 
are richer than those of Afi·ica . but the grasslands and savannas of Panama 
are relatively impoverished. The lowland forests in Afi·ica were restricted 
in extent during the Pleistocene period. which prevented the develop
ment of rich forest avifau nas (Karr l Y76). The man-made grasslands in 
Panama are quite young ( 15,000 years) relative to the ancient . natural 
grasslands and savannas of Africa . As a result, grassland communities in 
Africa are species rich, w·hereas those in Central America are species poor. 

Spatial Components 

The distributions of most bird species are restricted both globally and lo
cilly. Penguins are limited to the Southern Hemisphere, ;mks to the 
Northern Hemisphere, curassows (sec Figure 3-l4) to tropical South 
America, mousebirds and turacos to At!·ica (Figure 20-9) , and the Dodo 

FIGURE 20-9 The turacos, such as this Ross's Turaco, are limited to Africa. 



(once upon a tin1e) to the island of Mauritius. Such boundaries may be 
due to physical restrictions. The t1ightless Dodo, for example. was lim
ited to one oceanic island (see Box 21-1). More otten, however. the lim
its of the distribution of a bird species, even on continents, are due to 
intrinsic litnits of population growth. competitive replacement by another 
species, availability of resources, physiological tolerances, or sorne com
bination of these t~1ctors. Even at the local level of a county, pa1·ish. or 
shire perhaps. few birds use the full variety of habitats available to them. 

Local diversity, or alpha diversity. corresponds to the structural com
plexity of the habitat. Plant species and physical fon11. amount of vege
tative cover, and details of habitat structure all contribute to habitat 
co1nplexity and to the local diversity of birds. The physical structure of 
habitats provides courtship and dispby stations, nest sites. protection t1-om 
predators, shelter fron1 climatic stress, and food. 

The vertical distribution of vegetJ.tion roughly defines the variety of 
foraging opportunities and, hence, the variety of species that can occupy 
a habitat (Figure 20-1 0). The Hubbard Brook forests of Ne\V Han1pshire, 
tor exarnple, contain ground feeders such as thrushes, ()venbirds. and 
Dark-eyed juncos: tree-trunk feeders such as woodpeckers and nuthatches: 
general canopy feeders such as Scarlet Tanagers. some vireos. and one 
species of flycatcher, which search \Videly in both deciduous and conif
erous trees: and specialized canopy fl.,eders such as Blackburnian Warblers 
and Black-capped Chickadees, which tend to restrict their searches for 
food to the outer t\vigs of conifers (Holmes et aL 1979). A closer look 
reveals that variations in foraging behavior among insectivorous birds are 
directly related to variations in foliage height. 
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FIGURE 2D-10 The local diversity and relative abundance of bird species are 
correlated with the relative height and diversity of the foliage, illustrated here for sites 
in Illinois (sites 1 through 4), Texas (sites 5 through 8), and Panama (sites 9 through 
15). [After J<arr and Roth 1971] 
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bird species that nest at ditTerent heights and in difTerent microhabitats. 
In a 20-year study of birds associated ·with the conversion of old, aban
doned fields into shrublands and then into forest-called old-t1eld eco
logical succession-on Long Island, Nevv York, nine species of birds 
established nesting territories in a sequence that corresponded to the 
availability of nest cover (Lanyon 1981). R.ed-\vinged Blackbirds were 
the first to nest in a tleld, and Eastern To\vhees were the last. As an 
open field converts into shrubland and then into forest. the availability 
of nest-supporting vegetation and the an1ount of shade for nests deter
nline the suitability of the habitat for breeding. In this example, the pro
cession of species of overlapping tenures caused the average number of 
territorial species present to peak 20 years after the field \Vas last culti
vated (Figure 20-11). 
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Species that coexist in seemingly hon1ogeneous habitats, such as grass
lands or spruce forests, may segregate their niches more tlnely with re
spect to foraging station (Box 20-3). Consider the classic study of niche 
partitioning by warblers in northern spruce forests of Maine (MacA1thur 
1958). There, the Yello\v-nmiped Warbler feeds tnostly in the under
story below 3 meters, the Black-throated Green Warbler in the middle 

---\ Succession arrested 
\ (shift back to grasses) 

' -"""' ""'" \ 
\ 

Succession arrested \ 
(grasses dominant) .. - ....... \ --------------- __ ..... --~-- --

Succession not arrested 

Average of four censuses 
in Oak Woodland, 54-62 
years after clear-cutting ... 

.__"T"""_"T"""_"T"""_"T"""_-r---,...-_,...---r--1 / I / f--
1-3 4-6 7-9 1D-12 13-15 16-18 19-21 22-23 29-31 32-34 35-37 38-40 41-43 44-45 

Age of old field (number of years after cultivation) 

FIGURE 2D-11 The diversity of species nesting in old fields changes with the age of 
the field and the successional change of the vegetation from grass, to bushes, and 
ultimately to trees. Successional change was arrested by cultivation. [From Lanyon 
7987] 
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Distance to protective 
cover affects the variety 
of sparrows that can coex

collared Longspur feeds far from the trees in the 
most open grassland. 

ist in open, simply structured grassland habitats 
(Pulliam and Mills 1977). In southeastern Arizona, 
four species of sparrows inhabit open grasslands 
that have scattered mesquite trees, which provide 
some protection from predators such as Prairie 
Falcons. From the sparrows' point of view, this 
habitat offers concentric rings of increasing dis
tance from the nearest cover. The Vesper Spar
row stays closest to the mesquite trees (within 
4 meters), the Savannah Sparrow feeds farther out 
(4-16 meters), the Grasshopper Sparrow still far
ther out (8-32 meters), and the Chestnut-

The behavior of these species when flushed 
corresponds to the risks of flying increasing dis
tances to cover. Vesper Sparrows fly quickly to 
nearby cover. Savannah Sparrows fly to an ex
posed perch the first time they are flushed and 
then to full cover if flushed again. Rather than 
face the risks of a longer flight. Grasshopper Spar
rows usually drop back into the grass when 
flushed, but they fly for cover if repeatedly 
flushed. Longspurs. however, either crouch to the 
ground to hide or fly off in tight flocks that help 
thwart predators. 

story, and the Blackburnian Warbler at the tops of the same spruce trees. 
Sharing the midsection of the trees with the Black-throated Green War
bler. \Vhich searches the foliage for food. is the Cape May Warbler, which 
feeds on insects attracted to sap on the tree trunk. Sharing the tree tops 
with the Blackburnian Warbler. \Vhich teeds on the outer twigs and sal
lies out after aerial insects, is the Bay-breasted Warbler, \vhich searches 
t()r insects close to the tn1nk. In Europe, ditferent species of tits sho\V 
parallel choices of their foraging stations (see page 629). 

Bird species diversity increases fi·otn that in a single local habitat 
(alpha diversity), to that across Inultiplc local habitats (beta diversity), to 
large-scale regional diversity (gan1n1a diversity). Habitat preferences cause 
the variety of birds to increase as the nmnbcr of distinct habitats increases. 
From the West Coast of the United States to the East Coast. the num
ber of species peaks in the Sierra. Rocky, and Appalachian rnountains, 
where n1arkedly different habitats at various altitudes increase beta diver
sity. Some countries in South Atnerica-Colmnbia, Ecuador, and Peru
O\Ve their extraordinaty avit~nmas in p;n1: to the topographical and 
ecological diversity of the Andes. 

Tropical Diversity 

The density of species in an area increases as in the procession southward 
ti·orn North A1nerica (Figure 20-12) and peaks in the tropical f(xests of 
\-\'estern An1azonia. Tropical forests support n1ore than 300 resident species 
in a 3-square-kilometer study plot, compared with only 30 to 50 species 
in temperate forests (Marra and R .. emsen 1997). A 400-square-mile sec
tion ( 16U,OOO square miles in area) of the United States contains fi·om 12() 
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FIGURE 2o-12 The number of land-bird species that breed in geographical areas of 
400 square miles in North and Central America decreases with increasing latitude. 
[From MacArthur 7969] 

to J 50 species of breeding land birds, but the same area in Centra] funer
ica contains fi·om 500 to 600. In \\:estern An1azonia, more than 1000 
species can be found in such an area. and more than 535 species. includ
ing as rnany as 40 species of antbirds, can be found loca1ly in a 1 ()0-hectare 
site (Terborgh et al. I <190). 

The variety of species also increases downhill from high to low alti
tudes. In the Andean country of Colombia alone, 47 species residl' above 
the timberline, 270 at lower temperate altitudes. more than 4HO at even 
lovver. subtropical altitudes, and more than 1000 in the tropical lowlands. 

The greater diversity of species in the Tropics cornpared with diver
sity in the ten1perate zone is due in part to different and more varied food 
resources (Ricklefs and Travis 1980). For ex~unple, groups of fruiteaters
toucans, hornbills, barbcts, trogons, cotingas. manakins. broadbills. and 
turacos-expand the dimensions of tropical bird comnmnities. Parrot' 



large and small consmne a wide variety of seeds, truits, and nectars that 
are not available in northern forests. Hummingbirds and tanagers abound 
in New World tropical torests, but only a tew species live in the north. 

The divt>rsity of insect sizes also is greater in the Tropics than in 
temperate-zone habitats, and the diversity of bill sizes of tropical birds in
creases accordingly (Figure 20-13). SomL· f:unilies of strictly tropical 
birds-pufthirds. motmots, antbirds, wood hoopoes, and jacamars-spe
cialize in large insects and small reptiles that are not present in temperate 
ecosystems. Foraging specialists, such as ant followers and epiphyte probers. 
also add to the diversity of bird communities in tropical regions. 

For decades, ornithologists thought that gre;lter structural habitat com
plexity was responsible for the high diversity of species in tropical forests. 
but this conclusion may not be so (Marra and Remsen l 997). Despite 
their obvious diffnences, tropical and temperate torests do not difter in 
overall heterogt>neity or complexity. Direct comparison of the use of the 
fort>st structure by t()liage-gleaning insectivorous birds of the understory. 
however. exposes more specialized t(>rest-tloor toraging behaviors in the 
tropical species (Figure 2U-14). Compared with temperate species, each 
tropical species is more selective of particular horizontal and vertical habi
tats and has narrower niche breadth in foraging substrates and t()raging 
heights. In addition, the tropical species overlap less in toraging stations 
than do comparable temperate-zone species. 

In general. tropical species tend to use a naJTower range of habitats. 
They may be more specialized in their foraging behavior and less tolerant 
of climatic variation than their temperate counterparts. Greater ecologi
cal specialization kads to tighter packing of species in local communities. 
smaller geographical distributions, ;md greater species richness. 
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FIGURE 2G-13 The existence of large-billed birds causes an increase in bird species 
diversity in the Tropics. Shown here are the bill lengths of insectivorous birds that 
breed in (A) tropical latitudes (8°-l 0" N) and (B) temperate latitudes (42°-44° N). 
[From Schoener 19711 
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FIGURE 20-14 Mean foraging heights of (A) temperate and (B) tropical forest 
species. [From Marra and Remsen 1997] 

Temporal Components 

Local assetnblages of species change \Vith tin1e as well as with space or 
geography. Their composition fluctuates regularly with the season and ir
regularly \vith climate and resource availability. Migrants coexist only tenl
porarily with resident species and change their community membership 
with the seasons. Disturbances due to def(westation or fire or to coloniza
tion or extinction keep nuny habitats in flux. 



Virtually all bird communities consist of both resident and nonresident 
species. Residents stay put and accommodate monthly changes in climate 
;md tood availability. Nonresidents are seasonal specialists that take advan
tage of predictable periods of local regional food abundance . The mobil
ity of birds and the evolution of the migratory habit have made possible 
nonresidency and the opportunistic exploitation of variable environments 
(se<: Chapt<:r 1 0). 

Ephemeral resources attract opportunistic species. Temporary assem
blages of highly mobile birds may last hours, weeks, or years . Flocks of 
seabirds over a shoal of tlsh, tor example, are brief in duratio11 (minutes 
or hours) and highly variable in species composition. Assemblages of hum
mingbirds and sun birds at tlmvers feature high turnover of both individ
ual birds and species during the btief blooming periods of days or weeks 
(Figure 20-15). 

The regional divnsity of small, short-billed hummingbirds depends 
on their ability to circulate se;1sonally among locally blooming flowers 
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FIGURE 2Q-15 The composition of sunbird species feeding in fields of flowering mint 
in the Rift Valley of central J<enya changes weekly as a result of local competitive 
interactions, and varies through the years and over sites as a result of regional flower 
availability and colonization . [After Wolf and Gill 1980] 
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FIGURE lG-16 Model of seasonal composition of the pine-forest bird community of 
Grand Bahama Island . Local numbers increase with the addition of young birds in the 
summer and again with the arrival of wintering migrants, which leave in April. [After 
Em/en 1980] 

(Feinsinger 1980). Only two short-billed species. the Copper-rumped 
Hummingbird and th e· Ruby Topaz, inhabit the small island ofTobago. 
where they must coexist year-round in the principal nonforested habi
tat. Seven similar species coexist on the larger island ofTrinidad , \vhere 
more diverse habitats enable segregations and seasonal patterns of local 
migration. 

Seasonal residents f(mn a major pan of most bird communities. In sea
son, migrant shorebirds can dominate the bird life of coastal wetlands. 
The influx of winteti ng migrants trom the north triples the number of 
species found in the open pine forests of Grand Uahama Island and in
creases the density of birds trom 90() to 1600 per square kilometer (Emlen 
1980: Figure ::W-16). 

In the tropical evergreen torests of \vestern Mexico, the density of 
small foliage gleaners increases from an average of2 to 64 birds per hectare 
with the arrival of the migrants (Hutto 1980) . These extraordinary den
sities of wintering birds result when large populations compress them
selves into small areas. Migrant North American land birds fiom 16 million 
square kilometers of breeding range squeeze into ~ million square kilo
meters ofv.:inter range in northem Central America and the West Indies. 

Competition 
Competition arises ·when one bini's use or detense of a resource makes 
that resou rce less available to other birds. Interspecific competition arises 
when birds of coexisting species require some of the same limited re
sources. The use or defense of those resources by members of one species 
reduces the availability of resources to members of another species. Re
call that competition among members of one species reduces the rate of 



population growth in that species by limiting survival or reproduction. 
Competition among members of ditTeren t species also em atrect popula
tion gnn.vth. 

The competitive exclusion principle-a fundamental concept of ecol
ogy also known as Gause's la\v after C. F. Cause, a pioneering Russian 
ecologist-states that t\vo species with identical ecologic1l niches cannot 
coexist in the sa1ne environment. Laboratory results support this concept. 
One species usually replaces another similar species when the t\vo are 
f(wced to share the same environment in a laboratory. 

Similarly. competitive interactions are expected to be most intense 
\Vithin sets of ecologically si1nilar species. or guilds, that depend on the 
satne set of resources (!Zoot 1967). 

Interference Competition 

Corn petition can be expressed as the overt aggressive displacetnent of in
dividual birds, called interference competition, or as the reduction of the 
fecundity and survival of one species by another. called exploitative com
petition. ln an unambiguous example of interference competition, large, 
dominant species ofhUimningbirds aggressively exclude other species tl-om 
the densest concentrations of tlo\vers. Forced by dominant species to use 
other feeding grounds with tewer tlowers, subordinate species quickly shift 
back to the best available feeding grounds whenever it is possible to do 
so. Coexisting antbirds that gather at s\varms of army ants in tropical forests 
exhibit similar behavior (see Figure 11-8). So do Golden-crowned Spar
ro\vs wintering in California. They agsrressively restrict the use by Dark
eyed Juncos of tora~ring space near shrubs (Davis 1973). The juncos 
increase their use of sites closer to protective cover when Golden-crowned 
SpalTows are removed experimentally but revert to intl-equent use \~·hen 
the sparrows return. 

Behavioral dominance forces sexes of the same species, as well as birds 
of ditTerent species. to usc ditTerent habitats. Peter Marra (20(Hl) tested the 
habitat preferences of Atnerican Rcdstarts wintering on Jamaica. There, 
adult male redstarts nwstly occupy mangrove habitats, where they estab
lish and detend winter territories. Female redstarts mostly occupy nearby 
low-quality secondary scrub lubitats. The fetnales that winter in scrub 
habitat sutTer a measureabk decline in body condition, which aftccts their 
migration back to breeding grounds in North America and, potentially. 
their future reproductive success (Mana and Holberton 1998). 

Before a series of removal experiments, yearling male and fenule red
starts arrived flrst and settled in both habitats. Adult males arrived next 
and increased the competition for territories. They displaced subordinate 
redstarts, especially females, trom the high-quality mangrove study areas 
to the low-quality scrub habitat. IVLtrra then removed equal numbers of 
established redstarts from both habitats to test the response of the remain
ing redstarts to the experimental vacancies. No longer excluded fi·om the 
best habitat by dominant males, subordinate redst;nl:s, primarily females. 
quickly tilled the vacancies in the mangroves first. 
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Rather than overt aggression, most interspecific cmnpetition subtly de
presses a species' survival or breeding success by reducing critical resources. 
Such competition is exploitative cmnpetition. Some of the best evidence 
of the effects of one species on the fecundity, survival. and population re
cruitment of another comes fron1 research on Great Tits and Blue Tits. 
This research is an extension of the \Vork on population regulation of the 
Great Tit (see Chapter 18). 

The local assemblages, or guilds, of titmice have been the focus of in
tense research on the role of interspecific competition in bird communi
ties. The reduction of the t()od supplies by tits can afiect the reproductive 
success of species outside their guild, such as Collared Flycatchers in S\ve
den (Gustatsson 1987). However. the details of competitive interactions 
between Great Tits and Blue Tits are of particular interest. These t\VO 
species negatively affect e~Kh other in a variety of \vays. both trivial and 
conSL'quential (Dhondt 19H9). Whereas competition between them affects 
their annual population dynamics, the balance of their interactions leads 
to coexistence rather than the exclusion of one species by the other. 

R~ecall that reproductive success. or fecundity, in Great Tits decreases 
as population density increases. In addition to being sensitive to the local 
densities of me1nbers of their O\Vn species, the fecundity of Great Tits is 
sensitive to the nmnbers of coexisting Blue Tits. Even though they tend 
to use ditferent foraging stations, there is overlap. High densities of Blue 
Tits during the breeding season reduce tood availability. Reduced food 
availability increases nestling mortality and causes te\ver Great Tits to at
tempt second broods. In this \Vay, high densities of Blue Tits reduce the 
reproductive output of Great Tits. The effects of Blue Tits on the repro
ductive output of Grear Tits during the breeding season, however, are 
only temporary ones and have little final etfect on the population density 
of Great Tits. Instead. their density is controlled primarily by winter sur
vival and the recruitment ofjuveniles (see Chapter 18). 

The reproduction ofBlue Tits is neither density dependent nor greatly 
affected during the breeding season by the local numbers of Great Tits. 
with one caveat: Great Tits control nest boxes if they are in short sup
ply. They may even kill Blue Tits in the process (Lohrl 1977). This tonn 
of interference competition is extremt'. 

()f greater consequence is the reversal of competition between these 
t\VO species outside the breeding season. Then Great Tits truly limit the 
number of Blue Tits in a \voodlot by controlling the availability of roost 
holes. When the number of Great Tits in a population that depended on 
tnan-nude boxes for roosting (as well as t(1r nesting) was halved (by nar
rowing the nest entrances tl-on1 32 to 26 111111 and thereby excluding the 
larger Great Tits), many more rnale juvenile Blue Tits \Vere recruited inro 
the woodlot in the autumn and subsequently joined the breeding popu
lation in the following year (Figure 20-17). 

The measurable competitive interactions bet\veen Great Tits and Blue 
Tits afl(xt their annual successes. Although it does not result in the ex-
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FIGURE 20-1 7 Experimental demonstration of interspecific competition. When Great 
Tits were excluded from nest boxes (from 1976 to 1978, screened area) in the 
experimental area at Gontrode, Belgium (white circles), more Blue Tits established 
themselves there than in a control area at Zevergem (black circles) that had the 
normal number of Great Tits. [After Dhondt and Eycl<erman 1980] 

elusion of one speci es tl·om a v.:oodlot by the other. competttton f:wors 
ditlcrent foraging behaviors, body sizes. and nest-site prde renccs. Segre
gation by habitat is another potential co nsequence in some spenes. 

Ecological Segregation 

A corollary of the competitive exclusion principle is that competttton 
should increase directly with overlap in the use oflinuted resources. 11etri
mental ecological overlap may foster clunges in behavior or morphology 
that reduce competition. Observed ecological dit1erences between related 
species . therefore, may be the ·'ghosts of competition past .. (Connell l9RO). 

Local separation by habitat and teeding stations is typical of titmice. 
In Europe. the Great Tit. Blue Tit. and Marsh Tit inhabit broadlcafforests. 
The Crested Tit and Coal Tit live primarily in coniferous ti.m.'st used by 
the other three species only as a suboptimal habicn. The species that live 
together teed in different places: Great Tits on the ground . Marsh Tits 
on large branches. and Blue Tits on the smaller twigs. DitTerences among 
European titmice in their teeding locations are associated with differences 
in body mass and beak size. Larger species teed at a lmver level and on 
larger insects and harder seeds than do smaller species. Species that live in 
coniterous forests have longer and natTO\ver beaks than those that live in 
broadleaf woods. 

Each species of European tit has a counterpart in North America (Fig
ure 20-18). However. only t\VO of the North American species usually 
live together in the same habitat. In many areas, a small chickadee coex
ists with a large titmouse . which has ditTerent requirements. Where two 
species of small chickadees coexist , they inhabit different habitats. In New 
England. the Boreal Chickadee inhabits dark coniter stands, wh ereas the 
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Willow Tit 

\ 

FIGURE 20-18 Certain species of North American (top row) and European (bottom 
row) chickadees and titmice act as ecological equivalents. [From Lack 1971} 

Black-capped Chickadee inhabits rnore open, mixed deciduous and 
conifer forest. On the West Coast. Chestnut-backed Chickadees and 
Black-capped Chickadees sirnilarly separate by habitat. 

If con1petition actually restricts a species, one would expect shifts in 
the distribution, habitat use. or foraging behavior of a species \Vhen it is 
not limited by a cmnpetitor. The absence of a competitor allows ecolog
ical release. On the San Juan Islands of the Pacific Nortlnvest, where there 
are no Black-capped Chickadees, the Chestnut-backed Chickadees in
habit broadleaf forests used else\vhere by the Black-capped Chickadees. 
Shifts in habitat use in the absence of other species are well documented 
among European tits. Marsh Tits, for exatnple, inhabit pine plantations 
only in Denmark, where Willow Tits are absent from this habitat. In Ire
land. Coal Tits feed rebrularly in the understory of evergreen forests in the 
absence of the Ivbrsh Tits. Willo\v Tits, and Crested Tits that normally 
preempt this niche. 

Ecological and Character Displacement 

Darwin's finches of the Galapagos Islands provide a classic example of the 
apparent role of cmnpctitive exclusion and character displacement (Grant 
1 CJ86). The adaptive radiation of these t!nches has propagated species with 
a variety of bill sizes that relate directly to seed sizes. Cround tlnches and 



cactus finches with distinctly different bill sizes inhabit every island. The 
differences in the average bill size of coexisting species are consistenr \Vith 
the hypothesis of interspecific competition t()r food. Species \Vith similar
sized bills replace one another on various islands, and the bills of various 
species are more alike when they do not live together (Figure 20-19). 

Simple ecolobrical displacements as a result of comperition should lead 
to evolutionary reinforcement in the t"lllln of morphological character dis
placement, or enhanced difterences (in size, for example) where two 
species cocxisr. On the Swedish island of Gotland, in th .. · absence oflarger 
competitors--specifically. Crested Tits and Willow Tits-Co;l) Tits are 
larger than on the mainland (Alat<llo ct al. 1986). Their larger size on 
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FIGURE lo-19 Three species of ground finches that coexist on the Galapagos island 
of Santa Cruz have bills of different depths (top), which enable them to feed on 
different seeds. Certain islands, such as Daphne Major and Los Hermanos, have only 
one species. In the absence of other species, the solo populations on these islands 
evolve intermediate-sized bills, as the lower two graphs show. [After Grant 19861 
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COMPETITION AFFECTS THE USE OF FORAGING SITES BY TITS 
The ornithological litera
ture contains many, often 
anecdotal, observations of 

apparent niche shifts in the absence of a com
petitor. Controlled experimental demonstrations 
with the use of free-living birds in natural popu

lations, however, are few. One exception is the 
study of foraging tits and Goldcrests in the conif
erous forests of central Sweden (Aiatalo et al. 
1987). These small birds exploit nonrenewable in
sect and seed resources in their group territories 
during the long, cold winter. Two smaller and so
cially subordinate species, the Coal Tit and the 
Goldcrest, forage on the outermost branches 

and needles, whereas two larger and dominant 

species, the Willow Tit and the Crested Tit. forage 
inside the trees. 

In this experiment, the ornithologists removed 
the Coal Tits and Goldcrests from three of six 
flocks to test whether Willow Tits and Crested Tits 

would change their foraging behavior. They did. 
In late winter, Crested Tits moved farther out on 
the spruce branches in experimental flocks than 
in control flocks. Willow Tits did so in pine trees 
but not in spruce trees. 

The Swedish team concluded that exploitative 
competition directly based on food depletion, 
without any interference, influences the use of 
foraging sites by tits that coexist in coniferous 
forests. 

Gotland coincides with a shift in foraging niche fi·om the outside of the 
tree and on needles, where small size is advantageous, to the inner pa1ts 
of the pine trees (Box 20-4). 

The abrupt replacement of one species by another at various altitudes 
in the Andes and in Ne\V Cuinea also suggests that competition ti·om one 
species limits the distribution of another. Ne\:v Guinea birds with ,,,.ell
defined altitudinal distributions replace one another abn1pt1y at various el
evations (Figure 2! )-20). The range of elevations occupied by a species 
seen1s to depend on the presence or absence of related species. For ex
ample, the l~ed-flanked Lorikeet is confined to low elevations in regions 
with one of the 1:\vo highland species-either the l~ed-fronted Lorikeet 
or the Red-chinned Lorikeet. In regions in \vhich the Red-flanked Lori
keet is alone, however, it ascends to high elevations. Conversely, in re
gions in vvhich either the Red-fi·onted Lorikeet or the Red-chinned 
Lorikect is alone, it descends to sea level. 

Similar patterns of altitudinal repbcetnent are found in the mountains 
of eastern North Atnerica, where as n1any as five species of thrushes nest 
in the high n1ountain t()resrs of New England (Noon 19Hl). Veeries share 
low elevations \Vith the Wood Thrush and are replaced at higher eleva
tions by the Swainson's Thrush and the Bicknell's Thrush. In the Great 
Smoky n1ountains, where the S\vainson 's Thrush and the Bicknell's 
Thrush are absent, the Veery shifts to higher elevations and overlaps only 
slightly with the Wood Thrush at low elevations. 

Such studies of ecological replacement assume weakly that the loca
tions are identical except tor the presence or absence of the purpotted 
c01npetitors. At best, the process of c01npetitive replacement must be in
ferred trotn an observed pattern. The role of interspecific competition is 
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FIGURE 2G-20 In regions inhabited by different species of lorikeets in New Guinea, 
they tend to occupy different elevations, but, in the absence of others, one spec ies 
occupies a broader range of elevations (middle four bars). !After Diamo11d 1915] 

still uncertain as a primary ecological force that defines the membership 
in bird communities and the geographical distributions of bird species. 
Few communities, if any, arc truly "open" or ''closed ." Rather, assem
blages openly compose and rc.'composc on varied time scales with mod
est aLtiustments by local competitive interactions along the way. 

Summary 
The availability of resources, such as food and nest holes. determines not 
only the local population density ot' a given species but also the number 
and kinds of difl:erent species that can coexist in a given habitat. Two ma
jor theories attempt to explain the structures of avian communities. Ac
cording to one theory, communities ;1re open systems in which each 
species arrays itself independently :dong environmental gradients deter
mined by its specitic ecological requirements. According to the other the
ory, communities are closed, discrete. and integrated sets of mutually 
compatible species. 
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CHAPTER lWENll' The number of species frmnd locally increases t1·om the Arctic to the 

Tropics. The local availability of key resources detennines which species 
can live in a particular habitat. Habitat heterogeneity contributes to the 
species diversity of a region in Inountainous regions. Interactions between 
residents and migrants in seasonally vari~1bk environments also atiect 
species diversity. 

Turnover-the addition and loss of species-drives the changing com
positions of avif;nmas. The composition of island avifaunas is due not only 
to ancient history but also to ongoing cycles of colonization and extinc
tion, the fi·equency of which depends on the isolation and the size of the 
island. Sn1all, isolated islands have the snullest equilibrium number of 
species, \Vhereas large islands near continental source areas have the high
est equilibrium number of species. 

C01npetition is the key structuring force in the closed-community con
cept that dominates modern on1ithology. Theoretically, the degree to 
\vhich species cmnpete should relate directly to overlapping use of shared 
resources. Competitive interactions bet\\.'een well-studied species of Eu
ropean tits illustrates this aspect of c01npetition theory. 

Another corollary of the cmnpetition theory is that ecological displace
tnents should lead to evolutionary reinforcement in the form of morpho
logical character displacements. The difFering bill sizes of Darwin's finches 
on the GaL1pagos Islands are a classic exatnple of character displacement. 
Patterns of geographical replacen1ent in species too si1nilar to coexist sug
gest but do not prove competitive exclusion. R.eplacement patterns are 
particularly \~rell documented on the isolated islands of the West Indies 
and at ditlerent altitulks in the n1ountains of New Guinea and North 
Arnerica. Generally. hl)\Vever, cmnpetitive interactions sirnply adjust the 
habits of species that history assembles for limited periods of time. 
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CHAPTER 21_ 

B irds have e11ormous ct.)nservation p.ow.'e.r. a pow.·er that c1.11 

be harnessed tor the conservation of all biodiversity. Their 
public appeal motivates millions of people to take time to 

observe them, to count them, to care about their \vell-being, and to act 
on their behalf Their appeal adds econmnic value. Both public appeal 
and economic value translate into political power. 

The single-minded goal of tnodern bird conservation initiatives is to 
stabilize bird populations worldwide and to prevent more extinctions. For
tunately, conservationists and govermnents increasingly recognize that the 
titne to save species is while they are still common. Wise tnanagetnent of 
healthy bird populations can preempt future costly rescue etTorts and pro
tect the ecosystems on \Vhich our societies depend. 

Preceding chapters highlighted many consen7ation irnplications of the 
biology of birds. This final chapter revie\VS specific bird conservation ef
forts-past, present, and future. The tlrst t\vo sections deal \Vith the state 
of our birds, the threats that they bee, and some historical perspective on 
the excessive exploitations that they suflered. Then tollovv· successful ini
tiatives that inspire hope, including those that catalyzed the modern con
servation n1ovement. SciencL·-based stc\vardship of the intact ecosystems 
and habitats that rem;1in is critical. Conservation by design includes not 
just the geometry of \vildlife preserves but also ho\v best to maximize the 
viability of populations on a tl.·agn1ented landscape through sound restora
tion initiatives. In the end, public support and community participation 
will determine which initiatives are successitlL 
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The past plights of our most nujestic bird species-Whooping Cranes. 
California Condors, Ivory-billed Woodpeckers in North Alnerica, to 
n~une a fevv-are renovvned. Beyond them are substantial historical losses. 
At least 131 extinctions of birds di1ninished life on Earth ti·om 1600 to 
the present tirne. The vast majority of these extinctions were island species 
extenninated by introduced species, habitat loss, and excessive human pre
dation. Island species continue to be in trouble: rnany of the world's rarest 
birds persist only in small numbers on rernote islands. More broadly, con
tinental bird species are at equal or greater risk (Manne et aL 1999). On 
the larger landn1asses, just 10 countries host more than 400 species of 
threatened birds \Vith highly restricted geographical ranges (Figure 21-lA). 

The authoritative R.ed List of the International Union for the Con
servation of Nature (IUCN) classifies species in accord ·with their risk of 
extinction (http:/ /w-vvvv.iucnredlist.org/). The 2006 IUCN lZ.ed List clas
sifies 532 bird species as globally endangered and an additional 67-l- species 
as vulnerable. A con1parison of the threat statuses of all species on the list 
over five-year intervals produces the Red List Index for birds. This in
dex docmnents coarsely, but quantitatively, a steady decline in worldvvide 
bird species tl-mn 1988 to 2004 (Figure 21-lB). 

History warns us not to take even con1n1on birds for granted. The 
once \videspread Bewick's Wren, for ex~unple, disappeared from the east
ern United States \Vith little notice. Rusty Blackbirds and Eastern Mead
owlarks are now in steep decline. Early danger signs prevail in Neotropical 
migrants and grassland species, migrant shorebirds. the seabirds of the 
Southern Hemisphere, and songbird species \Vith restricted ranges. 

Within the continent of North Atnerica, roughly half (208 of 414 
species analyzed) of the bird species are declining. Son1e are declining at 
alanning annual rates of l 0 to 1 5 percent (Butcher 2004). On the posi
tive side, 118 species (28 percent) are increasing and 88 species (21 per
cent) are statistically stable. At the top of the list of species in serious 
decline are 19 of 27 North American grassland species. Eastern Mead
owlarks, for exan1ple, have been declining throughout their range since 
I 966, especia11y in the developed northeastern states, \vhere annual de
clines approach 10 percent (see Figure 18-21 ). Declining also ~ue Log
gerhead Shrikes, Greater Prairie Chickens, and t1ve species of quaiL 

En1bedded in the sprawling city and county of Boulder, Colorado, is 
one of the Lugest grassland open-space systen1s in North America Qones 
and Bock 2002). Cornparisons of bird-count data ti-on1 the end of the 
t\ventieth century \Vith data fi·om 1900 and 1937 suggest that, ifwe1l man
aged, such rnunicipal open spaces can support populations of many Great 
Plains grassland birds but not those associated \Vith the shortgr·ass prairie. 
Species prmninently associated \Vith the shortgr·ass prairie, including the 
BmTo\ving 0\vL Conunon Nighthavvk, Loggerhead Shrike, and Lark 
Bunting, disappeared or declined. In contrast, species associated \Vith 
mixed and tallgrass habitats increased or held steady. These species in-
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FIGURE 21-1 (A) Countries with the highest numbers of threatened bird species 
populating restricted geographical ranges. (B) The Red List Index (1988-2004) tracks 
the world's most threatened bird species, whose status as a group is worsening. The 
index describes the relative rate of change of species in a group. Change corresponds 
to overall threat status (relative extinction risk) as quantified by Red List categories 
(critically endangered, vulnerable. and so forth) over periods of about five years. 
[(A) After Bibby et a/. 7 992. (B) From Butchart et a/. 2005] 

eluded Vesper SpatTow, Savannah Sparrow, Grasshopper Sparrow. 
Bobolink, and Western Meado\vlark. 

Throughout Europe, habitat generalists have remained stable tl·om 
1980 to the present and t(n·est specialists declined slightly. Fannland spe
cialists. how·ever, declined sharply in the 1980s and more slo\vly in more 
recent years (Figure 21-2). Their declines correspond to the repbccment 
of grasslands by modern agriculture. These declines also correspond to the 
spread of intensive herbicide- and pesticide-based monoculture tanning 
practices that elin1inate weeds and insects and leave no stubble or \:Vaste 
grain fi1r the winter. In Britain, Corn Crakes. Corn Buntings, and Red
backed Shrikes stopped breeding and arL' endangered. The Gray Partridge 
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FIGURE 21-2 Common bird indicators in Europe, 1980-2002. The population index 
is based on national breeding-bird surveys from 18 European countries. Populations of 
farmland birds, particularly, exhibit the most severe declines due to the deterioration 
of farmland habitat quality, which affects both birds and other elements of 
biodiversity. [From Gregory eta/. 2005] 

declined by 43 percent from 1994 to 1999. The European Turtle Dove 
declined by 18 percent over the same period. In response to these vvarn
inhrs by E1nnland birds, the British government is investing billions of 
pounds sterling to encourage environmental f1rming such as mixed agri
culture practices that separate tlelds with modest borders of habitat. 

l3irds of old fields, abandoned farmlands, shrub lands, and young or 
second-gro\vth forests are declining, albeit at lower rates of 3 to 4 per
cent a year. In North America, they include the American Woodcock. 
Eastern T ()\vhee, and Golden-·winged Warbler. The conversion of these 
habitats into manicured yards of suburban spr;nvl and the maturation of 
young woods into mature forests are the main causes of the loss of this 
habitat. 

Not surprisingly, species that adapt \veil to man-made environments 
are increasing. Introduced Con11110n Pigeons, Conunon Starlings, and 
House Sparro·ws are now successful lnnnan associates. A redistribution of 
native species able to coexist \Vith human societies also is under way. 
Canada Geese are thriving along urban streams and on golf courses. Os
preys nest on telephone poles, power lines, and channel buoys (Figure 
21-3). ()ther raptors such as Red-tailed Hawks and Cooper's Hawks are 
colonizing our cities and suburbs. Turkey Vultures benetit fi·om the in
creasing densities of road lcills, especially car-struck deer. An1erican Crows, 
kno\Vll for 200 years as shy, rural birds in the United States, are invad
ing suburban backyards and city parks, as House Cro\"-'S and Common 
Mynas did in Asia centuries ago. 



(A) 

FIGURE 21-3 (A) The Osprey is a species benefiting from human structures that 
provide safe nest sites. (B) The Cooper's Hawk is one of the raptors that are now 
colonizing cities and suburbs. f Photo courtesy of C. H. Greenewalt/VIREO] 

Threats 
Despite a b'Tmving conservation ethic. expanding human populations con
tinue to threaten native bird populations. Habit<lt loss is the primary threat. 
Other challenges to bird populations range from direct e:xploitation by 
hunting, overfishing, or commercial pet trading to the poisoning of food 
supplies with pesticides and other chemical contaminants. Added to these 
sources of mortality is the annual attrition due to predation by pets and 
collisions with cars, windovvs, and towers. 

Domestic house cats in North America, for example. may kill hun
dreds of millions of songbirds each year. Farmland and barnyard cats kill 
roughly J<J million birds (and lots of mice, too) each year. Millions of 
hungrier, feral (wild) cats add to this toll. There is a common-sense so
lution. Letting cats roam outside the> house> shortens their expected lite 
span ti·om 12.5 years to 2.5 years and increases their 1isk of rabies . dis
temper. toxoplasmosis, and parasites. Evidence is mounting that cats help 
to spread diseases such as Asian bird tlu. The messagL' is clear: Keep pet 
cats insid(· t(w their ovvn well being and tor the future of backyard birds 
(http:/ /www.abcbirds.org/cats/). 

Collisions and Conservation 

Collisions with man-made objects of all kinds in the aggregate are a sig
nitlcant source of bird mortality. Forty years ;1go, when cars vvere fewer, 
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CHAPTER TWENTY-ONE vehicles killed a rnininnun of 57 million birds in the United States every 

year, assurning 1 S bird deaths per road mile per year (Hodson and Snow 
1965). There are no current estirnates. 

The U.S. Fish and Wildlife Service estin1ates that at least 4 million to 

5 tnillion birds fly h1tally into con1n1unication towers each year. Colli
sions with plate-glass windows of hmnes and ot11ce buildings kill as many 
as J billion songbirds annually throughout the United States (MalakotT 
2004). Systen1atic monitoring tor one year registered 61 collisions at a 
house in Illinois and 47 collisions at a house in Nevv York. Roughly half 
of the birds die of skull fi·actures and intracranial hen1orrhaging. Colli
sions at single h01nes tuuJtiplied by the number of hmnes in suburban 
Ar11erica projects to a truly huge annual loss of birds. We see only a frac
tion of these casualties because cats, raccoons, skunks, and opossums re
tnove carcasses pr01nptly. 

Such sources of bird deaths are of great concern. but, with some no
table exceptions. the essential challenges of bird conservation do not fo
cus on thern. Substantial annual tnortality is a natural process. and 
populations cornpensate t()r losses of individual birds through increased 
(density-dependent) reproduction or survival (see Chapter 18). Among 
the vvorrisome exceptions are the accidental deaths of large. long-lived 
species, such as cranes, condors. and albatrosses. which can aflect the tli
ture of their slov .. '-reproducing populations. The losses of large numbers 
of albatrosses that dro\vn after being hooked on the lines rneant for fish, 
for exatnple, are causing serious declines of these grand seabirds (see 
page 649). 

More generally. healthy populations of birds typically produce surplus 
young. At least half of the total nun1bers of birds, swollen by the annual 
addition of young, die each year. That's half of the roughly 20 billion 
birds present at the end of the breeding season in North Arnerica alone. 
So each dead binl although disturbing, is not a conservation problem. 

Rather, population problen1s are conservation problems. Conservation 
problems arise \vhen breeding productivity is reduced by the lack of food, 
loss of habitat. thinning of eggshells due to pesticides, or excessive mor
tality of adults. especially in long-lived species such as cranes and alba
trosses. Of these effects on breeding productivity, habitat loss is by far the 
nmnber one bird conserv;Jtion challenge. 

Habitat 

Pararnount ;unong the threats that challenge \Vildlife evet-y\vhere is the 
rapid destruction of the natural habitats of the \:vor1d. Exarnples include 
the replacement of virgin rain t(west by pastures and coffee or banana 
plantations, the conversion of rich grasslands into agricultural n1onocu1-
tures or croplands, the draining of wetlands. and the consmnption of di
verse biological habitats by urban spr;:n:vl. Most birds require specialized 
habitats-old-gro\vth forests, intact scrublands, and healthy wetlands (Fig
ure 21-4). The cornplete loss and severe degradation of pristine habitats 
no\v afiect the landscapes of all continents except Antarctica. 



FIGURE 21-4 The Golden-cheeked Warbler nests only in the scrub oak-juniper 
forests of the Edwards Plateau of southern Oklahoma and central Texas. It is a strict 
habitat specialist that requires a particular mixture of junipers and oaks that is limited 
to only 10 percent of the vegetation in this area. One of its peculiarities is its 
dependence on mature, 50- to 80-year-old Ashe juniper trees, from which it peels the 
bark for its nests. Rapid suburban sprawl is replacing this essential habitat. [Courtesy of 
H. /rby] 

The accelerating destruction of tropical rain forests has deservedly the 
highest profile as a global conservation probletu because rain forests are 
the tnost diverse terrestrial ecosystems on the planet. They cover less than 
7 percent of the Earth's landmass, but contain ()() percent of all species. 
Originally, rain t(:n·ests covered about 12 percent of the Earth's landmass, 
but conunercial logging, conversion into cattle pastures and into crop
lands f()r soy, banana. and cofiee, and expanding civilizations reduced their 
extent by nearly half in recent decades (Figure 21-5). Half again of the 
ren1aining rain forests on Earth will be gone by the year 2022 if their de
struction continues at the present rate (5U tnillion acres annually). This 
loss extinguishes or dooms to extinction about 27 ,OOU species each year, 
including many birds (Wilson 1992). 

The challenges of habitat loss exist not only in distant tropical settings 
but throughout North America and Europe as well. Preceding the cut
ting of tropical rain f()J-ests by n1ore than a century was our consumption 
of North American forests for fuel, lumber, and agriculture. The forests 
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FIGURE 21-5 Tropical rain 
forest destruction in the 
New World Tropics and in 
Southeast Asia. Roughly half 
of the planet's rain forests 
have been destroyed or 

degraded in the past 50 
years. Light gray areas 
identify the extent of 
tropical forests in the late 
1 980s. Dark gray areas 
identify forests destroyed or 
seriously degraded since 
1940. [After Philadelphia 
Jnquirer/J(irl< Montgomery, 
May 7 7, 7992] 
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of the northeastern United States-east of the Finger Lakes in New 
York-were virtually cleared by 1 HOO (Foster and Aber 2004). The bot
tomLmd forests of the Southeast, home to the Ivory-billed Woodpecker, 
and the giant old-growth forests of the West Coast, home to the Spot
ted OwL were next. 

The good news is that birds, especially migratOI)' species and dispersing 
young ones. quickly find and use ne\vly restored habitat. The regrown 
forests of New England. for example, now support largt' populations of 
13road-winged Ha\vks and Pileated Woodpeckers. Success sto1ies of grass-



land restoration, beach protection, wetland management. and reforestation 
fuel the conviction that we can stabilize and rebuild many bird popubtions. 

The Grasshopper Sparro·w. for example, declined throughout the east
ern United States. Yet tidds on the eastern shore of Maryland converted 
tl-om row crops into wann-season grasses attracted hundreds of them 
within t\VO years (Figure :21-fl), as well as Dickcissels and robust wild 
populations of Northern Bob\vhites. tvlore broadly, the Conservation Re
serve Program (CR.P) of the U.S. Departtnent of Agriculture subsidized 
the switch fi·om crops to native grasses on allo\ved acreages of Elrmlands 
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FIGURE 21-6 Grasshopper 
Sparrows find restored 
grasslands at Chino Farms in 
Maryland. (A) Breeding Bird 
Survey data document the 
decline of Grasshopper 
Sparrows in Maryland. 
(B) Numbers of adult 
Grasshopper Sparrows found 
breeding in a 250-acre 
restored grassland at Chino 
Farms near Chestertown, 
Maryland, starting two years 
after the conversion of row 
crops into grasslands. White 
parts of bars indicate new 
arrivals, and dark parts 
indicate banded birds 
returning from preceding 
year. [(A) Sauer eta/. 2005. 
(B) Courtesy of D. Gill] 



644 
CHAPTER TWENll'-ONE throughout the Ivlidwest. Songbirds and gan1e birds benefit together from 

the restoration or caretiil rnanagetnent of natural habitats. CRP grasslands 
f()ster robust populations of not only Cmnn1on Pheasants and nesting ducks. 
but also grassland birds of many species: Eastern Meadowlarks and West
ern Meadowlarks, 13obolinks, and Vesper Sparrows. The nunagement of 
eastern forests to provide areas of second growth and saplings favored by 
the Rutted Grouse and An1erican Woodcock also attract declining song
bird species such as Golden-vvinged w~lrblers and Field SpatTO\VS. 

Emerging Challenges 

Conservation threats \Vill increase steadily in the years ahead \Vith new 
and emerging challenges. Smne challenges stem tl·om the globalization of 
world health and economies. Others con1e from the gro\~ring perception 
of urban dvvellers that the vvoods and fields are dangerous places to ex
plore. Extrerne climate events-heat waves. droughts, and extreme rain
Elll sessions-are increasing in frequency and intensity owing to global 
warming. These clitnate events foster local outbreaks of disease vectors 
such as tnosguitoes and local amplifications of viruses, such as West Nile 
virus, \Vhicb then spread rapidly throughout thL' world. Fast-spreading 
new diseases at1ect local populations ofboth common birds, such as Amer
ican Crows and Great Horned Owls. and endangered birds. such as Sage 
Grouse and California Condors. 

Wild birds tend to be victirns rather than agents or primary vectors of 
disease. But there is historical precedence tor new disease. as well as un
derstandable public fear of it. The high-level concerns about Asian bird 
tlu (HSN 1 ). for example, include the role of migratory birds in its spread. 
Such concerns challenge the bird conservation community to be sensitive 
to the needs ofboth people and birds. In reality. high-density poultry tarms 
and the globalization of human transportation systen1s are spreading the 
Asian bird flu, with tnigratory birds playing only a secondary, minor role 
(see Box 18-2. page 548). 

Pollution comes in ne\v and challenging f()nns. Certain chemicals dis
rupt the nonnal course of e1nbryonic develop1nent, often without obvi
ous manifestations until adulthood. This class of chemicals, called 
xcnobiotics, includes timgicides, herbicides, and insecticides. plus assorted 
industrial che1nicals, synthetic products including soy and pet-food prod
ucts. and some metals including cadnuurn. lead, and 1nercury (Colborn 
and Cle1nent 1992). The dtects include, but are not limited to, thyroid 
dysfimction, comprmnised inunune systerns, decreased fertility, decreased 
hatching success, gross birth dcJ()rmities, metabolic and behavioral abnor
malities, and sex reVLTsal. 

Studies of Western Gulls breeding in California and HeiTing Gulls 
breeding on Lake ()ntario and Lake Michigan showed some of the ef
fects of these contaminants, including a high incidence of clutches with 
L'Xtra eggs, fe1nale-tcmale pairings. and the feminization and high rnor
tality of nules (Gilbertson et al. 1991; Fox 19tJ2). Gulls in these colonies 
also suHered fi·om embtyonic and chick mortality, ede1na. gro\vth retar
dation and det(.)nnities, and altered nest-defense and incubation behavior. 



All of these etTccts severely reduced reproductive success. Chemicals that 
impair birds in these \Vays can also at1ect human health. 

World health ofil.ci~1ls have long worried about the possibility of new 
forms of drug pollution. A rnajor episode surflced on the Indian subcon
tinent. with birds-specitically, vultures--serving once again as leading 
indicators of environmental problems. Starting in I CJ97, three abundant 
specit>s of vultures of the genus Gyp_, undenvent severe, r<lpid, and wide
spread declines in India and neighboring Pakistan. Their populations 
crashed to just 3 to S percent of their starting numbers. The vultures \Vere 
dying of renal t:1ilure and visceral gout. but thebe cause was mysterious. 
Disease was ruled out. Government concern escalated because the vultures 
\Vel-e essential to public health. They reduced the risk of disease by clean
ing up waste and carcasses on the landscape, aiding particular religious 
sects to whom cattle were sacred and could not bl' eaten or tor whorn 
cremation of thl'ir O\vn dead \Vas not allowed. Packs of wild dogs fonned 
in the absence of vultures, adding new threats to local communities. 

A veterinarian and his colleagues at the Peregrine Fund in Idaho and 
the ()rnithological Society of Pakistan discovered the cause (C1aks ct al. 
2004). All three species of vultures were extremely sensitive to the anti
infhmmatory drug diclofenac. Veterinarians in Pakistan and Indian used 
this drug with increasing frequency to relieve the sutTering of dying sa
cred cattle. Diclotenac is a kind of ibuprofen (as in Advil) for pain relief 
Vultures feeding on carcasses of recently treated catde ingested the fltal 
drug as well. With little delay, an international tearn of scientists an
nouncl'd a solution on February 2, 2006, just tvvo years aftLT the diagno
sis of diclotenac poisoning. An alternative drug named mcloxicarn that is 
safe tor vultures can rL·phce diplot~nac. The transition to mdoxicam as 
the veterinary choice of drugs for dying cattle is underway. 

Social challenges also lomn large t<.1r the t\Jturc of our environment 
and healthy bird populations. Urbanized societies are increasingly discon
nected tJ·mu the outdoors and, hence, tend not to value nature as much 
as earlier rural generations. That disconnection leads to ft·ar of the woods 
and of nature generally, called ecophobia. It also leads to a spiritual or 
psychological handicap, recognized formally as "nature deficit disorder'' 
(Louv 2CI05). The challenge, therefore, is to hdp young children of di
verse ethnic and social backgrounds to discover birds, to value nature, and 
to take ownership of these resources t<.1r their own good health. 

I3etore progressing to ongoing and increasingly succcssti1l conserv;1tion 
initiatives, let's tirst consider the early etlects of human expansions on bird 
populations. These human excesses provide an essential histmical perspective. 

Past Excesses 
The plight of birds and other "\vildlite worldw·ide due to human activities 
is not just a recent circumstance. R.ather, global expansions of hun1an civ
ilizations started to transtonn landscapes and ecosystcn1s n1orl' than .J( I,OOCI 
years ago (Fitzpatrick 2004). The L'tFects of humans on n;1tural landscapes 
intcnsitled and then escalated greatly starting about l 0,{)()() years ago. 
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SYMBOL OF EXTINCTION: THE DODO 
The legendary Dodo is a 
symbol for the process of 
extinction of vulnerable 

bird species by human beings. Not just a whim
sical character in Lewis Carroll 's Alice in Wonder
land, the Dodo was a real bird that once lived on 
the remote tropical island of Mauritius, one of 
three Mascarene islands in the western Indian 
Ocean. The Dodo was a large, flightless, turkey
sized pigeon, assigned to the Family Raphidae. 
Cohabiting Mauritius with the Dodo was an 
amazing array of flightless pigeons. rails, parrots. 
waterfowl. and other birds. Almost all were exter
minated in the seventeenth century (Hachisuka 
1953). 

The Dodo ate fruit, became extremely fat, and 
was easily captured (hence. the use of the name 
Dodo to indicate stupidity). It was prized as a 
readily available source of food. In the early 
1600s, a few living Dodos were sent to Europe, 
where they captured public interest as a great cu-

The Dodo. 

riosity . Few survived to the middle of the cen
tury. however. 

The last eyewitness account of wild Dodos 
comes from the journal of Volquard Iversen, who 
was shipwrecked and stranded on Mauritius for 5 
days in 1662 before being rescued (see Cheke 
1987). He found no Dodos on the mainland but 
discovered some on a small islet accessible by foot 
at low tide, which he described : 

Amongst other birds were those which 
c, men in the Indies call doddaerssen: they 
~II 

~: were larger than geese but not able to 
II-; 

:~; fly. Instead of wings they had small flaps: 
~~~ but they could run very fast. [Cheke 

1987, p. 38] 

Perhaps the last Dodos learned to fear human 
hunters. But they did not run fast enough. Only 
fossils and a few preserved specimens remain as 
evidence of this odd species. 



Birds As Food 

13ird tlcsh helped to tl.Iel the global expansions of hlllnans. Fossil records 
suggest that more than lJOOO species of birds were lost to the first hungry 
waves of human civilization (Steachnan llJ95). That is roughly the same 
number of species as now prevail. I3y modern times, therefore, early hu
nun civilizations already had claimed half of the birds of the \Vorld that 
survived the last Ice Age. 

Losses of island birds account for 90 percent of bird extinctions dur
ing historical times. Pioneering human colonists everywhere found abun
dant, tan1e, and edible birds, especially on oceanic islands. The 
extermination of the Dodo and other tlightless birds on the Indian Ocean 
island of Mauritius in the late l6U0s is a classic cxa111ple of the loss of vul
nerable island birds (l3ox 21-1). Dodos \Vere slaughtered and salted to 
provision continued global exploration and coloniz;ltion. 

More recently, men had harvested the Great Auk of the North At
lantic to extinction by 1840. Valued as tood to resupply ships that had 
crossed the Atlantic, these flightless birds were easy to catch and kill. ()ne 
enterprising crew built a bridge of sail canvas tl·om shore to ship and 
herded the helpless auks directly into the ship's cargo hold (Matthiessen 
1959). 

Dodos and Great Auks are the most l~unous birds lost to extinction in 
human history but not the only ones. The Maori peoples who colonized 
New Zealand consun1ed giant, tlightless moas. Simihrly. Indonesian peo
ples who colonized M~Hbgascar 14,000 years ago downed the amazing 
elephant birds-3 meters tall with <J-liter eggs-plus a host of other species 
found only there. 

These examples are only a few tl-om the broad pattern of destruction 
of island avit:1llnas by early human colonists. Similar \V~lves of extinctions 
of birds of all kinds followed the settlement of the Caribbean islands 3000 
to 4500 years ago (Pre gill and ()}son 19R I). Early c1n1p garbage pits on 
islands throughout the South Pacit1c also contain the bones of species no 
longer there. The original civilization on Easter Isbnd depended on the 
abundant birds, especially seabirds, as a primary source of food and on the 
forests t(w fuel. Their civilization collapsed when they exhausted the sup
plies of seabirds and wood (Diamond 2005). 

In one way or another. hmnans destroyed tnost of the unique orig
inal avif~nmas of the 1-Lnvaiian Islands. The early Polynesians leveled 
the lowland t't1rests after landing there roughly 1500 years ago. Elimi
ruted \Vere at least 3<J species of land birds, including 7 geese, 2 tlight
less ibises, 3 o\vls, 7 t1ightless rails, and 15 spL·cies of honeycreepers 
Qatnes 1995). Captain Jarnes Cook then brought European civilization, 
tnosquitoes, and diseases to the islands in the eighteenth century. Is
land birds lose resistance to mainland diseases, in addition to losing their 
fear of predators and their ability to fly. Consequently, bird pox and 
tnalaria destroyed the remaining lo,vland populations of the Hawaiian 
honeycreepers when mosquitoes that carried these diseases were acci
dentally introduced. 
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CHAPTER TWENTY-ONE Species still extant in the South Pacific t":1ce new challenges. One dra

matic and current challenge is the bro\vn tree snake, an arboreal, prolitic 
bird-eating snake that gr(nvs to as 1nuch as H teet in length. Native to the 
Solomon Islands, Nevv Guinea, northern and eastern Australia, and east
ern Indonesia, it was accidentally introduced on the island of Guam be
t\veen 1947 and 1952. Native bird species becan1e easy prey. The brown 
tree snake S\·viftly extirpated 9 of the 11 species of native forest-d\velling 
birds. Five of them were endemic species or subspecies. Two of these 
species, the Guam Rail and the fVlicronesian Kingtlsher. are being bred 
in zoos in the hope that they can eventually be released back into the 
wild. Several other native species persist in precariously snull numbers. 
Aggressive control d1orts that employ specialized snake viruses are under 
\vay. For 11101-e inf(Jrmation, see the W cb site at http:/ /nationalzoo.si. 
edu/Publications/ZooGoer/201 JO/ 1 I curinggu~nnsnake .di11. 

Returning to the n1ain then1e and closer to home, the wholesale 
consumption of wildlife was a national pastime in the new nation of the 
United States in the eighteenth century and, especially, in the nine
teenth century (Matthiessen 19.59). The earliest settlers of the United 
States lived otT the abundant ga1ne, severely depleting local stocks of 
turkey and deer. Larks, bobolinks, robins, and many other songbirds also 
were Elir gan1e. Full-scale nurket gunnin~ took its toll later in the mid-
1800s. First, the great bison herds and other large mammals of the Great 
Plains were exterminated. Then, cannonlike punt guns mounted on low 
close-approaching ''sinkboats" dropped flocks of waterfowl. Many of the 
rnarket gunners in later years on the Texas Gulf Coast averaged taking 
200 ducks each daily (Nighthawk Publications 2006). One man figured 
to have killed about 360,000 ducks in his 16 years of market gunning. 
By 1900, only 150 million ducks and geese survived in the United States, 
dovvn tl·om 500 million in 17tH I. 

Populations of the 1nost com1non birds nmnber in the hundreds of 
nlillions or rnore, but such abundance did not prevent extinction. Leg
endary are the estimated 1 billion Passenger Pigeons that t1evv over colo
nial Americ:t. Advancing European colonists cut do\Vll the beech forests 
that provided abundant tood tor the pigeons. Aided in the late nineteenth 
century by telegraph conm1unications about the locations of the tlocks 
and by ne\v railroads that enabled transport to major city markets, mar
ket hunters harvested and sold vast numbers of the pigeons tor food. The 
seerningly unlimited flocks of Passenger Pigeons disappeared. The last wild 
Passenger Pigeon \Vas killed in ()hio in 190( l. The last captive birds died 
soon after. 

Shorebirds fell, too, particularly the vast Hocks of American Colden 
Plovers and Eskimo Curlews that 1nigrated north in the spring through 
the Great Plains and then south in the £1ll tl·mn nuritime Canada to South 
An1erica. John James Audubon reported millions of Alnerican Golden 
Plovers near New Orleans in the early nineteenth century and compared 
curlew tlights \Vith those of the Passenger Pigeon. ()ccasionally, south
bound plover and curle\v flocks appeared on the New England coast. 



()n August 29, 1863, both curle\v and plover appeared on 
Nantucket in such nutnbers as to .. ahnost darken the sun": seven 
or eight thousand were destroyed before the island's supply of 
po\vder and shot gave out. [ Matthiessen 19.59, p. 1 (l::2J 

Excessive exploitation contint1es in modern times. The commercial 
tlshing industry, for example, challenges not just tlsh populations but also 
the future of tnany seabirds, both indirectly and directly. The depletion 
of fish stocks-anchovy otT the coasts of Peru and South AtTica and in 
the North Sea-has caused nujor seabird colonies to decline. More di
rectly, gill nets catch large nlllnbers of diving seabirds as \Vell as tlsh. In 
the North Pacific. an estimated 7.SO,OOO seabirds, including the threat
ened Marbled Mun·ekt, dro\vn in gill nets each year. 

The long-lived, slow-reproducing albatrosses of the world's oceans are 
particularly vulnerable to accidental mortality vlhen they are caught on 
the hooks meant for large pdagic fish such as tuna. Albatrosses tradition
ally t(1llO\V fishing ships for food and can't resist the baited hooks tossed 
out on miles of longlincs. Mortality due to drowning when hooked on 
longlines is estirnated to be roughly 100,000 albatrosses each year. Nine
teen of the 21 species of albatross in the world are threatened with ex
tinction largely because oflongline fishing. Fortunately, there are practical 
solutions for the tl.shing industry to itnplement. Adding \Veights to the 
baited hooks to sink thetn before the surElce feeding albatross can get 
them significantly reduces htal bycatch rates. 

Conunercial harvesting of horseshoe crabs on the Inid-Atlantic coast 
is another high-protlle n1oden1 conservation problem. [led Knots and 
other shorebirds are the victims in this case. Thousands of horseshoe crabs 
en1erge each spring t1·om the depths of the inshore bay waters to lay their 
nutritious eggs in the beach sand. Those eggs are a prirnary fuel tor shore
birds on the last stages of their northbound tnigration (sec Chapter 1 0). 
Coasts of the Delaware Bay of New Jersey, DeLn:varc, Maryland, and Vir
ginia provide traditional stopover sites, where horseshoe crabs and shore
birds have converged each spring t(x thousands of years. Horseshoe crabs 
are also harvested ]ocall·y t<.1r fertilizer and t(1r bait. Intensive harvesting 
has caused the numbers of crabs emerging to decline each year. In paral
lel, thl' Atlantic population of the Red Knot has declined 80 percent in 
the past 10 years. Regulations that start to control the harvest rates are 
now in efiect in tnost states. 

Birds As Decorations 

As the flocks of shorebirds and pigeons fell as sources of food in the late 
nineteenth century. another threat materialized-plume hunting tor the 
millinery trade. The mounting of bird feathers, as vvell as \vhole birds, on 
ladies' hats becu11e the height of t~1shion in the 1 H70s and 1880s. Entre
preneurs killed an estitnated .5 tnillion birds tor this purpose alone. 

At tlrst, the breeding plUines of large wading birds-egrets, herons, 
and spoonbills-were prized, with devastating dfecr 011 their nesting 
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a tl.Ill array of species ti·mn brightly colored songbirds to crows. Drawing 
rave revie\vs was an entire cro\v-beak, feet, and all-seen on a hat in 
Ne\V York City in 1886. Frank M. Chapman, distint,'1.1ished ornitholo
gist at the American Musellln of Natural History and an e~lrly officer of 
the budding Audubon Society. amused himselfby identifying the species 
on hats as he strolled through New York City. In one census, 542 of700 
hats sported n1ounted birds of at least 20 species, including a RutTed Grouse 
and a Green Heron (Matthiesscn 1959, p. 168). 

Fe\V people are aware of the ditnensions of the moden1 caged-bird in
dustry and its effect on the populations of certain wild birds. Nlillions of birds 
are harvested 6·om the wild as decorative pets. The exotic pet-bird trade is 
a n1ulti-million-dollar industry, much of it illegal. From 2 million to 5 mil
lion birds move annually fiom tropical habitats to the living rooms of de
veloped countries. The United States. cunently the largest importer of exotic 
birds, legally in1ported nearly 1 million birds annually throughout the 1980s. 
Forty-three percent vvere panots. and the remainder represented various 
other birds of the world-no fewer than 77 different taxonomic t~unilies. 

Parrots conunand especially high prices. At the top of the pt;ce list are rare 
nucaws. such as the Hyacinth Maca\vs. A pair sells for $5,000 to $30,000. 

Millions of other cage birds are harvested tl-mn wild populations. Be
cause the exotic cage-bird trade is gro\ving rapidly. it increasingly threat
ens some wild bird populations and even sotne species. Controlling the 
international pet trade is che Convention on International Trade in En
dangered Species of Wild Fauna and Flor;1 (CITES). In response to a list 
cmnpiled by this organization, CongrL"ss passed the Wild Bird Conserva
tion Act of 1992 in an etTort to elirninate the in1portation of endangered 
wild bird species. By 1994, imports of cage birds dropped to 80.000 birds 
annua1ly. Also on the positive side of the issue, captive breeding stocks 
increasingly satist).' the appetites of the pet market. 

Hope 
There is hope, despite the catastrophic losses of species. the ongoing de
clines, and the continuing excesses. We have the knowledge and ability 
to stabilize threatened bird populations and even to reverse their declines. 
The legacy of recent and past successes testifies to our ability to succeed. 
if vve have the will. Birds are amazingly resilient and will rebound if given 
just half a chance. Vigilance and regular monitoring of bird populations 
are among the keys to their fi.1ture health. 

Major conservation initiatives responded to the harvesting of birds for 
food and decoration. Formal protections were instituted. Federal and state 
governments now place populations of birds and other wildlife on lists 
for special protection when they decline to sn1all and vulner<lble sizes. 
Conservation biologists assign bird species in trouble to one of t\VO offi
cial categories-Endangered or Threatened-as defined in the United 
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SAVING THE WHOOPING CRANE 

Cooperation between the 

governments of the United 
States and Canada has 

restored hope for the future of the stately 
black-and-white Whooping Crane, an endangered 
species that inspired international concern and 
constructive action. The population of Whooping 
Cranes. which once nested widely in the upper 
midwestern states and prairie provinces during 

the nineteenth century, declined to a low of only 
18 birds (in 1939) that wintered at Aransas Na

tional Wildlife Refuge on the Texas coast (U.S. Fish 
and Wildlife Service 1986; McMillen 1988). In ad
dition, three nonmigratory cranes lived year
round in southwestern Louisiana, but they had 
not bred since 1939, when the conservation ef
forts began. 

International concern about this endangered 
species impelled the governments of the United 

States and Canada to work together to prevent 
the extinction of the Whooping Crane. This ac
complishment overcame many setbacks-acci
dental deaths, fatal diseases in captive flocks, the 
consequences of imprinting on foster-parent 
Sandhill Cranes, and the need to teach young 
birds how to migrate to Florida (see Chapter 1 0). 

As of May 2006. the main Wood Buffalo
Aransas (Texas) flock was up to 189 adults and 

25 young. At least 72 pairs are expected to breed. 
The total population of Whooping Cranes increased 
slowly at first but dramatically to roughly 336 
birds in four free-living populations, plus an addi
tional 134 in captivity (Whooping Crane Eastern 
Partnership, http:/ /wvvw.bringbackthecranes.org/). 

States by the Endangered Species Act of 1973, as arnendcd in I <J7R and 
19R2. 

An endangered species is one that is in danger of extinction through
out all or a significant portion of its range. A threatened species is one 
that is likely to become an endangered species in the foreseeable t1Jture 
throughout all or a signitlcant portion of its range. A third category-Species 
of Special Concern-carries lo\ver legal protection, but accords proactive 
nunagen1ent status to species that ~1re in local or regional decline. 

Being c]assitled as endangered invokes broad new po\vers and resources 
tor the care of threatened birds such as the Whooping Crane. Its rescue 
required the protection of threatened habitats and well-coordinated res
cue d1(xts (Box 21-2). 

Rediscovery 

Even more encouraging are the rediscoveries of species thought to be ex
tinct (Table 21-1). Among them, the Ivory-billed Woodpecker has by 
far the highest profile. Last seen f()r sure in 1944 in the Singer tract of 
Louisiana, the majestic Ivory-billed Woodpecker, or Lord God 13ird, is 
the signature species of the old-gro-vvth bottomland forests of the south
eastern United States (Figure 21-7). ()nc of the largest woodpeckers 
in the world, the Ivory-bill first was hunted by Native An1ericans and 
then was collected as a desirable rarity by early ornithologists. Critical 
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fo·r.:a~~[east SQf;years , -Ui •, - - - -~ - ~-

Year 
Species Location Rediscovered 

\Vhite-\vinged Guan Pc'ru 1977 
Gurney's Pitta Thailand 1986 
Jerden's Courser India 1986 
Madagascar Serpent Eagle Madagascar 1988 
Night Parrot Australia 199f) 
Sao Tome Grosbeak Gulf of Guinea 1991 
Cebu Flowcrpecker Philippines 1992 
Ed-vvards's Pheasant Vietnam 1996 
Congo Bay Owl DR Congo 1996 
Kinglet Calyptera Brazil 199() 
Forest Owlet India 1997 
Cherry-throated Tanager Brazil 1998 
Chinese Crested Tern China Sea 2000 
Kalinm.vski's Tinamou Peru 2000 
White-nusked Antbird Peru 20()1 
Long-legged Thicketbird Fiji 2003 
I very-billed Woodpecker United States 2004? 

bottmnland f(wests were cut. I )espite regular reports of sightings of Ivory
billed Woodpeckers, in the absence of any confirming photograph, Ivory
bills becarne as legendary and as elusive as Elvis hirnself 

Then, ~1 report by a k~1yaker in southeastern Arkansas on February 11, 
2004, followed by 4 seconds of video, sparked fevered excitemL·nt, re
newed hope, and led to a public tnedia blitz in April 2005 (Fitzpatrick et 
al. 2005). Field teams searched the bottomlands. Additional land was se
cured to protect the ecosystem. Local entrepreneurs and townships prof
ited fi·orn the rush of ecotourisn1. l3ut the \Voodpecker disappeared, 
prompting professional debates and doubts (Sibley et al. 2006; Fitzpatrick 
et al. 2006: Jackson 2CI06).This spike of rediscovery, however, revitalized 
the hopes of conservationists evel)'\Vhere. Other lost species also might 
survive if such a large and dran1atic species ~1s this one could persist un
detected t(w ()0 years. 

Restoration 

Viable bird populations can be restored fi-orn remnant individual birds on 
the brink of extinction. Atnong the modern highlights are the remark
able con1eb~1eks of some signature species: Bald Eagles, l3rov.m Pelicans, 
Sandhill Cranes. and colony-nesting herons, egrets, and ibises decimated 
100 years ago by the plume hunters. Some, such as the Whooping Crane, 
are large, long-lived species that nudtiply slowly. Protection combined 
\vith deliberate restor;1tion progran1s rebuilt their popubtions. 



FIGURE 21-7 Ivory-billed Woodpecker. the signature species of the bottomland 
forests of the southeastern United St<Jtes. Apparently extinct and not seen for more 
than 60 years, it was sighted in Arkansas in 2004, raising hopes for the survival of this 
species and for other endangered species. [Courtesy of National Audubon Society] 

Mmt small populations h~we an imrinsic potential to rebound ti·om se
vere reductions. Otlt' legendary case is that of the Short-tailed Albatross 
(see l3ox 18-1. page 534). 

The return of the Wood I )uck was one of the early conservation tri
umphs in North America (Fi!-,'l.Jre 21-8). Uncontrolled hunting ~md the 
destruction of the bottomland forests that also supported the Ivory-billed 
Woodpecker had almost ebminated this abundant species by I "JOO. In 
I9lR, the U.S. government closed the hunting season. The Wood Duck 
population rebounded vigorously by the 1930s. Nest boxes supplemented 
natural production in tree holes and aiiO\ved the reopening in 1941 of 
carefi.11ly controlled hunting with lintited daily bag limits in 14 states. 
Wood Ducks are now common throughout their original range with a 
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FIGURE 21-8 Male Wood 
Duck in breeding plumage. 
Wood Ducks made a 
comeback in the twentieth 
century after overhunting 
and habitat destruction led 
to their decline. [Courtesy of 
Garry Kessler] 
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total population size of more than 2 million. In addition . Wood Ducks 
are expanding widely into new parts of the continent. Annual harvests of 
Wood Ducks are now second only to those of Malhrds. 

The DDT story otters further testimony to our ability to remove threats 
and rescue declining bird populations. Human poisoning of the environ
ment has had a devastati11g effect on the fecundity of some birds, directly 
endangering them (see Chapters 14 and 1 R) . DDT attects all animals. in
cluding human children, with symptoms ranging trom growth detonni
ties to neurological damage. After the et1ects of DDT \Vere recognized. 
its use was widely b;mned, with dramatic positive results. 

Given a chance by the banning of DDT and related pesticides, sup
plemented by captive breeding and reintroduction programs. Bald Eagles 
and Ospreys recovered strongly. Bald Eagle populations now nest in grow
ing numbers throughout most of the continent (except Arizona). Also a 
signature of success, Peregrine Falcons now nest on almost every tradi
tional clitr in the northeastern United States as well as on every suitable 
bridge that crosses major rivers such as the Hudson. the St. Lawrence, 
and the Mississippi. Less well known is the return of the Aplomado FaJ
cons, among the f:mciest of all falcons. Extirpated fi·om southern Texas, 
New Mexico. and Arizona, Aplomado Falcons are back nesting on the 
South Texas Coast and in southwestern New Mexico. thanks to a major 
rein traduction progr;un. 

Rescue of the Peregrine Falcon 

Restoration programs have the goal of reestablishing self-sustaining nat
ural populations of a species. The successful eHort to restore the Peregrine 
Falcon to eastern North America engaged the public as well as the pro
fessionals (Figure 21-9). 

Peregrine populations in North America . particularly in the eastem 
United States and Canada, virtually disappeared in the 1950s and 1960s, 



FIGURE 21-9 Peregrine Falcon, a raptor whose extinct populations have been 
replaced by local restoration programs releasing captive-raised young birds. I Courtesy 
of T. Pedersen] 

prin1arily as a result of reproductive f1ilurc due to DDT pesticide poison
ing. ThL' ban on I )f)T for most uses in the United States removed the 
in1n1ediate problem and set the stage t(w a bold conservation initiative. 
The goal was to rebuild a tl-ee-living population of eastern Peregrines by 
raising young t~llcons in captivity and then releasing them into the \vild 
in a procedure called hacking. Private Edconers joined the prograrn led 
by Thomas Cade. then at the Cornell Laboratory of ()rnithology, to help 
breed the large numbers of young birds necessary for the success of the 
hacking etTort. 

To reestablish a self-sustaining breeding population in midwestern North 
An1erica, one group of volunteer conservationists led by Bud Tordotf and 
Pat Redig of the University of Minnesota worked with local business corn
munities of the m~~jor cities. Peregrines \VCIT hacked tronr boxes on the 
\vindow ledges of the cities, finest office buildings and then returned to nest 
then1selves on these ledges. In all, the communities hacked 124{) young tal
cons and fledged 3178 wild young from 1140 successful pairs between 1982 
and 2005. This dlc))"t produced 169 territorial pairs that t1edged 421 young 
thernselves in 2005. Fecundity of the new nudwestern Peregrines 110\V av
erages the sarne as in healthy. \vild Peregrine populations: 1.5 fledged young 
per pair annually. From a genetic standpoint, the rebuilt population al-;o is 
healthy. Minnesot~l Peregrines are mixing with populations to the west, 
north, and east, fostering incre;1scd genetic variability. 

The cost of such restoration progran1s is significant, but it stays modest 
because of the volunteer contributions. ln the entire Midwest, hacking 
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America, about 7( )( lO peregrines were produced and hacked, for a total 
cost of $17 ,50(),000. By comparison, one F-16. the least expensive of 
modern U.S. tighter planes. cost $2H,OOO,OOO in 2001. A spectacular bird 
that had been extirpated in much of its range \Vas restored for less than 
the cost of a single tighter plane. For the full details of this success story 
and access to the database, visit the following Web site: hrtp://w\\'\V. 
midwestperegrine .u1nn.edu 

Rescue of the California Condor 

The Califonlia Condor, North America's largest vulture. is a relict of the 
past. ()ther condor species, many of then1 much larger. once prospered 
along with the continent's prehistoric large mammals. Today. only two 
species remain: the Andean Condor of South America and the Calitor
nia Condor of North America. The California Condor once ro~uned 
·widely across the United States as f1r east as New York in search of car
rion. Through the millennia, the large populations shrank to a single renl
nant population in southern Calif(Jrnia. Illegal shooting and lead poisoning 
f1·om bullet fragments in deer carcasses \Vere the main tenninal cmses. 

The rescue of the Calif(wnia Condor illustrates some of the conflicts 
between using a species as a symbol tor habitat preservation and saving a 
species for its own sake (Kiff 20UO: Snyder and Schn1itt 2002). The ini
tial ef1orts to save the California Condor polarized t\vo political factions. 
In one camp were those who considered the condors an untouchable 
symbol of the remaining \VildenlL'SS expanses of southern California threat
ened by expanding populations of people. Protecting it would also pro
tect the w·ilderness reserves. No protection in captivity should take place. 
At worst, they reasoned, the condor should be allo·wed a noble death that 
\Vould conclude an era of Earth's history. In the other camp were those 
\Vho believed that intervention was both warranted and essential to save 
the species, even if only as captives in zoos. because we ourselves brought 
the condors to their soHy state. 

With the wrenching decision to capture the last free-living condor in 
19~7, the prospects tor their return to the skies of southern Calitornia 
shifted to the release and successtl.d rehabilitation of condors hatched and 
raised in captivity (see Box 16-4, page 495~ Figure 21-1 0). The tlrst six 
young condors were released back into the wild in January 1992. One of 
the tlrst ones rele~1sed died after drinking water contantinated with an
tifreeze. an unfortunate accident. Despite the setbacks, increasing numbers 
of condors now tly over the Grand Canyon from the nearby Vermillion 
Clit1s release site in Arizona and over Big Sur of central California. 

The success of this high-prot1le initiative will depend not only on 
teaching naive young condors to forage and survive on their own but 
also on a new political challenge-the ability of conservation groups and 
govermnent agencies to reduce the use of lead bullets in release areas. 
Soon atter their release. young condors die of poisoning by lead frag
ments that they ingest fi·orn carcasses of deer and wild pigs shot by hunters. 
Lead is a poison that has been banned frmn our homes and ot11ce build-
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FIGURE 21-10 California Condor numbers in the wild (gray part of bar) and in 
captivity (white part of bar) from 1982 to 1999. [After I< iff 2000] 

ings and fi·om wateiiowl marshes. It should also be banned ti·om tern:-s
trial landscapes. 

Special Facilities 

Other success stories correlate with the provision of special nesting ll
cilities. E:1stern Bluebirds responded to the nenvork of well-designed 
nest boxes on the bluebird trails pioneered by Thomas Musselman of 
Quincy. Illinois . in 1926, now a nationwide network of trails main
tained bv members of the North American Bluebird Societv (see the . . 
Web site http:/ /wv.,·w.nabluebirdsociety .org). Aided by regular cleaning 
and maintenance of the nest boxes in backyards, on 6rmlands, and in 
parks and rdi.tges, Eastern Bluebirds are now widL·spread and common to 
the delight of all. Mountain Bluebirds and Western BIUL·birds also respond 
to bluebird boxes erected in the western states. 

Special nest platt()nm also aid water birds, such as the Great North
ern Loon (Sutcliffe 1979: Piper et al. 2002), by reducing nest predation 
by raccoons and nest t1ooding due to rising lake levels. This initiative 
started on Sguam Lake. New Hampshire . as a local comervation initia
tive of volunteer " Loon Rangers." It caught on. Summer-camp o\vners 
now proudly protect their loons as a feature of the vacation experience 
on northern lakes. Like the California Condor, howeVLT. loons now also 
n1ust contend with lead poisoning (Box 21-3). 

Island Conservation 

Island-bound birds and nesting seabirds are p;trticularly vulnerable to hogs 
and ~oats. cats and rats. and other such exotic mammals brought to once
safe islands by ships and sailors. Hogs and goats eat everything down to 
bare rock. Introduced predators, such as rats and cats, are directly respon
sible tor the extirpation of m;my island populations of birds, land birds 
and seabirds alike. Rats. which infest most (XO percent) of the islands of 
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Lead poisoning is a signif
icant source of mortality of 
Great Northern Loons on 

the lakes where they nest in the northern United 
States and Canada. Lead poisoning causes from 
25 to 50 percent of documented cases of death 
on some lakes. Lost lead fishing tackle-jigs and 
sinkers-is responsible for this mortality. 

Hm\' does fishing tackle poison birds? Loons 
ingest small pebbles as "grit'' to help digest fish 
bones in their gizzards. They pick up lead fishing 
tackle by mistake, sometimes large sinkers and 
jigs. More than 20 other species of water birds ac
cidentally ingest lead fishing tackle while feeding. 

Under way are many educational and politi
cal campaigns to reduce the use of lead fishing 
tackle. New York State passed legislation banning 

the sale of small lead sinkers weighing less than 
0.5 ounce, starting on May 8. 2004. Some New 
England states (New Hampshire, Maine, and Ver
mont) also have legislation regulating the use or 
sale of lead fishing tackle. They also promote ed
ucational programs for anglers about nontoxic al
ternatives. More broadly, the use of lead sinkers 
has been banned in national parks and wildlife 

refuges across the United States. 
For more information, visit the Web site 

http://www.adkscience.org/loons/lead.htm. 

the world, participated in roughly half of the historical extinctions of is
land birds (and reptiles). One pregnant car itnported in the 1950s onto 
Kerguelen Island in the southern Indian ()cean tnultiplied into 3500 cars 
in 30 years. They killed 1.2 1nillion seabirds each year (Kr~~ick 2005). 

Professional stafl of New Zealand's Department of Conservation are 
the wurld leaders in the conservation of endangered island bird species. es
pecially their O\Vn shattered avifauna. Aggressive eradication through hunt
ing, trapping, and poisoning exotic species that ruin New Zealand's fi·agile 
ecosystems is one of their tradetnarks. (Jther organizations. goven1ment 
and private, are following suit and adopting similar techniques to remove, 
for exarnple. every one of the thousands of goats that are destroying the 
natural vegetation on the Galapagos island of IsabeLL In another et1ort, 
the U.S. Fish and Wildlife Service eradicated Arctic foxes introduced onto 
rhe Aleutian Islands t{x their tiu· industry. The results of these etlcnts have 
been spectacular. Fork-tailed Stann Petrels, eiders, and native geese in
crease as 1nuch as fivefold within I 0 years after the foxes are gone. 

A similarly aggressive and n1odel progran1 is under vvay to eradicate 
invasive nurnn1als from the hundreds of islands in the Sea of Cortez and 
otT the coast of Baja Calif()rnia in northwest 1\llexico (Tershy et al. 2002: 
and Figure 21-11 ). The array of more than 250 islands supports diverse 
plants and animals, including 180 endemic terrestrial vertebrates and SO 
kinds of seabirds. Invasive alien m~m1nuls-rats, cats, goats, rabbits, and 
so on-arc present on at least 44 isbnds. They are responsible for the dis
appearance of 22 endetnic vertebrate taxa (species and subspecies) and the 
local extinction of seabirds ti·om 10 islands. 

A consortium of organizations supported by Island Conservation, a 
small nonprofit organization in California, developed a master collabora
tive plan that ranked islands by their level of threat and prospects of re
covet)'· They then deployed tean1s of hunters, trappers, and Jack Russell 
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FIGURE 21-11 Islands off northwest Mexico with invasive mammals in 1994. White 
circles indicate islands that suffered local extinctions of seabird species. White circles 
with a black dot indicate islands that lost endemic vertebrates. Black circles indicate 
islands that have not lost species. [From Tershy eta/. 2002] 

terriers to systematically eradicate one or rnore invasive mammals fi-om 
23 small islands. As a result, 27 seabird taxa, such as the Black-vented 
Sheanvaters on Natividad Island. and 38 endemic tL'tTestrial vertebrates 
are protected and on the rebound. Lessons learned fl·om these initial ex
periments enable even more ~11nbitious eradication etTorts on large islands. 

l'vlany colonial seabirds that nest on islands require social stimulation 
to breed. They respond well to decoys and vocal broadcasts of their own 
species' calls Qet11·ies and Brunton 2UOl~ Ward and Schlossberg 2004). 
Audubon's Steve Kress ( 1997) pioneered the usc of social attraction to 
bring Atlantic Pullins back to the coast of Maine. Harvesting of their eggs 
and young had extirpated these colonies by the 18~0s. Now, Atlantic 
Puffins are b;1ck as nesting species on the islands in the Gulf of TVlaine 
(http: I I vV\\l\V .audubon. org/bi rd/ pufi]n I what. h tml). 

How \Vere they brought back? Steve Kress lured them back. It took 
decades of dedicated eHort. The formula required transpbnting nestlings 
tl·orn Great Island, Newfoundland, and hand rearing thetn in specially 
constructed burn)\vs. Between 1973 and 19R(>, they successt\.dly tlcdgcd 
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FIGURE 21-12 Decoys (at left and right) were the key to attracting sociable Atlantic 
Puffins back to deserted islands in the Gulf of Maine. l Courtesy of Stephen W. l<ress] 

914 of 954 puffin chicks transplanted to Eastem Egg Rock. Fledged young 
putlins then wait trom two to three years to rerum to their home island to 
nest. But they preter not to be the tlrst of their kin to settle down on an 
empty island. Prospecting young pufl:lns flew by but did not stop and stay. 

Success t()llowed the discovery that social cues \Vere essential. Placing 
decoy putlins on prominent rocks on the island and playing back recorded 
putlin calls made the difference (Figure 21-12). Young puffins stopped to 
consort with and sometimes court the decoys, building up to a critical 
mass of real pufllns that now thrive in robust colonies on many of the is
lands. Summer conununities on the shores of the Gulf of Maine are proud 
to have their putlins back. and they cater to growing numbers of courists 
eager to see them. 

Conservation by Design 
Conservation biology is a burgeoning scientific discipline that sets prior
ities and then integrates specific objectives into large-scale plans of ecosys
tem management. These plans address both the inret,rrity of healthy 
ecosystems and the broad spectrum of plants and animals that wiU bene
fit fi:om scicntitlcally smart management. Birds are often the signature 
species of projects that taster biodiversity as a whole. 

With commitments ior the protection and restoration ofhabitat come 
the significant challenges of designing ettective networks of conserva
tion reserves. The basic guidelines lor reservl' networks in fragmented 
landscapes are now well established (Figure 21-13). For purposes ofbird 
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FIGURE 21-13 Guidelines for designing networks of nature reserves. Attention to 
their size, shape, and arrangement on the landscape increases their conservation 
effectiveness. (After Fitzpotricl< 2004; Shafer 1997) 
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FIGURE 21-14 
Metapopulation map of 
Florida Scrub Jays. Each 
black dot indicates one or 
more family groups of this 
cooperatively breeding 
species. Solid outlines group 
sets of territories into 42 
separate metapopulations 
within which dispersal offsets 
local extinctions. [After 
Fitzpatricl< 2004, Courtesy of 
Island Press/MetapopulatiotJs 
and Wildlife Conservation 
(7 996), D. R. McCullough, 
Ed.] 

conservation, the geometry and scale of the design must take into con
sideration the substantial movc.·ments of birds and meet their seasonal 
requirements . Corridors are an essential part of that geometry to f:Kili
tate dispersal among reserves so as to maint;1in genetic variability and to 

reduce the probability of extinction due to the small-ishnd etlect. 
Looking ahead, we sec that global warming challenges the past designs 

and locations of reserves. Coastal reserves on the Norfolk coasts of Britain. 
tor example, will be under the North Sea in tlus century 0\ving to rising 
sea levels and the continued dO\vmvard tilting of the land itsd( causing 
a net loss of ti-eshwater and brackish habitat of about 4000 hectues (Lee 
2001). In response, the Royal Society of l3ird Preservation is building 
new marshland preserves inland to restore declining populations of threat
ened marsh species such as the Eurasian Bittern. The projected costs of 
ti·eshwatcr and brackish habitat replacement will be roughly £50 million 
to £60 million. 
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Population Viability 

Populations of plants and animals typically comprise numerous local pop
ulations distributed across the landscape in patches. or fragments, of pre
felTed habitat. Dispnsa] and gene tlovv' bet\1\.reen the local populations unites 
then1 into so-called metapopulations (Figure 21-14). Sn1alL local "sink" 
populations prone to extinction disappear temporarily and then reappear 
w-hen new colonists arrive tr01n nearby or larger source popu1ations. 

Metapopulation structures are an intrinsic property of the Biolo!:,rical 
Species Concept (see Chapter 19). Understanding them is central also to 
conservation plans that ensure the viability of populations that occupy 
tl·agmented habitats. T \VO elements are most important: ( 1) the probabil
ity of the extinction of populations of ditlerent sizes ;md (2) tnaintaining 
adequate genetic diversity. 

Population viability analysis (PV A) is now a standard tool of conser
vation planning. PVA c01nputer models incorporate life-table statistics 
(agc-specitl.c birth rates and death rates; see page 506) of the species un
der study to simulate rates of growth or decline of populations of difier
cnt sizes through time. The simulated population trend leads to extinction 
in some runs but not others. These results define their probability of ex
tinction. For the well-studied, cooperatively breeding Florida Scrub Jay, 
only populations with 40 to 100 territories are likely to persist as long 
~1s 400 years (Figure 21-15). These analyses can be executed for single 
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FIGURE 21-15 Population 
viability model for the 
Florida Scrub Jay. Computer 
simulations. based on the 
analysis of life-table 
parameters, show that the 
probability of short-term 
extinction of an isolated set 
of territories decreases with 
the size of the starting 
population (see numbers). 
Populations with only a 
single family group territory 
are likely to disappear within 
SO years, but populations 
with 100 territories will last 
for hundreds of years. [From 
Fitzpatricl< eta/. 1991] 
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populations that represent a metapopulation. 
Recovery plans for end;mgcred species incorporate estimates of pop

ulation size that ensure their long-term viability. The recovery plan tor 
the Black-capped Vireo, which lives in the troubled oak-:iuniper habitats 
of Texas, ()klahoma. and Mexico, has the goal of down listing this species 
frotn Endangered to Threatened status by the year 2020 (U.S. Fish and 
Wildlite Service 1991). Four criteria must be fulfilled before downlisting it 
JJ-mn Endangered to Threatened status: (1) all existing populations must 
be protected and maintained: (2) a tninin1un1 of six viable breeding pop
ulations of 500 to 1000 pairs must exist in Texas. Oklahoma. and Mexico: 
(3) suflicient \Vintcr habitat must exist to support the ptiority breeding pop
ulations; and (4) the designated breeding populations n1ust be maintained 
tor at least five consecutive years with evidence of continued viability. 

Smlll fragn1ented, or remnant, populations lose genetic diversity O\V

ing to chance and to increased inbreeding. The loss of genetic diversity 
affects survival and fertility and. hence, the ability of a population in trou
ble to recover. If natural dispersal does not otfset local losses of genetic 
diversity. conservation biologists can oftset these losses themselves by 
adding birds in1ported tl-0111 other populations. 

The conservation of the Greater Prairie Chicken in the midwestern 
United States provides an example of this process. The current distribu
tion of the Greater Prairie Chicken is only a srnall traction of its original 
range throughout the central and n1uch of the eastern United States. In 
the early nineteenth century, native prairie covered most of Illinois. By 
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FIGURE 21-16 Population trends and fertility in a remnant population of Greater 
Prairie Chickens in southeastern Illinois. Counts of males on the lei< (bottom line) 
declined steadily after a short-lived peak in 1972, until extra males were introduced 
from other larger populations. Genetic diversity and egg-hatching rates (top line) 
declined in this small shrinl<ing population but then rebounded after birds from other 
populations were introduced in 1990. [After Westemeier eta/. 1998] 



1994, only a few small patches remained in the state. The same was true 
in Wisconsin. Greater Prairie Chickens and other grassland birds declined 
along vvith these prairies. The remnant population of prairie chickens in 
southeastern Illinois dropped ft·om 20CH I birds in 196:2 to fewer than 50 
by 1 <.J94 (Westctneier et al. 1998). Genl'tic diversity dropped significantly 
in both states. 

Projections of continued loss of gendic variation suggest that, in 40 
years, these prairie chicken populations \Vould reach the reduced genetic 
diversity of tlw related Heath Hen 30 years before its extinction on 
Martha's Vineyard in 1932 Oohnson and Dunn 2(1( 16). In Illinois, egg fer
tility and hatchability declined significantly along \Vith genetic diversity, 
a prelude to extinction (Figure 21-16). The good news is that conserva
tion biologists were able to otlset these handicaps and to increase egg vi
ability in Illinois by importing prairie chickens tl·om Luge and genetically 
diverse populations in other states. 

Fragmentation and Corridors 

Many hmnan activities-cutting forests for timber. converting grasslands 
into croplands, and dividing shorelines for buildings-divide nujor blocks 
of quality habitat into remnant isLmds of habitat, or ti-agments (Figure 
21-17). The small sizes and extensive edges of habitat tiagments lead to 
increased predation, 1i1nited space, and invasion by exotic species. lte
duced nest success and adult survival in tragments, compared \Vith large 
intact blocks of habitats, arc predictable results. Small tl·agmcnts become 
unsustainable population sinks, with poor reproductive success and high 
mortality. 

Untragtnented core areas of habitat, theref(xe, are an essential element 
of conservation planning. Forest fi·agtnentation in North America, for ex
ample, promotes local reproductive f1ilure due to increased nest predation 

FIGURE 21-17 Forest fragmentation in Missouri. Computer maps of a nonforested 
landscape (left) and a forested landscape (right). Dark areas are forested. [From Asl<il1s 
1995] 
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FIGURE 21-18 Forest cover improves nest success in the midwestern United States, 
but such cover is diminished in landscapes where forests are fragmented. 
(A) Correlations of the proportion of nests parasitized by Brown-headed Cowbirds 
and the percentage of forest cover. (B) Correlations of daily nest mortality and the 
percentage of forest cover. Abbreviations for species: INBU, Indigo Bunting; WEWA, 
Worm-eating Warbler; OVEN, Ovenbird; l<EWA, Kentucky Warbler. [After Robinson eta/. 
7995] 

and brood parasitism by Brown-headed Co\vbirds. Scott Robinson and 
his colleagues ( 1995) documented the ct1ects of ti-agmentation on the lo
cal rates of cowbird nest parasitism and daily nest mortality in the forested 
landscapes in the tnidwestcrn states of the United States (Figure 21-18). 
1\lligratory songbird-; such as Ovenbin .. is, Kentucky Warblers, Worm-eating 
Warblers, Indigo Bunting, Scarlet Tanagers and Acadian Flycatchers were 
the focus of this study. 

The highly fragmented landscapes of northern Missouri, southern Wis
consin, and Illinois are population sinks. Those populations cannot sus
tain themselves \Vithout the inunigration of young birds from the extensive 
source forests of the Missouri C>zarks, northern Wisconsin, and south cen
tral Indiana, respectively. These costs are n1ost severe within 100 to 200 
meters of the forest edge (Figure 21-1 ()). Most birds breeding in small 
fragtnents of habitat are at1ccted. The interiors of large blocks, on the 
other hand, are relatively safe. 

Scarlet Tanagers and the closely related Western Tanagers and Sununer 
Tanagers are among the most attractive of North American bird species. 
All are sensitive to f(H·est fi·agmentation (Rosenberg et ~11. 199()a). The Cor
nell Laboratory's continent-\vide. citizen science initiative, Project Tanager, 
surveyed woodlots of diHen:nt sizes t(x tanagers. The probability of find
ing a tanager dropped belov"· 50 percent in highly fi-agtnented landscapes. 
The sensitivity of Scarlet Tanagers to ti-agn1entation, calculated in terms 
of the minin1mn area required to support them, \Vas greatest in the highly 
ti·agn1ented forests of the I'v1i(hvest. These studies enabled regionally spe
cific recornmendations tor the management and restoration of forests that 
would attract tanagers, as well as other at11liared species of comervation 
concern, such as the Eastern Wood Pe\vce (Rosenberg et a!. 1999b). 
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FIGURE 21-19 Songbird nesting success increases with distance (10 categories from 
0 to 123 meters) from the forest edge, where nest predation and parasitism (by 
Brown-headed Cowbirds) is greatest. [After Wilcove et al. 1986] 

Like islands in the ocean. islandlike trag1nents of habitat lose species 
at predictable rates O\\ring to tluctuations in population size and the costs 
of edge etTects. Snnll fi·agments lose species Elster than large t1·agments. 
Several studies in Brazil illustr;1te this eftect. In southern Brazil, tor ex
atnpk, intact subtropical woodlands supported about 220 bird species 
(Willis 1980). Fragmentation of the woodlands t(w cotTee plantations in 
the past century caused reductions of species. No\v a large, isolated vvood
lot (1400 hectares) supports 202 species, a medium-sized woodlot (250 
hectares) supports 146 species. and a snull \:Voodlot (21 hectares) supports 
only 93 species. The birds lost from the largest plots were Jnostly large 
species tound in low densities, such as eagles, macaws, parrots, toucms, 
and tinamous. The birds most likely to disappear trom the small wood
lots \Vere prirnarily large, canopy. tl·uit-cating birds and large, ground, 
insect-eating birds. 

Thmnas Lovejoy and his colleagues launched an ambitious landn1ark 
project in the Amazon rain forests ncar Manaus, Brazil. They started this 
long-ten11 project in 1979 to document the specit1c et1ects of forest fi·ag
rnentation on tropical biodiversity (Bierregaard et al. 1992). In an alliance 
with the govermnent, E:u·mers left blocks of forest of dit1erent sizes and 
configurations as they cle;lred the land. Teams of experts then monitored 
the changes that followed. The long-term n1inimU1n-critical-size (CV1CS) 
project demonstrated dramatic losses of species ft-om tropical torest islands 
less than 1 () hectares in size. 

Especially vulnerable were specialized birds that tollcnv anny ants to 
catch t1ushL·d prey, because the ants themselves disappeared. Three species 
of obligate arrny ant tollowers disappeared itmnediate]y upon the isola
tion of stnall fragments. Also vulnerable \Vere birds that participated 
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FIGURE 21-20 Resplendent Quetzal. Conservation reserves fo r the quetzal and other 
mobi le species of the cloud forests of Central America must include d ifferent sites for 
di fferent seasons and corridors that connect them. 



regularly in mixed-species foraging flocks. Most of these species disap
peared fi·mn all small rain-forest ti-agn1ents in one to two years. 

Local landscapes, the tean1s concluded, should include one or more 
f(west tracts larger than l 000 hectares. Large source tracts would produce 
surplus birds to help populate smaller ti·agments. Corridors between iso
lated fragments of original habitat, however, are needed as an essential el
ement of conservation planning. Corridors just 1 nn to 3UU mt:ters \Vide 
be(\veen blocks of forest helped to tnaintain species diversity in forest frag
ments as large as 1 00 hectares in area. Small forest fragments also require 
connections by corridors of rain forest to t:Kilitate the dispersal of young 
birds among them. 

Species of tropical mountain forests require corridors for seasonal al
titudinal migration between separated living areas. One of the Jnost dra
matic of all tropical birds. the R.esplendcnt Quetzal, a trogon of the cloud 
f()rests of Central Anwrica, is iridescent green and scarlet in color with 
lacy, ~-foot-long upper tail coverts (Figure 11-20). It feeds and breeds in 
mountain preserves, such as the popular 1H.CHll J-hectarc Monteverde 
Cloud Forest Preserve in Costa Rica. But the quetzals also 1nigrate down
slope to find food during the nonbreeding seasons. By tracking the sea
sonal n1ovements of quetzals \Vcaring r~H.iio trans1nitters, Ceorgc Powell 
and his colleagues (1995) discovered that the mountain slopes bet\veen 
615 and 1540 1neters altitude were critical corridors and nonbreeding res
idences f()r the quetzal. The preserve no\v provides a network of habitats 
required by the quetzal throughout the year. 

Distu rba nee 

Many habitats and their birds rt'quire regular ecological disturbances. es
pecially by fires or Hoods. to maintain their vitality (Askins 2000; Bra\vn 
et al. 2001 ). l3oth the intensity and the tl-cquency of local disturbance 
govern the character of habitats (Figure 21-21). In particular, the sup
pression of fires and t1oods is responsible for losses or declines of bird 
species, in addition to those lost on a broad scale to outright loss of habi
tat. ()n a landscape leveL healthy ecosystems are those that include a tnix
ture or mosaic of habitats in various stages of recovery fi-0111 disturbance. 
Good stcv"'ardship of ecosystems, therefore. requires deliberate programs 
of burning and the t1ooding of Hood plains. 

Fire 

Fire is an essential clement in the ecological he~1lth of aln1ost all habitats. 
1 t naturally affects the plant structure and species compositions of forests, 
grasslands, and scrublands and thereby \vh;lt bird species will also be pres
ent. Californi;1 's coastal chaparraL Yellowstone ·s scenic ponderosa pine 
f(.n-ests, and Illinois's rernnant prairies all require regular tires to sustain 
their special suites of species. Before the colonization of the United States 
by Europeans, regular fires started accidentally by lightning and deliberately 
by Native fu11L'ricans swept unchecked across the landscape. ()ne-half of the 
continental United States burned every 1 to 12 years (Brawn et ;ll. 20tH). 
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FIGURE 21-21 Intensity versus frequency of disturbance on selected terrestrial habitats. 
Fire, floods, severe winds, and forestry practices create even-aged forests by promoting 
growth of replacement saplings over large areas. Frequent fires of light to moderate 
intensity structure woodlands and savannas. Grazing and frequent, intense fires control 
the structure and species compositions of grasslands. [From Brawn eta/. 2001] 

Many bird species also are fire-dependent specialists. Among them, 
Black-backed Woodpeckers target the \Vood-boring beetles that flourish 
in scorched coniter trees ti·mn t\VO to three years after tlres in the boreal 
forests of Canada and Alaska. The endangered Kirtland's Warbler speci<ll
izes in young jack pines that grow after fire releases seeds fi·om mature 
pines in Michigan. Fire also controls critical long-leaf pine habitat for 
Red-cockaded Woodpeckers and Bachn1an 's SpatTO\VS of the southeast
ern United States. 

Fire is an essential ingredient for the manage1nent of the birds in scmb 
and pine forests of the southeastern United States. Florida Scrub Jays, for 
ex~unple, are a fire-dependent species. They survive only in the remnant 
scrub habitats of the sandy ridges of central Florida, along with other en
dangered species. They depend on regular fires at 8- to 15-year intervals 
to refi·esh territories with optimal h~1bitat. 

Long-tenn studies at the Archbold Biological Station documented the 
eHects of fire and tire suppression on the jay's use of habitat (Wooltenden 
and Fitzpatrick 1996; and Figure 21-22). Specifically, active tire suppres
sion tron1 1980 to 1990 caused the nurnber of territories on a 55-hectare 
(I J6-acre) study plot (l8E) to decline from more than tlve to just one. 
C01npetition trom Blue Jays and predation by ha\vks and snakes increase 
in the absence of fire. To improve the quality of the habitat, the station's 
statT burned the study plot in a carefully controlled ··prescribed bun1'' in 
liJ<J 1. Scrub jays returned to the plot, reestablishing rnore than six terri
tories by 1997. Repeating the cycle. they then started to decline, await
ing the next burn. 

Grassland birds most of all respond to difterent regimes of prescribed 
burns to replace the lightning-sparked natural fires that once governed 
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FIGURE 21-22 Beneficial effects of fire on habitat use by Florida Scrub jays. The 
quality of the habitat and the number of territories that it supported declined from 
1980 to 1991 as the scrub habitat grew in the absence of fire. A prescribed burn in 
1991 promoted increased occupancy through 1997. Reversal of this occupancy trend 
points to the need for another fire. [Courtesy of}. W. Fitzpatricl< and C. E. Woo/fend en] 

grassland ecology. Local populations of HL·nslo\v's Sp:u-ro\vs in the mid
western states, f()r example, prefer postburn grasslands t\vo to tour years 
of age (Herkert and Glass 199()). Such burns allow the development of 
thick protective ground cover for the nests as well as the gro\vth of stnall 
tlowering plants (forbes) that enhance the diversity of insect prey. 1\!lore 
generally, regular burns of grasslands £1vor a variety of native grass species 
and tlnvart the growth of \voody plant species that start to prevail through 
natural succession if left unchecked. 

In addition to disturb~mCL' by fire, grasslands are subject to disturbance 
by grazing-originally. by t,rreat herds of but1~1lo, antelope, or elk and, 
now, tnostly by domestic livestock. ()vergrazing, especially on leased gov
en1mL·nt lands, converts rich grasslands into deserts. Savvy ranchers, how
ever. guard the health of grasslands and the sustainability of their ranges 
by rotating their livestock. A variety of widespread birds, including Horned 
Larks and lark Buntings, as well as specialized local birds such as Mon
tezUtna Quail in Arizona. bcnetlt trom moderate g-razing regimes. 

Floods 

The tlooding of bottom lands along rivers is an essential source of distur
bance. So-called floodplains depend on regular disturbance (Brawn et al. 
200 I). Historically. seasonal tlooding, sometimes severe and sometimes 
not. created backwater L1kes and habitats, replenished vital nutrients, and 
reset the initial stages of plant succession on new soils. Novv', however, 
floodplain habitats are under severe threat due to the "protection"' fi·om 
nonnal tlood regitnes by dams. channels, and kvL·es and other changes 
such as excessive siltation. 

671 

CONSERVATION 



672 
CHAPTER TWENlY-ONE Changes i11 flooding disturbance attects the riparian forests of south

western North Amet-jca and the large river systems of central North Amer
ica. The floodplain forests of the southeast once supported species such 
Carolina Parakeets (extinct), Bachman's Warblers (extinct?), Swainson·s 
Warblers (declining) and. the I vory-billcd Woodpecker. The Amazon and 
Orinocan river systems of South America still undergo m;J_jor cycles of 
disturbance by ~)ooding. Many little-known bird species, such as the l3lack
and-white Antbird and the White-bellied Spinetail. benefit ft·om these cy
cles. They inhabit only the early-succession-stage vegetation on ever 
changing sandbars and river islands (Ridgely and Tudor 1 994). 

Forestry 

In developed countries such as the United States. commercial forest man
agement practices cause more disturbance tha11 do natural processes such 
as fire. wind blowdO\vns, Hoods. and pests. For example, silviculture dis
turbed 24 percent of the timberland in Michigan . Wisconsin. and Min
nesota in the 1980s compared with l3 percent by natural events (Schnlidt 
et al. 1999). 

Timber harvests vary fi·om clear-cuttings to highly selective logging 
and ~i·om uneven-aged to even-aged methods of tree removal. The 
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FIGURE 21-23 The shihing forest mosaic model. Forestry cutting of trees creates a 
variety of successional stages in the landscape. Different shades denote four stages of 
forest age from young to old. The stages "move around" over time as the forest grows 
and is cut in different years. Ideally, a full complement of plant and animal species 
adapted to a particular stage will colonize each stage. Different dispersal and 
colonization abilities enable some species to keep up and leave others behind. The 
inclusion of different-sized shifting mosaics in the landscape ensures the continued 
presence of fast dispersers such as birds and slow dispersers such as some plants . 
Small-scale mosaics should be embedded within large-scale mosaics to accommodate 
different kinds of dispersers and to maintain large blocks of adequate habitat. 
[Courtesy of}. Hagan; after Harris 1984] 



sizes, distribmions. and characters of the resulting timber lurvcsts lead 
to landscape-scale mosaics of disturbed and successional habitats. These 
mosaics can be managed to ensure the sustained presence of disturbed 
forests of ditl'erent ages, albeit at dit1erent loc1tions in the mosaic. Shift
ing forest mosaic designs accommodate the needs of species with dit1er
cnt habitat preftTences and dit1erent dispersal tendencies (Figure 21-23). 

Shifting torest mosaic designs support diverse bird communities that 
use them dynamically (Drawn et al. 200 I). Some species, such as Winter 
Wrens. Eastern !31m·birds, and Northern Flickers, quickly colonize cutover 
regeneration stmds. They use opcn slashpilcs, herbaceous undergrowth. 
or residual snags. Within two to three years, additional species such as 
Mourning Warblers, Common YeUowthroats, and Swainson \ Thrushes 
start using the regrowth saplings. About half of the Neotropical migra
tory bird species that breed in the hard\vood torests of the central United 
States prder early-succession stands of harvest regrowth. Well-dL·signed 
torest regeneration mosaics can thus support high diversities ofbird species 
that include clear-cut colonists and mature forest residents. 

Forest management plans that protect old-growth torests are extremely 
importa11t and controversial. Intense logging in the t\venticth century re
duced the old-growth forests in the Pacitlc Northwest to about I 0 per
cent of their original extent. The environmentalists were eager to protect 
the remnant of what remained, and the loggers were eager to continue 
harvesting timber as the main source of their livelihoods. One species in 
particular-the Spotted Ov,t! (Figure 21-24)-was at the center of the 
controversy. 
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Spotted Owl, a threatened 
species that came to 
symbolize old-growth forests 
of the Pacific Northwest, 
which are now reduced to 
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CHAPTER TWENTY-ONE The Spotted ()wl seemed destined to repeat the f:ltes of the Passen

ger Pigeon and the Ivory-billed Woodpecker. Its typical habitat in the 
Pacific Nortlnvest consists oflow- to tniddle-elevation old-growth forests 
dominated by Douglas t1r trees. These f(n·ests have mixed age classes of 
trees, including some large ones that are more than 200 years old, plus 
an abundance of dead trees and branches. The owls' preference for old
gro\vth fc)rests relates to the availability of large, old dead trees tor nest
ing, the availability of small mammalian prey, especially Hying squirrels, 
and protection t!·om precbtors. Each pair requires tt·om 500 to 20UO 
hectares of mature forest, depending on location. The C)\·Vl syn1bolized the 
old-grovv·th forest ecosystem and its biodiversity, including an endangered 
seabird-the Marbled IV1urrelet (Box 21-4). 

Conservation research on the biology of Spotted Q,vls greatly affected 
land-use policy generally in the United States (Noon and Franklin 2002). 
It also spearheaded an understanding of n1any of the fi.mdamentals of con
servation biology. The research revealed the tnetapopulation structure of 
populations of three genetically distinct subspecies (Northern, Califcn1lia, 
and Mexican). 

In addition to the ra\v loss of habitat due to logging, the ti-agmcnta
tion of the old-grovvth t()rests into isolated patches separated by second 
growth affects Spotted Owls. The t1·agn1entation of continuous stretches 
of old-gro\vth forest increases cornpetition fi·om larger and more aggres
sive Barred ()v,rls that thrive in adjacent regro\vth areas. Fragmentation 
also increases predation by Great Horned ()wls, which frequent the for
est edges and openings created by logging. Demographic data and life
table analyses project declines in the populations of the Spotted OwL 
\vhich delays breeding until it is three years old, later than most medium
sized ow·ls. Breeding success is good in son1e years but bad in others. de
pending on the availability of prey. Poor breeding success stems in part 
fi·om the high rnortality of as many ;ls 82 percent of dispersing juveniles. 

Required by law to ensure viable populations of all native vertebrate 
species in the national forests. the U.S. Forest Service developed guide-

Few birds have been as mys
terious and have eluded 
study for as long as the 

quail-sized Marbled Murrelet. a declining and 
threatened species. The murrelet was the last 
North American species to have its nest discov
ered. By accident, a tree surgeon named Hoyt Fos
ter discovered a moss nest containing one downy 
young murrelet 45 meters off the ground in a tall 
Douglas fir 16 kilometers from the ocean in 

California's Santa Cruz Mountains. These small 
seabirds, it turns out, fly inland to nest in tall, 
old-growth forest. Like the Spotted Owl, they de
pend on the disappearing old-growth forests of 
the Pacific Northwest (Nelson 1997). 

The dependence of Marbled Murrelets on the 
old-growth forests from northern California to 
Alaska adds an extra threat to their future, be
cause they are also highly vulnerable to coastal oil 
spills and to drowning in underwater fishing nets. 



lines tor the management of the Spotted (J\vl. Its plan in July 1986 was 
to set aside 500 Spotted ()\vi habitat areas in Washington and Oregon. 
The protected areas would vary in size-the average area containing 1 OOU 
hectares of old-gro\vth t(Jrest-and would fon11 a well-distributed net
work that allowed the dispersal of young owls. A review of the minitnmn 
population requiretnents by a blue-ribbon advisory panel of ornithologists 
convened by the National Audubon Society raised the stakes. They rec
onunended protection of a minimum of 1500 breeding pairs by setting 
aside habitat areas \Vith 2100 hectares each in Washington, I I 00 hectares 
in ()regon and northern California, and 650 hectares in the Sierra Nevada 
(Dawson et al. 198()). 

The Spotted Ovvl was listed as threatened in 1990, and a draft recov
ery plan was published in 1992. The Northwest Forest Plan of '1994 be
came the cornerstone t(w conserving and recovering the Spotted ()wl on 
24.4 rnillion acres of federal land in Oregon, Washington, and Califor
nia. A decade of research will be used to guide the cmnpletion of the re
covery plan and fl.nal designation of critical habitat tor the Spotted Owl 
by December 2007. (}ngoing analyses of the viability of the scattered pop
ulations of the Spotted Owl confirm the original projections of their de
clines and sensitivity to habitat quality. These analyses also suggest that 
the declines of some populations are accelerating o\ving to decreased adult 
survival. Larger blocks of t(xest than originally projected rnay be needed 
to stop the declines. 

Site-Based Conservation 
Setting priorities is Jn essential first step in the process of conservation by 
design. Limited resources tnust be directed wisely to conservation pro
grams at the highest-priority places an1ong the many places that are un
der threat and tor the many species that arc declining. Public and 
con1munity support of conserv;ltion progran1s is essential tor their success. 

Hot Spots and Important Bird Areas 

T'o focus conservation resources on places of greatest need, conservation 
biologists led by Conservation International identified "hot spots" of bio
diversity. Hot spots are those places under threat in the world that have 
the brreatest concentrations of biodiversity, defined by the largest total 
nun1ber of species. the 1nost threatened and endangered species, and the 
most endemic specics. The initial selection of hot spots was based on mea
sures of the richness of plant species. 

Birds also stand out as one of the best indicators of biodiversity and 
ecosystem health. Uirds are pivotal players in ecosystems. In the broad 
spectrun1 of biodiversity, birds are the most visible and accessible indica
tors of the interconnectedness of life on Earth. 

By using computerized maps of the geographical distributions of all 
extant bird species, David ()nne and his colleagues (2005) identitied the 
places that host the greatest bird diversity. on the basis of the same three 
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CHAPTER TWEN1Y-ONE principal criteria. The tropical Andes of South America topped the list of 

avian hot spot regions by all three criteria. Important in regard to species 
richness \vere other parts of South America (Amazon Basin, Atlantic 
Coastal Forest. Guyana highlands). the Hin1alayas. and the lZ.ift Valley of 
Africa. Regions with high numbers of threatened species also included 
the Philippines. Nnv Zealand, and Madagascar. New Guinea ranked high 
an1ong the regions with lots of endemic species. Many. but not all. of 
these avian hot spots \Vere also on Conservation International's list. 

R.esponding to the challenge of protecting global diversity. the part
nership alliance of I3irdlife International created the Important Bird Areas 
(IBA) program. The Jl3A progran1 is now the global paradigm for site
based conservation using the power of birds. It sets conservation priori
ties and provides a unified ti·atnework for national bird conservation 
initiatives. The goal is to protect a vast, \Veil-designed. -vvorldwide net
work of sites that stabilize bird populations and their essential ecosystems. 
Realizing their full potential. IBAs \vill keep common birds common, 
stop and reverse current declines, and prevent the extinction of our most 
itnperiled bird species. 

The II3A network includes protected public lands such as federal 
wildlife rdl.1ges as well as private and local community lands important 
for birds. The net\vork features sites in the tropical .Andes that harbor the 
most endangered t(Jrest species, wetland sites that are critical to stopover 
during seasonal migrations of shorebirds, including Western Hemisphere 
Shorebird IZ.cservc Network sites (see Chapter 1 0) and the major winter
ing grounds of Arctic watert()\\·l IBA initiatives in the Western Hemi
sphere have identitled about 3(100 sites of global significance, including 
130 in the United States. 597 in Canada, and 2.30 in Mexico. More of 
them are identified each year. With the addition of sites of regional and 
continental significance, the network of I BAs in the Western Hemisphere 
\vill grow to include about 8000 sites under the supervision and conser
vation ste-vvardship of nearby local communities (Figure 21-25). 

The fitture quality of I BAs as primary conservation sites depends partly 
on the local 1nanagement and restoration of quality habitat and on the 
abatetnent of nujor threats to those habitats. The future wildlife value of 
I BAs also depends on the care of the larger landscape of vvhich they are 
3 part. Most I BAs are surrounded by working lands of agriculture, high
itnpact hmnan activities, or urban development. What homeovv'ners do 
in their ovvn backyards atTects the quality of watersheds. Hooding regimes, 
pollution. and frequency of predation by pets. The entire matrix of hu
man activities thus governs the future value of sites in the network and 
of the network as a whole. Conversely, IBAs add value to the commu
nities as recreational spaces tor Eunilies and as tnagnets tor ecotourism that 
brings revenue to the com1nunity. 

Communities 

Public and con1munity support of conservation programs is an essential 
ingredient for their success. Public opinion matters. Thl'ret(H·e, conservJtion 



, -

initiatives must incorporate economic and social variables as vvell as tenets 
oflandscape ecolO!:,'Y· People are comtixtable \vith birds and other wildlife 
and enjoy them as long as they do not become too common. Although 
rare species will delight the tinder, the same species potentially become 
pests if they prosper to excess. 

Conservation etTorrs c:m be too successful. For example. locally en
couraged populations of resident Canada Geese now plague golf courses 
and city parks. Snow Geese in North America responded so well ro man
agement encouragement that they exceeded their resources on the Cana
dian Arctic breeding grounds, where they destroyed large expanses of 
SL'nsitive tundra (see page 53H). 

FIGURE 21-25 Important 
Bird Areas in the Western 
Hemisphere. [Courtesy of 
}. Cecil. National Audubon 
Society] 
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a community into an efiectivc conservation force in just one year. The 
nonprofit conservation organization RARE uses the power oflocal pride 
to integrate conservation into the culturaL econornic. and political aspects 
of comnnmity life (http:/ /rareconservation.org). One of its initial pro
grams in the Caribbean demonstrated the power of fully engaging pub
lic participation (Butler 1992). The revolution started on the island of 
St. Lucia. \Vhere Paul Butler. a Bt;tish naturalist, transfonned local indif
ference about \vildlite into a passionate embrace of an endangered parrot, 
the St. Lucia Atnazon, known locally as the Jacquot. The conservation 
blitz heightened ~nvareness every-vvhere. with special attention given to 
schoolchildren. \:Vho educate their parents. 

The Jacquot population had declined to a precariously stnall size as a 
result ofbeing hunted t(w t(Jod and captured tor the pet trade. The moun
tain t()rests where it lived had been cut t()r firewood and for tanning. 
Now the island's national bird and center of pride, the Jacquot is increas
ing in nwnbers. As the island's conservation spokesman, the Jacquot ex
horts fellow St. Lucians to save the island's forests, keep the water clean, 
protect their island's coral reefs. and engage in other environmental 
efi(n-ts. 

The parrot's colorfi1l inuge novv appears on billboards, bumper 
stickers, T -shirts. and St. Luci<l passports. A lively combination of 
classroom visits I featuring a person dressed up 1ikl' a parrot], 
reggae songs, music videos, church sermons. and puppet shows 
nude saving the Jacquot a cause celebre with all age groups on 
the island. As a result, the parrot not only stopped its slide toward 
extinction, but nearly doubled its population to about 350 birds. 
!Nielsen 1993, p. 481 

The Conservation Movement 
Responding to the public concern about the welElre of birds in the late 
nineteenth century, states passed laws lirniting the hunting season or pro
tecting particular species. The ·work of the consen!ation committee of the 
American Ornithologists' Union, tcmnded in 1883, led to the formation 
of state Audubon societies and soon thereafter to federal agencies such as 
the U.S. Bureau of Biological Survey charged ·with bird protection. In 
1886, the Arncrican ()rnithologists · Union proposed a model law that vvas 
adopted inunediately by New York State and the Commonwealth of 
Pennsylvania. It eventually became the prototype for bird-protection leg
islation throughout the country. 

Origins 

The roots of such successful conservation initiatives in North America, as 
well as in other parts of the world. go deep into past practices of uncon
trolled exploitation of the eighteenth and nineteenth centuries, outlined 



earlier in this chapter. Public opposition to the killing and exploitation of 
native birds in the nineteenth century vvas inevitable and then prevailed. 
Fan1ous conservation writers-Ralph Waldo Emerson. Walt Whit1nan. 
John Burroughs, and John Muir-stirred the public conscience with their 
wnnngs. 

Leading the initial battles for bird conservation were several amazing 
women in Massachusetts. Fannie Hardy and Florence Meniam founded the 
first Audubon society in 1R87 at Smith College to tid the can1pus of teath
ered finery. A tev~' years later, in 1896, 1--IaiTiet Hemenway founded the 
Massachusetts Audubon Society \Vith the 1nission of discouraging ornamen
tal uses of wild bird feathers and protecting birds. From their t1rst acts, the 
bird conservation move1nent grew steadily, led by \VOinen. The founding 
of Hawk Mountain Sanctuary Association is just one t1ne exan1pk. 

Hawk Mountain 

Sixty years ago, in 1934, a dedicated Nn:v York conservationist na1ned 
R.osalie Edge challenged local traditions of shooting nligrating ha\vks for 
fun. She put an end to it on a mountaintop in southeastern Pennsylva
nia. Rosalie Edge believed that the time to save a species is while it is 
still common. Her private initiative-no\v a classic conservation story
started the sport of hawk \Vatching as an altenntivc to hawk shooting and 
created a model for the rnmlitoring and conservation of migratory ha\vks 
~md eagles worldwide (Uildstein et al. I9'J3). 

On their way south in the t;tiL nugrating hawks hug the tops of moun
tain tidges, riding £1vorable, rising air currL·nts. They pass key sites in great 
numbers on days of t;worable winds, providing living targets to those who 
wished to eliminate predators. The annual toll of tens of thousands of 
Sharp-shinned Hawks and other species was staggering. DcterminL·d to 
stop the shooting. Rosalie Edge raised the money to buy 56 7 hectares 
(1400 acres) on Hawk Mountain (Figure 11-26). She installed a brave 
young naturalist warden, Maurice Broun, to protect the hawks and to 
share his recognition of raptors as beneficial rather th~1n harmful members 
of natural ecosystems. Since its founding, the Hawk J'vlountain Sanctuary 
Association has played a key role in protecting North Ame1ica's raptors 
and their essential habitats by developing grass-roots support tor state and 
national legislation. Each year. 70,000 visitors cmne to view the inspir
ing passage of hawks and eagles and leave Hawk Mountain with a greater 
con11nitn1ent to conservation. 

ltelating to its long, pioneet·ing history, Ha\vk Mountain also main
tains the world's longest and most detailed record of raptor migration. 
The nlillionth raptor-an itnmature female Sharp-shinned Ha,vk-was 
officially logged at 12:41 p.m. on Thurs&1y, October 8, 1992. This total 
increased to 1.4 million at the end of 2005. The annual counts of hawks 
and eagles that migrate past Hawk Mountain h~n·e proved to be eflectivc 
tools in ~1ssessing long-term trends in raptor populations throughout east
ern North America. This database played a key role in exposing tlrst
gcncration organochlorine pesticides, such as DDT, as causative agents tor 
the decline of several species of birds of prey, as well as measuring their 
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FIGURE 21-26 The lookout at Hawk Mountain near Reading, Pennsylvania. 

[Courtesy of Haw!< Mountain Sanctuary Association] 

population recove,;es tollowing a decreased use of environmental pesti
cides. Now, there is a continent-wide network of hawk watching and 
monito6nf!; sites: Cape May, New Jersey, Duluth, Minnesota. and Vera 
Cruz. Mexico, complemented by others in Spain, Taiwan, and many 
more. 

Momentum 

A ser;es of environmental crises-final air-pollution events, rivers afire 
\vith debris and chemicals, birds dying of pesticides on lawns-and a pO\v
erful book-Silent Sprins by Rachel Carson (1962) -awoke the country 
and launched the mockrn environmental movement. Starting in the 1950s 
and continuing through the 1!J70s, the U.S. Congress enacted landmark 
legislation, including the Wilderness Act ( 1964), National Environmen
tal Policy Act :md the Environmental Protection Agency (1969), Clean 
Air Act ( 1970), Clean Water ,'\ct (1972), Endangen:d Species Act (I 973), 
and the Sate Drinking Water Act (1974). Presidenr Nixon's administra
tion ( 1969-197 4) accolllplished more si!-,'11ificant environmental legislation 
than any betore or since, v-iith the possible exception of Theodore Roo
sevelt ( 190 1-1!)09). 

l3ird conservation grew· to be a local. national, and international pri
ority as a variety of nonprofit organizations, national and local, fonned to 
coordinate and focus public concern about their birds. In North America. 



more than I OOU independent bird clubs, bird observatories, professional 
coalitions. and Audubon chapters look out tc)r the \Vel tare of birds. They 
tnaintain sancru;n-ies, restore habitat, ;md advocate on behalf of birds. Each 
organization has its O\vn proud stories of accomplishment. 

Worldwide. hundreds of national bird conservation organizations ad
dress priority matters locally. In Britain, the venerable IZ.oyal Society tor 
Protection of Birds founded in 1889 no\v hosts n1ore than 2 1nillion mem
bers. Uniting national bird conservation organizations worldwide in the 
con1n1on cause. the BirdLite International coalition of country partners 
spearheads the conservation of globally endangered and threnened bird 
species. 

Government agencies, both state and tederal, pay increasing attention 
to the management of non-g;nne bird populations. The restoration of the 
declining waterfowl populations led tnodern government bird conserva
tion initiatives. Faced \Vith continuing wetland destruction and accompa
nying declines in watelio\vl populations, the governments of the United 
States. Canada. and Mexico initiated a ne\V, intense ettort to protect wet
lands and associated wildlite in llJ86. Participants in the North American 
Waterftnvl Management Plan (NAWMP) vo\ved to protect tnillions of 
acres of important wetlands. With the participation of nearly :200 public 
;md private organizations. the NA W MP strives to meet specific popula
tion goals t()r each of 32 species of ducks, geese, and swans. 

The conceptual toundations of the NA WMP gave rise to t\:vo new 
remarkable initiatives in the l9lJUs: Partners in Flight. or PI F. follo\ved 
by the North American Bird Conservation Initiative, or NABCI (Fitz
patrick 2002). The PIF initiative. a coalition of goven1n1ent agencies en
hanced by the participation of nongovermnent agencies, corporate leaders, 
and aG1demic professionals. focused f1rst on the growing plight of 
Neotropical nligrant bird species, with the rallying cries ·'Keep common 
birds con1111on ., and '·Birds are just like ducks." It set priorities on action 
plans through consensus and tnobilized ncvv' resources-federal, state, and 
private dollars-to protect bird populations. Those plans are being imple
mented throughout the United States and Canada. 

NAI3CI sprouted trmn these same roots, expanding the movement 
fi-om Neotropical migrants to ''All birds, all habitats.'' Upland game birds, 
shorebirds, colonial nesting birds, and resident songbirds all gained col
lective conservation attention. Building on the watert()\vl plan that set re
gional population goals tor duck species, the participants in NAUCI are 
doing the san1e for all birds and then f"t1rging the local partnerships and 
funding to achieve those goals. 

Birding and Citizen Science 

Ettective conservation requires countable units, usually acres or species. 
The average citizen also tends to take ownership of ·what he or she counts 
and then to ;tct on their behalf (Flicker 2002). Ever increasing numbers 
of people participate in the local conservation of the birds that they count. 

The importance of conservation-oriented birding is due to the etlorts 
of pioneering ornithologists such as Frank Chapman. When he was not 
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CHAPTER nVENn'-ON E censusing birds on \Vomen 's hats in Ne\v York City, Clupman promoted 

winter bird \\latching in the form of bird counts during the Christmas 
holidays to replace the traditional end-of-the-year bird-shooting parties. 
The Christmas Bird Count of the National Audubon Society is no\v the 
largest and oldest citizen science project in the vvorld. It fostered the 
founding and growth of more than a thousand bird clubs and Audubon 
chapters throughout the United States and Canada. It continues to ex
pand throughout Central and South America. 

With the Christmas Bird Count, Frank Chapman founded what we 
now call .. citizen science.'' \vhich harnesses an army of volunteers to mon
itor our bird populations as indicators of environn1ental health through a 
gro,ving an-ay of substantial projects, including the Breeding Bird Survey 
(see page 562). 

In its bro~H.iest detlnition, citizen science is research done by people 
from every level of society in collaboration \Vith scientists. By empower
ing voters and decision makers with science-based information, citizen 
science is central to the maintenance of a sustainable society and a healthy 
environment (I nvin I 905). 

Citizen science has been a primary torce for the growth of the mod
ern conservation movements in North America and Europe. The citi
zen science and conservation movements in North America expanded 
together and diversitled in participation and accotnplishments. A similar 
grass-roots industry gre\V in parallel in Britain and the rest of Europe. 
Looking ahead, we can use the sheer volume of observations contributed 
daily cmnbined with the po\ver of modern databases to track bird pop
ulations in real titne as a conservation radar \Vith unprecedented power 
of timely public participa6on. 

The growth of public interest in birds has been extraordinary. It po\v
ers the modern conservation 111ovemcnt in many respects. Birding now 
engages tens of millions of citizens (La Roue he 2001 ). The average birder 
is vvell educated, can1s an income above the national average, and belongs 
to at least three conservation or birding organizations. On the basis of 
15,300 intervie\vs, the national survey estimates that 46 million U.S. cit
izens, 16 years of age or older, arc birders. This projection det1nes bird
ers as people \Vho "closely observed or tried to identify birds around the 
home and/ or took a trip a mile or rnore ti·om home for the ptimary pur
pose of observing birds.'' So defined. most birders (88 percent. or 40 mil
lion) vvere backyard birders. Forty percent, or 18 rnillion, including some 
of the tanner group, took trips to look at birds. Most (74 percent) were 
beginners \Vho said they could identity ti·otn only 1 to 2U species, and 5 
percent (2.3 tnillion) kept a lite list of species that they saw. 

Birding is an economic force tor local communities and governments 
as \vell as for conservation. In Britain, the presence of a nearby bird re
serve tnaintained by the l:Zoyal Society f()r the Protection of l3irds sub
stantially improves the cconmnies of stnall rural towns by increasing sales 
of petrol, beer. and pub lunches. The 2001 U.S. Fish and Wildlife Ser
vice survey estimates th~lt, in that year, U.S. birders (84 percent) and other 
\vildlite \Vatchers (16 percent) spent an estirnated $24 billion on binocu
lars, bird t()od, cnnping equipment. and related iten1s and more than 



Everyone who enjoys birds 

and birding must always 
respect wildlife, its envi

ronment, and the rights of others. In any conflict 
of interest between birds and birders, the welfare 
of the birds and their environment comes first. 

1. Promote the welfare of birds and their en

vironment. 

To avoid stressing birds or exposing them to dan
ger, exercise restraint and caution during obser
vation. photography, sound recording, or filming. 

Limit the use of recordings and other methods of 
attracting birds, and never use such methods in 
heavily birded areas or for attracting any species 
that is Threatened, Endangered, of Special Con

cern, or is rare in your local area. 

l<eep well back from nests and nesting colonies, 
roosts, display areas, and important feeding sites. 

Stay on roads, trails, and paths where they exist; 
otherwise keep habitat disturbance to a mini

mum. 

2. Respect the law and the rights of others. 

Do not enter private property without the owner's 

explicit permission. 

Follow all laws, rules, and regulations governing 

use of roads and public areas, both at home and 
abroad. 

3. Ensure that feeders, nest structures, and 

other artificial bird environments are safe. 

l<eep dispensers, water, and food clean and free 
of decay or disease. It is important to feed birds 
continually during harsh weather. 

Maintain and clean nest boxes regularly. 

If you are attracting birds to an area, ensure that 
the birds are not exposed to predation from cats 
and other domestic animals or to dangers posed 
by artificial hazards. 

4. Group birding, whether organized or im

promptu, requires special care. 

Respect the interests. rights, and skills of fellow 
birders, as well as those of people participating in 
other legitimate outdoor activities. 

Freely share your knowledge and experiences. Be 
especially helpful to beginning birders. 

If you witness unethical birding behavior, assess the 
situation and intervene if you think it prudent. 

Please follow this code-distribute it and teach it 
to others. 

$7 billion on travel. These expenses leveraged $RS billion in overall eco
noinic output and $13 billion in state and federal inc01ne taxes. 

To ensure their continued vvelc01ne as guests of local communities 
and wildlife refuges, responsible birders observe ;1 code of ethics for be
h;lvior that is good for both the birds th;lt they \"latch and the places that 
host them. Box 21-S lists selections of this code endorsed by the Amer
ican Birding Association. 

Wild America 

An1erican icon Roger Tory Peterson and [kitish ornithologist James Fisher 
took an epic journey and survey of the birds across North America in 
1953. James Fisher sa\:v North An1erica tor the tlrst time and concluded 
their story of this journey in their book J'J-·7/d A 111criu1 ( 1955) \Vith the 
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CHAPTER TWENTY-ONE quote posted at the beginning of this chapter. Fifty years brer, Scott Wei

densaul took a second look and observed 

I found the continent changed-t(.Jr the better in some places. for 
the worse in others. Yet the land, the n1gged heart of natural 
Arnerica, retains an essential timelessness .... Ours is still, at its 
core, a wild country. [Weidensaul 2005, p. x.--..:1 

Our kno\vledge of birds and our ctppreciation of them can assure their 
ftiture and ''the rugged heart of the planet." That has been the theme of 
this book. Each of us can make a dit1en:nce. Please start now. 

Summary 
lvlore than 10 percent of the \vorld's bird species are either endangered 
or vulnerable. In the United States alone. about half of bird species are 
declining. some steeply. P;uaJnount atnong the negative forces of hu
mankind on bird populations is the rapid destruction of the natural habi
tats of the \vorld, ranging tl-om the tropical rain t(wests to grasslands 
worldwide. Excessive exploitation and nesting £1ilures caused by pesti
cides or introduced predators were the primary causes of historical ex
tinctions. Continuing and emerging threats include the commercial 
pet-bird trade, new diseases. and new forms of chemical pollution of the 
environn1ent. 

The goal of bird comervation is to stop declines and to prevent fur
ther extinctions. Attention to the habitat needs of birds also benefits a 
wide range of other species. as well as the health of ecosystems on vvhich 
modern societies depend. Conservation successes inspire hope and confi
dence that we can reverse negative trends. Rediscoveries of lost species 
and detennined restoration of populations on the brink demonstratc our 
ability to prevent extinctions. Bird populations respond spectacularly to 
the eradication of introduced rnan1mals ti"om islands and to the restora
tion of new grassland habitats. 

With the cmntnitment to set aside critical habitat for endangered 
species comes the challenge of designing thL·se reserves. Conservation de
sign includes the geometry of reserve shapes and sizes and their arrange
ment on the landscape. including connections by corridors. Population 
viability analyses include ;ltten6on to the dynamics of local populations 
\:Vithin larger n1etapopulations. Conservation plans n1ust incorporate or 
replace natural forms of disturbance, including fires, tlood. and blocks of 
successional-stage forest that suit the dispersal behavior of both plants and 
aninuls. 

The economic value of bird watchers as ecotourists and the· cultiva
tion oflocai pride are powCiittl forces behind successft1l consen•ation proj
ects. In addition to public concern, the key ingredients for the success of 
bird conservation programs \\:orldwide are sound ornithological knowl
edge of a species' biology and the political will to help species prosper. 
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acclimatization, 157 
acid rain, 42H 
acorn storage granary, 173, 3<> 1 
acoustics, 215-221 
acrosomcs, 410, 411 
activity rnetabolisiJl, 151-152 
actuarial scnescenCL', 514, 518 
adaptation, 19. Sec also 

geographical variation; 
~pcciation 

adaptive radiation, 9-18, 47-4H, 
74 

and bills, 599 
and DNA analyses, 66 
and nests, 432, 437 

adipose tissue, 156, 289. See also 
tat reserves 

adren::dine. Sec corticosterone 
adrenocm1icotropic hormones, 256 
Aepyornjthidae, -Q2 

aerobic metabolism, 13()-137, 142, 
151-152 

aerobic respiration, 137 
Jerodynamics of t1ight, 116-112, 

127-129 
atterfeathers, 82 
aftershafts, 82 
age. See als,1 longevity; young 

ditTcrential migration by, 285 
and dominance status, 315 
etlects on survivorship, 504-5(15 
and fecundity, .)U4-51J5, 508 
and life expectancy, 4H6 

age-specific fecundity, 505, 
5(17-5118, 509-510,518,522 

agc-specit1c mortality, 513-514, 
522 

age-specific survivorship, 504, 
506-510, 523 

aggression. See competition; 
dominance; territorial 
behavior 

aggressive calls, 222 
agonistic behavior, 318-320 
AIDS dementia, 2116 
air sacs, 143, 14 7, 148 

and sound production, 224 
air temperature. See climate 
airfoils, 117-11Y, 121, 125 
airspeed, 12< I 
alarm calls, 22fJ, 221, 222, 

324-325 
Albatross (Diomedeidae) 

Bbck-browed, 506 
Laysan, 48.3. 510 
RoyaL 511, 512 
Short-tailed, 534, 653 
Wandering, 268, 477, 505, 506 

albatrosses 
age at tlrst breeding, 518 
altricial young, 471 
body shape, 9, 10 
classificnion, 12 
dispersal, 585 
eyes, 188 
fecundity, 5(15 
feeding of young, 484 
and t1shing industry, 649 
tlight, 117, 11 H, 125 
incubation behavior, 452 
lite-history patterns, 18, 

504-506 
lifdong pair bond, 360 
mit,rration, 279 

salt glands, 179 
wings, 15, 132 

albumen, 66, 405, 406, 418-419, 
423, 424, 426, 490 

Alex (Gray Parrot), 2n9, 500 
allantoic sacs, 425-426. See also 

chorioallantois 
allopatric speciation, 575-583 
allopatry, 575, 578, 579 
allozymes, 66 
alpha diversity, 619, 621 
alpha-keratin. Sec keratin 
altitude 

;md ecological displacement, 
632 

and eggshell structure, 421 
altricial development, 468-4 78 

and clutch size, 516 
and feeding, 484-485 
and hatching. 462 
and yolk size, 419 

altruistic behavior, 323, 368-369, 
385. See also cooperative 
breeding 

reciprocal, 324-325, 385 
alula, 41, 119, 121, 135-136 
American Birding Association, 

683 
American Ornithologists' Union, 

56, 593, 678 
amino acids, 169, 17U, 263, 

475-476 
amnion, 425, 426 
amniotic eggs, 418 
amplitude, sound, 216 
anaerobic metabolism, 137 
Anatidae, 379 
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androgens. Sec hormones; 
testosterone 

angle of artack, 117, 1 1 8-119, 
121, 125-126 

Anhinga (Anhingidae), 12, 82, 
164, 167, 345, 346, 485 

Ani (Cuculidae) 
Groove-billed, 3(,8-369 

anis, 85 
anisodactyl tc·et, 59, 61 
ankles, 6, 27 
annual cycles. 245-271. Sec tllStl 

breeding seasons; migrations; 
molts 

breeding seasons, 258-259 
circadian rhythms, 250-255 
climate change, 26LJ-271 
high-cost etiorts, 262-265 
master hormones, 255-258 
mib•Tation, 259-2(12 
versus nonannual cycles, 

265-268 
photoperiod, 250-255 
stress from. 257-258 

annual fecundity, 505, 509-Sll I, 
514, 553 

annual reproductive et1orr, 
520-523 

annual survivorship, 509-51 0 
Anscriformes, 12, 70-71, 72, 198 
Antbird 

l3icolored, 317,318 
l3lack-and-white, 672 
Ulack-£1ced, 624 
Chestnut-tailed, 624 
Ocellated. 317, 318 
Spotted, 317, 318 

ant birds 
classif]cation, 7 4 
distribution, 623 
dominance hierarchies, 317, 318 
Hocking behavior, 327 
incubation behavior, 448 
interference competition, 627 

anterior forebrain pathway, 
228-229 

antioxidants. 51 1, 522 
ampipits, 624 
Antshrike (Thamnophilidae) 

Bluish-slate, 327 
Dusky-throated, 3].7 

Antthrush (Formicariidac), 
Rufous-capped, t124 

ann.vrens, 327 
Apodit(mnes, 12, 6(1 

appeasement displays, 318-320 
apterium (apteria), 101, 455 
aqueous humor, 185 
Arat;ari (Ramph::1stidae) 

Curl-crested, 82 
Green, 54 
Lettered, 54 

arbitrary-choice model of sexual 
selection, 339, 344-345 

arboreal theory of avian flight 
evolution, 40-41 

Archaeopteryx lith(!!!/,lphim, 3, 25, 
27-31' 39, 41 

Argus (Phasianidac), Great, 349 
Aristotle, xxiv-x;..'v, 422 
art 

by birds, 357 
birds in, x:xiii-x.-xiv 

artificial selection, 524 
Asity (Philepittidae), Velvet, 97 
aspect ratios, 132-133 
assimilation etliciency, 169 
assortative mating, 286, 496-497, 

572-573, 577-578, 598. Sec 
,lfStl hybridization 

atretic follicles, 407, 408 
attentiveness, 447, 457-459, 523 
auditory feedback, and song 

development, 232 

Audubon, John James, xxiv, 295, 
648 

Audubon Society. Sec National 
Audubon Society 

Auk (Alcidae), Great, xxvi, 139, 
647 

Anklet (Alcidac) 
Cassin's, 605 
Crested, 199 
Rhinoceros, 477, 605 

anklets, 171, I 09, 404, 432 
auks 

classitlcation, 12 
convergence, 19-20, 21 
distribution, 61 H 
ears, 191 
egg teeth, 461 
eggs, 422 

fledging, 492 
flightless, 137, 138-139 
precocial young, 470, 471 
primitive, 45 
salt glands, 179 
\ving structure, 1 38-1 Jl) 

auricular feathers, 1 <J1 
austral ntigrants, 27<-J 
Australasian region, 21, 22 
avenue bO\vers, 355, 356, 358 
Aves (Class), 3, 35, 56, 66 
avian flu, 548, 644 
avifmna, 21, 22-23, 48, 604. See 

also communities 
axial filaments, 410 

Babbler (Timaliidae) 
Arabian, 482 
l3rO\Vl1, 400 
Gray-crowned, 387 

baby birds. See age; juveniles; 
nestlings; young 

bacteria 
in digestive system. 168 
in feathers, 102 

balance, 7, 195-197. Sec 11/so 

n1echanoreception 
Bananaquit (Coerebidae). 165, 

440, 587-SH8, 608 
l3arbet (Capitonidae), Double-

toothed, 45 
barbers, 12, 48. 66, 622 
barbicels, 80, 82 
barbs, 80, 87, 90, 91 

evolution ot~ 92, 93 
barbules, 80, 81, 82, 87, 90, 91 

tii.ction, 84 
and structural color, 98 

barn owls, 12, 67, 6R Sec also 
Ov.ri, Bam 

b;1rometric pressure, responses to, 
195, 197,261-262 

basal metabolism, 150, 151 
l3atclcur (Accipitridae), 131 
bL·aks. Sec bills 
"beater etlect, '' 32 1 
Bee-eater (Meropidae) 

European, 46, 2~6. 446 
\'<Thite-fronted, 388, 392-394, 

3()6 

bee-caters, 12, 392-397 



begging CJ;es, 47H-479 
behavior. Sec social behavior; 

spec{fic beh,wior 
Bellbird (Cotingidac), Bearded, 476 
bellbirds, 226 
Bergmann's Rule, 161 
Berkeley dialect, 236 
Bernoulli principle, 117-118 
beta diversity, 621 
beta-keratin. See keratin 
biconical eggs, 422 
bilateral gynandromorphs, 401, 403 
bills, 5 

adaptive radiation and, 9 
diversity, 13-15, 623 
egg teeth on, 460-461 
evolution, 454 
tceding, 164 
length, 13-15 
in nest building, 443 
tactile receptors ot~ I 95-196 
weight, 134 

biochemical genetics, 51, 61, ()3-74 
biochrorne pigments, 94-97 
biogeography, 20-24. See also 

forests 
island, 611-614 

biological clocks, 250, 298 
biological species concept, 52, 572, 

592, 663. Sec also species 
bipedal locomotion, 15 
Bird-of-Paradise (Paradisaeidae) 

King, 4, 86 
Lesser, 344, 35! I, 400 
Magnificent, 344 
Red, 82 
Superb, 344 
T\velve-\\tired, xxi, 344 

birding, 561-562, ()55, ()8 1-683 
BirdLife International, 279, 295, 

676, ()81 
birds, 4-9, 41-48. See ,lfstl Aves; 

species 
in art, literature, and music, 

XXlli-XXlV 

as cultural and religious symbol, 
XXII 

as decoration, 649-65( l 
as dinosaur, 31-36 
evolutionary history, 25-51 I 
as food. 647-649, 678 

t()ssil record, 3, 25 
human interest in, xxii-x.xiv 
Mesozoic, 37-39 
reptilian ancestors, 27-31, 32 
reptilian features, 26-27 

birds-of-paradise 
breeding systems, 372 
displays, 344-345 
distribution, 21 
tail feathers, 85-86 

birds of prey. Sec raptors 
Bishop (Pioccidae), Southern 1~ed, 

371 
Bittern (Ardeidae) 

American, 64-65, 1 U6 
Eurasian, 662 
Least, ()5, 450, 469 
Stripe-backed, 400 

bitterns, I 84-185, 226, 422, 541 
Blackbird (Icteridae) 

Red-winged, 335, 341, 
342-343, 371' 445, 
488-489, 520, 577, 581' 620 

Rusty, 636 
Yellow-headed, 331 

Blackbird (Turdidae), Common 
(Eurasian), 220, 326, 494 

blackbirds, I '1, 370 
Blackcap (Sylviidae), Eurasian, 

251' 286, 287' 288, 542 
blood, 147, 148-149, 429. Sec a!Stl 

circulatory system 
blood pressure, 150 
Bluebird (Turdidae) 

E1stern, 98, 130, 52()-521, 657, 
673 

Mountain, 441, (l57 
Western, 98, 478-479, 657 

bluebirds, 515 
Bobolink (Icteridae), 107, 157, 

190, 300, 339, 340, 637, 
644, 648 

Bob\vhite (Odontophoridae), 
Northern, 324, 534-535, 
545, 642 

bodies 
center of gravity, 7 
fonn and function, 7 

body mass 
and brain size, 20(1 
and evaporative \Vater loss, 174 

fu reserves and, 173 
brrowth curve, 471-472, 

47()-478 
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lean dry weight, 4 72 
migration and, 284, 2'12-294 
and territory size, 309, 311 
and thermoregulation, 161-162 
and wings, 131-132 

body temperature, 8, 142-143. Sec 
also heat loss; temperature 
regulation 

body weight. See body mass 
bones. See also skeletons 

of teet and legs, 8 
fused, 6, 134 
growth ot~ 423, 454, 475 
of h::mds/winf,rs, 6-7, 134-136 
of heads and palates, 7, 58-59 
of middle cars, 26, 27, 63 
stmcture, 6, 134 
weight, 133-134 

boobies 
absence of brood patches, 456 
bills, 15 
classification, 12 
eggs, 425, 429 
evolution of courtship displays, 

345 
sibling ,;valry·, 480-481, 489-490 

Booby (Sulidac) 
Blue-footed, 346 
Brown, 268, 346 
Masked, 34(), 489-490 
Red-footed, 346 

"bottleneck," populations, 567 
Boubou (Malaconotidae), Tropical, 

239, 240 
bounded-superiority model of 

stable hyb1;d zones, 593-594 
Bowerbird (Ptilonorhynchidae) 

Archbold's, 357, 358 
Fawn-breasted, 358 
Golden, 357 
Gray (Great), 357 
I'v1acgregor's, 357, 358 
Regent, 357, 358 
Sarin, 340, 355, 356, 357-359 
Spotted, 35 7, 358 
Streaked, 357, 358 
Tooth-billed, 358 
Yellow-breasted, 357, 358 
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bowerbirds, 355-359 
classification, 7 4 
vocal mimicry, 237 

bowers, 355-359 
brains, 9, 2011-2116. Sec also 

learning; memory; senses 
biological clock and, 250 
bowers and, 357, 359 
growth and development ot~ 

454, 473, 493 
lateralization, 9, 2113, 229 
nuclei in, 227-229 
sex ditierences, 401, +04 
sex hormone's, 4114 
song and, 227-229 
spatial memory and, 173 

branching diagrams. St·e 
cladogram<;; evolutionary 
trees 

breathing. Sec respiratory system 
breeding. Sec ,1/.'o fecundity; 

reproductive success 
age of first, 51)8 
in annual cycles, 246-248 
ddayed, 5 18-520 
t~1ctors affecting, 25H-259 
molting after, 109 
nonannual, 265-268 
plumage tor, H4-8(), 344-345, 

404, 519-521 
and population cycles, 557-558 
stress and, 256-257 

Breeding Bird Survey, 562, 682 
breeding colonies, as t'l1raging 

information centers, 321-322 
breeding seasons, 258-259. Sec also 

annual cycles; nestling 
periods; reproduction 

molts during. 259-261 
in nonannual cycles, 265-268 

breeding sites. See nesting sites 
breeding systL'lllS, 367-398. Sec also 

mating systems; reproduction 
of bee-eaters, 392-397 
brood parasitism, 377-385 
cooperative, 3711, 376-377, 

385-392 
diversity oC 367-3711 
polyandry, 373-377 
polygyny, 370-373 

bridling displays, 414 

bristles, 88-89, 196 
broadhills, 48, 74, 622 
bronchi, 223-224 
bronchial tubules, 145 
brood parasitism, 368, 377-385 

absence of brood patches, 456 
tacultative, 3 79 
host responses to, 383-385 
imprinting, 498-499 
intraspecific, 377-379 
mimicry and other adaptations 

in, 38()-381 
obligate, 377, 379-383 

brood patches, 454-456 
brood reduction, 406, 489-490, 526 
brooding. See parental care 
broods. See also clutches 

single versus multiple, 514-516 
Bnrcke's muscle, 185-186 
Brush Finch (Emberizidac), 

Yellow-throated, 328 
Bnrshturkey (Megapodiidae), 

Australian, 462-464, 494, :)98 
Budgerigar (Psittacidae), 98, 99, 

175, 316 
buffalo \·Veavers, 416 
Bulbul (Pycnonotidae), Y dlO\v

vented, 172-173 
Bunting (Cardinalid~1e) 

Indigo, 222, 236, 237, 
251-252, 298-300, 304, 
371' 384, 542, 6()6 

Painted, 94, 157 
Bunting (Emberizidae) 

Common Reed, 486 
Corn, 637 
Lark, 636, 6 7 I 
Snow, 157 

Bush Tanager (Thraupidae), 
Sooty-capped, 328 

Bushtit (Aegithalidac), Long-tailed, 
3lJ5, 434 

bustards, 12, 96, 22(!, 4() I 
buteos, 132 
button quails, 12, 37 3, 453, 454 
Buzzard (Accipitridae), Common, 

IHn 

Cacique (lcteridae), Yellow
rumped, 329, 43Y 

caciques, 432 

cainism, 480-481, 489-490 
calamus, 80, 90, 91 
calcium, dietary requirements, 428 
calcium carbonate, in eggshells, 

420, 423 
calls, 217. See also vocalizations 

aggressive, 222 
alann, 220, 221, 222, 223, 

324-325 
begging, 4 78-4 79 
contact, 395 
flight, 222 
imprinting, 495, 496 
injury, 222 
kin recognition, 395 
mobbing, 220 
repertoire, 221-222 
social, 222 
songs versus, 217 
types, 217 

camouflage. See concealment 
canaries, 407 
Ca11ary (Fringillidae), Atlantic 

(Common), 203, 205, 229 
Capercaillie (Phasianidae), 

Westem, 342 
·'c1pital breeders," 428 
Caprimulgitonnes, 12 
capsaicim, I 97 
captive birds, longevity, 5 12 
caracaras, 12 
carbohydrates 

in food, 169 
as fuel for migration, 288 

carbon dioxide exchange, 
144-145, 148 

in egbrs, 421, 42(1 
in nests, 446 

cardiac output, 149 
Cardinal (Cardinalidae), Northern, 

5, 14, 107, 157, 174, 226, 
624 

Carib (Trochilidae), Purple
throated, 160 

carotenoids, 94, 95-96, 189, 407, 
488 

carpometacarpus, 134-135 
carrying capacity, 536 
Carson, Rachel, X.\."Vi, 680 
cassmvaries, 12, 84, 92, 137, 221, 

421 



Cassowary (Casuariidae), Southem, 
44 

Casuariiformes, 12 
Catbird (Mimidae), Gray, 94 
Catbird (Ptilonorhynchidae) 

Green, 358 
cats. See pets 
Ca11dipreryx, 34, 3Y 
cavity nests, 436, 44Cl-441. Sec ,1L>o 

hole nests 
cecum (ceca), 167-168 
Cenozoic era, 28 
center of gravity, 7. Sec lliso 

balance 
central latebra, 406 
central nervous system, 191-1 <J5. 

See tdso bra im 
song control by, 227-229 

cerebellum, 200, 201, 202 
cerebral cortex, 201-202 
cerebrospinal fluid system. 19(> 
chachalacas, 12 
Chatlinch (Fringillidae), Common, 

221, 222, 231, 247, 250-251 
chalaza (chalazae), 406, 423 
character. See taxonomic character 
Charadriiformes, 10-11, 12, 373 
chemicals, poisonous, 1 05 
Chickadee (Pari(be) 

Black-capped, 158, 223, 247, 
314, 360, 363-364, 441, 
549, 581, 614, 619, 630 

Boreal, 629 
Carolina, 315 
Chestnut-backed, 630 
Gray-headed, 158 
Mountain, 157, 441 

chickadees, 205, 219, 223 
ecological segregation, 629-630 
flocking behavior, 327 
survival, 512 
territorial behavior, 314 

Chicken (Phasianidae), White 
Leghorn, 83, 103 

chickens 
brains, 203 
cbssification, 12 
copulation, 412, 414 
domestic, 411 
domestication ot~ xxii-xxiii 
ear structure, 192 

t'ggs, 422, 425, 427 
eggshells, 421 
eyes, 187 
feathers, 83 
tiizzled, 153 
habitat, 157 
hackles, 82 
nutrition, 17(J 

penises, 414 
reproductive system, 416 
stomachs, 16 7 
vocalizations, 229 
wattles, 404 

chicks. See young 
Chiffchaff (Sylviidae), Common, 

287 
chorioallantois, 421, 426, 427, 

461, 464 
chorion, 425, 426 
Chough (Corcoracidac), White

\Vinged, 391 
Christmas Bird Count, 560, 5() 1, 

682 
chromosomes, 3() 

sex, 27, 401-402, 573 
Ciconiiformes, 12 
circadian rhythms, 245, 250-255 
circannual cycles, 250, 251, 252, 

287-288 
circulatory system, 8, 148-150 

and eyes, 188 
and thennoref,'l.llation, 163-164 

Cisticola (Ciscicolidae), Winding, 
400 

citizen-science. Sec birding 
clades, 58, 584 
cladistics, 51, 61-63 
dado grams, 62, 358. Sec alstJ 

evolutionary trees; 
phylogeny 

classification, 9-12, 57-58. See also 
taxonomy 

clavicles, 134 
clay minerals, 1 ()8-161) 
cleidoic eggs, 399, 418. See ilfStl 

egf,rs 
climate. Sec also latitude 

acclimation to, 157 
and communities, 614-615 
delayed dispersal, 388-392 
nest microclimate, 445-446 
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climate change, 261)-271 
clines, 586-590 
cloaca (cloacae), 168, 176, 177 
cloaca pecking, 13, 377, 418 
"cloacal kisses," 412 
cloacal protuberances, 412, 414, 

415 
closed communities, 603, 614 

versus open con1munines, 
614-61 7' 633 

clutch size. 516, 524-529 
evolution of, 524-529 
food-limitation, 525-526 
optimal, 378, 379, 429, 

524-525 
and population density, 538 
and predation, 528-529 
seasonality, 526-528 

clutches, 427-429. Sec also broods; 
eggs 

overlapping, 516 
cochlea, 191-192 
Cock-of-the-Rock (Cotingidae), 

Andean, 350 
cockatoos, 12 
cognition, 206-213, 505. See also 

brains; intelligence; leaming 
coherent scattering of light, 97-98, 

99 
cohorts, 509 
cold stress, responses to, 156-158 
Coliitormes, 12, 60 
collagen, 97 
collars, ft·ather, 89, 9(J, 91 

evolution o( 92, 93 
colonial species, 328-331. See also 

cooperative breeding; tlocks 
breeding systems, 392-397 
imprinting, 496 
nesting, 328-331 

colonization, 579 
of islands, 607-609 

color patterns. See also plunuge 
of eggshells, 380-3~1, 40U, 420, 

425 
of hybrids, 593 
of plumage, 1 O.S-1 08 

color phases, 100 
color vision, 9, 189-190 
ColumbifcJrmes, 12, 198 
columella (stapt:s), 191, 192 
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combs, 340, 404 
communal roosts, 331-332 
communication. See displays; 

songs; vocalizations 
COillll1UI1ities, 603-634 

competition and, 626-633 
dynamics ot~ 603-617 
open versus closed, 603, 

614-617, 633 
species diversity and, 6 17-62() 

competition. See also dominance; 
sexual selection 

and communiries, 626-633 
exploitative, 627, 628-629 
interference, 627 
interspecific, 606-6< )7, 626-633 
f(Jr mates, 241, 33H-344, 

349-354 
and population density, 550 
sperm, 364-365 

competitiw exclusion principle, 
627, 630 

Compst~gnathus, 31, 32, 33 
concealment 

molts, 112 
plumage, I 06-1 07, 49 I 

concha (conchae), 144 
Condor (Cathartidae) 

Andean, ()56 
California, 495, 509, 636, 

656-657 
condors. 518 
condyles, feet, 59 
cone receptors, 186-1 H7, 189-190. 

See also photoreceptors 
Conebill (Thraupidae) 

l3lue-backed, 328 
White-bnm:cd, 32H 

CtlJ~/ilciiiS0111iS, 34, 37 
conservation, xxvi, 635-684. See 

also endangered species 
of declining migrant species, 

278 
by design, 660-675 
ecosystem, 660 
habitat, 542 
history ot: 645-650, 678-679 
life tables, 509 
movement, 678-684 
population management, 

558-562, 566-568 

public support, 560-561 
site-based, 675-678 
staging areas, 294-295 
state of birds, 636-63tJ 
successes, 65( ~(160 
threats, 639-645 

Conservation International, 
675-676 

Conservation Reserve Program, 
643 

constructive interference of light, 
97-98, 99 

contact calls, 395 
continents, shitl:ing arrangements, 

47-48 
contour feathers, 80-82 
convective cooling, 164 
convergence, 19 

confusion caused by, 58 
and DNA analyses, 63, 66 

cooling, 155, 160-164 
of eggs, 459 

cooperative breeding, 37! l, 
376-377, 385-392 

cooperative courtship, 351. 352 
cooperative feeding, 320-321 
Coot (Rallidae) 

American, 378, 379, 385, 484 
Horned, 438, 43tJ 

coots, 12, 18, 2UH, 385 
copulation, 412-416. See also 

mating systems; reproduction 
extra-pair, 341, 361-365 

Coquette (Trochilidae), Tufted, 
61 (l, 617 

Coraciifonnes, 12, 46, 6ll, 63 
coracoids, 134, 135 
Cormorant (Phabcrocoracidae) 

Flightless, 138, 139 
Great, 346 
Guanay, 330, 432 
Neotropic, 346 

cormorants 
classification, 12 
crop structure, I 68 
diseases, 54 7 
evolution of courtship displays, 

345 
eyes, 186 
teathers, 82 
flightless, 137 

population declines, 543 
trophic structure, 605 

cornea, 185-1 86 
corpus cili~1re, 195 
corpus striatum, 202 
coq1uscles, tactile, 88, 89 
conidors, habitat, 662, 665-669 
cortex, ovarian, 405 
corticosterone, 257 
Corvidae, 74, 205 
Cotinga (Cotingidac) 

Plum-throated, 9H 
Pompadour, 98 
Spangled, 99 

cotingas, 622 
countercurrent heat exchange, 

163-1 Cl4, 176 
countershading, l 06-107 
counting, 207-208 
Courser (Ciareolidae), Bronze

winged, 400 
courtship, 344-359. See also 

displays 
odors in, 199 
plumage for, 84-86, 344-345, 

404 
court.:;hip call, 85, 222 
courtship displays 

;1gonistic behavior, 318-320 
cooperative, 351, 352 
lck, 349-355 

coverts, 83 
Cowbird (Icteridae), Brown

headed, 216, 217, 226, 239, 
263, 380, 383, 428, 499, 
666, 667 

cowbirds, 379-380, 381 
Crake (R;11lidae), Corn, 637 
Crampton's muscle, 185-186 
Crane (Gruidae) 

Sandhill, 651, 652 
Whooping, 303, 509, 636, 651, 

652 
cranes, xxv, 12. 45, 227 

precocial young, 470. 471 
crashes, population, 566-568 
Creationism, 31 
Creeper (Certhidae), Ametican 

Brnwn, 419 
creepers, H7, 327 
crested swifts, 12 



Cretaceous period, ~H, 37-39, 7-J., 
470 

critical learning periods, 231, 232, 
-l94 

critical tcmperamre, 155 
Crocodile-bird (Glarcolidae). See 

Plover, Egyptian 
crop milk, 164, 476 
crops, 166, I M~ 
cross-fostering, sexual response 

and, 49<) 
Crossbill (Fringillidae) 

Red, 5, <)(l, 258, 330, 448-449, 
544 

White-winged, 9(J, 544 
cross bills, ~~ 13 
CrO\v (Corvidae) 

American, 81, 548-549, 574, 
644 

Cape, 400 
Carrion, I 92, 211, 593-5Y4 
Hooded, S<J3-SY4 
House, 638 
New Caledonian, 212-213 
Nortl1\vestern, 574 

LTO\VS 

brains, 200, 203, 205, 5fl5 
bristles, 88 
communal roosting, 331 
as decorations, 649 
genetics, 574 
intelligence, 207, 210-213 
playing, 500-501 
seed caching, 21l5 

cuckoldry, 341, 361-365, 3(J8, 372 
Cuckoo (Cuculidae) 

Black-billed, 37Y 
Common. 379, 380, 381-382, 

573 
Dideric, 38tJ 
Pied Bronze, 381-382 
Red-chested. 380 
Ydlow-bilkd, 107, 108, 379 

cuckoos 
bristles, 88 
brood parasitism, 379-382, 384 
classification, 12. 72 
incubation behavior, 452 
toe arran~emcnt, 59 
vocalization, 220 

Cuculidae, 37<J 

Cuculiformcs, 12 
cultural speci,Hion, 597-600 
cultural symbols, birds as, x.xii 
cultural transmission 

of behavior, 2U8, 212-213, 
597-598 

ofsong, 236-237 
cup nests, 435, 443 
Curassow (Cracidae), Great, 70 
Cur~lSSO\:VS, 12, 227, 414, 618 
Curle\v (Scolopacicbe) 

Bristle-thighed, 88 
Eskimo, 648 
Eurasian, 13 

cursorial theory of avian flight 
evolution, 40-41 

cutaneous \Vater loss, 162-163 
cuticles, eggshell, 406, 423 
cycles. Sec annual cycles 
cysteine, 263 

daily energy expenditure. See 
mct,rbolism 

daily time budget, 326 
Darwin, Charles, 19, 21, 31, 5H, 

85, 335-33~. 385, 572, 575 
Darwinism, 31 
day length. See photoperiod 
DDT, 425. 563-566, 655-656, 679 
death. Sec extinctions; mortality; 

starvation; survivorship 
deception. See brood parasitism; 

Illli111Cry 

defecation, on legs, for heat loss, 161 
de tense. Sec aiso terTitorial behavior 

and breeding systems, 369, 
370-371 

by foul-smelling secretions, I 05 
group. 314 
of nest. 441 
by poisom, I 05 
tcrritoridl, 309-314 

definitive down. 87 
dei(H-estation, 278, 540-542, 51

)( I, 

607. 640-642. See also zmder 
human <lctivities 

Dcionynchzt.,·, 34 
demcs, 585 
demography. 503. See also 

populations; reproductive 
success 
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density. See population density 
deprivation model of song quality, 

241 
derem1inate egg-layers, 427 
development. See embryo; gro\vth 

and development 
dialects, song, 235-237, 239 
diatrymas, 41-42, 43 
Dickcissel (Cardinalidae), 643 
diet. See aL'o feeding; nutrition 

diversity of, 10, 13 
and plumage, 95-96 
and yolks, 406 

differemial migration, 285-287 
digestive systems, 5-6, 164-171, 

454 
dimorphism. See sexual 

dimorphism 
Dinornithitonnes, 12 
dinosaurs, 31-36, 39, 92 
disease 

colonial nesting, 331 
cftixt of stress, 256 
efl{xt on population size, 544, 

547-550 
nesting materials inhibiting, 436 
and parental care, 483-484 

dispersal, 555-556, 579 
delayed, 388-392 
nataL 585, 586 

displacement, 630-633 
displays. See tllso sexual selection; 

territorial behavior; 
vocalizations 

about-face, 348 
aggressive, 319-320, 343 
appeasement. 318-320 
backward-dance, 345, 349 
of birds-of-paradise, 344-345 
bowers, 355-359 
bowing, 345, 346 
bridling, 414 
courtship, 318-320, 344-359, 

438 
distraction, 441--l42 
dominance, 322 
flight, 339, 340 
gmnt-jump, 347 
head-wagging, 345 
hop, 345 
incubation-rel.ie( 450-451 
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displays (collfi11ucd) 
injury-t1ight. 441, 442 
kink-throating, 345 
lck, 349-354 
of manakins, 345-34Y 
nod-swimming, 414 
plumage for, 4, 344-345 
pointing, 345, .34() 

postcopulatory, 414 
rodent-nm. 441 
sky-pointing, 345, 346 
slide-down-the-pole, 347 
submission, 318-320 
submissive, 314 
tall-rocking, 345, 347 
tcrritotial, .309 
threat, .314, 318-320 
wing-shivering, 348 
\Ving-\vaving, 345, 346 

distraction displays, 441-442 
distribution, 20-24, 618-621 

and global \Varming, 157 
log-normal, 604 

disturbances, ecological. 669 
Diuca Finch (Thraupidae), White

winged, xxi 
divergence, 52-53, 575-578, 599. 

See t1!3t1 adaptive radiation; 
geographical variation; 
speciation 

diversity, of bird traits, 3-24 
and adaptive radiation, 9-1 H 
of bill stmcture, 13-15, 623 
of breeding systems, 368-370 
of diet, I 0, 13 
and life history, 18-19 
and natural selection, 19-21 I 

diversity, of species, <J-18, 617-626 
alpha, 619, 621 
beta, 621 
and biogeography, 20-24 
ganmu, 621 
spatial components, 618-621 
temporal components, 624-626 
tropical, 621-624 

diving birds 
cars, 191 
eyes, 186 
foot-propelled, 138 
nostrils, 144 
\ving loading. 132 
wing-propelled, 21, 138-13<) 

diving-petrels, 12 
divorce, 36U 
DNA, 64 
DNA analyses, 61, 63, 72, 351, 

3CJI, 573 
DNA-DNA hybridization, 64-69 
Dodo (Raphidae), X"X\Ti, 137, 568, 

6 I 9-620. 646, 64 7 
domestication, xxii-x-xiii 
dominance, 314-318. Sec tllso 

competition; dispbys; social 
rank; territorial behavior 

learning skills, 500 
plumage color and, 316 

dominance hierarchies, 315-.318 
interspecific, 317 

Dotterel (Charadriidae), Eurasian, 
373 

Dove (Columbidac) 
Blue Cround, 411 
European Turtle, 638 
Inca. 158 
Mourning, 174, 58 I, 582, 61 I 
Socorro, 611 

doves. Sec ,1fso henning pigeons 
brood parasitism, 377 
brood patches, 455 
classification, 12 
clutch size, 516 
eggshells, 421 
gro\vth rates, 4 76 
incubation behavior, 448, 452 
nests, 433 
as symbols, xxii 
thermoregulation, 162 
vocalization, 220, 229 

dovvn, xxiii, 80, 81, 87-89, 
108-109, 153, 470, 474 

as nest mate1;~11. 445 
drag, 116-121, 125 

profile, 120 
drinking, 176 
dromaeosaurs, 32. 34, 35 
Drongo (Dicntridae), Fork-tailed, 

86 
drongos, 86, 321 
Duck (Anatidae). Sec ciiS<I Mallard; 

Scaup, Lesser 
American Black, 574 
Black-headed, 384 
Blue, 184 
Dutllehead, 441 

Lake, 414-416 
Mandarin, 85 
Musk, 71 
Northern Pintail, 559 
Ruddy, 414, 416, 419 
Torrent, 492 
White-headed, 416 
Wood, 428, 492, 653-654 

ducks 
bill mechanoreception, 195 
binocular vision, 184 
brood parasitism, 379 
classification, 12 
clutch size, 427 
conservation, 559, 561 
domestication, xxiii 
eggs, 262, 406, 425 
eggshells, 421 
eyes, 186 
feathers, 82 
as food. 648 
toot structure, 18 
hyb1idization, 5<JO 
imprinting, 495 
incubation behavior, 452 
lite-history pattcms, 504, 50S 
plumage pattern, 107 
populations. 545 
precocial young, 470, 471, 

483 
predator detection, 324 
preen glands, 1 ( 12 
primitive, 45 
tongue, 164, 165 
vocalizations, 22(J 
wing loading, 132 

duels, vocal, 238, 3()3-364, 599 
ducts, vocal, 239, 240 
Dunlin (Scolopacidae), 264, 290, 

293 
Dunnock, 369, 37(J-377, 379, 

413, 415, 41H, 542 
dynamic clines, 587-588 
dynamic equilibrium model of 

stable hybrid zones, S<J4 
dynamic soaring, 125 

Eagle (Accipitridae) 
Bald, xxii, 101, 433, 484, 512, 

564-565, 56~, 65~ 654 
Cro\vned, 268 
Golden, xxii, 5 



Spanish Imperial, 440 
Verreaux's, 48 I 

Eagle-Owl (Strigidae), Eurasian, 67 
eagles 

binocular vision, 188 
cbssif~cation, 12 
conservation, 6 79 
eyes and vision, 184, 188 
fecundity, 505 
foot structure, 18 
and habiut fragmentation, 66 7 
life-history patterns, 5()4 
lifelong pair bond, 3()1 l 
nest defense, 441 
nests, 433 
sibling rivalry, 480-481 
as symbols, xxii 
tail length, 131 

ear fimnels, l 91 
ears, 191-192. See also hearing 
echolocation, 194-195 
ecological constraints, cooperative 

breeding and, 388-392 
ecolobrical displacement, 631)-633 
ecolobrical isolation, 629-630 
ecological niches, 606 

competition and shifts in, 
630-()33 

ecological n:lease, 608 
ecology. Sec conservation; 

endangered species; 
populations 

economic detensibiliry, 310 
ecophobia, 645 
ecosystem management, 6(>0 
ecotones, 615 
ecotourism, 652, (>76 
ectopaLlSites. Sa parasites 
edema, incubation patches and, 

455 
effective population sizes, 585-586 
egg teeth, 460-46 I , 4(>9 
egg \Vhites. See albumen 
egg yolks. See yolks 
eggs, 8, 399, 400, 418-422. Sec 

also clutch size; clutches; 
incubation 

amniotic, 418 
cleidoic, 399, 418 
costs of tonnation, 262, 

426-429 
formation of, 423-425, 428 

''insurance," 429, 489 
mimicry, 380-381 
'"races," 380-381 
of reptiles and birds, 27 
shape, 422 
size, 335, 422 
temperature, 456-459 
turning, 460 

eggshells, 400, 405, 40(J, 420--421 
brood parasitism, 380-381, 

384-385 
pesticide etTects on. 425, 

563-566 
production, 423-425 

Egret (Ardeidae) 
Cattle. 65, 407, 537 
c;reat, (>4-65, 87, 4H l-4N2 
Reddish. 5 
Snmvy, 65, 87 

ebrrets, 87, 649, 652 
Eider (Anatidae) 

Common, 97, 411 
Spectacled, 1117 

eiders, 520, 658 
El Nir1o, xxvi, 269, 33U, 543 
electrolyte excretion, 178 
elephant birds (Aepyornithidae). 

422, 647 
embryo, 425-427. Sec also eggs; 

growth and development 
development. 36, 418, 452-454 
gonadal development, 405 

Emu (Dromiceidae), 12, 21, 369 
Emu War, xx·vi 
Enantiornithes, 37-38, 470 
endangered species. Sec ,1/so 

conservation; spcc{flc ~yccics 
and brood parasitism, 383-384 
and habitat, :140 
and imprinting, 444-445, 4<J5 
legal detinition, 650-651 
mean generation time, 509 
modern threats to, 55, 294 
number ot: (136 
pesticides, 425. :163-:166, 5(18, 

63 7' 644' (J54-65 5' 6 7<J-680 
rediscovery ot~ 651-652 
restoration o( 495, 652-654 
and tramient hybridization, :195 

Endangered Species Act, 651, 680 
endocrine hom10nes, 250, 

253-255, 257, 260, 506 
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endogenous rhythm, 250-251, 
287-288 

endoparasites. See parasites 
endothermy, 8, 142-143, 152, 

155-156, 473-475 
endurance, 142 
energy balance, 171-173 
energy cost. Sec also metabolism 

of eggs, 427-429 
of tlight, 1211-122 
of ~rro\vth and development, 

475-47(> 
of mihrration. 150, 266-26 7, 

:283, 284 
of molts, 262-268 
of parental care, 483-488 
of reproduction, 150, 262, 266, 

521 
of territory defense, 310 

energy stores. See fat reserves 
environmemal poisons. See 

pesticides; 1mder human 
activities 

environments. See habitats 
enzymes, digestive, 170, 289 
Eo.dlllal'is hoyasi. 41 
Eocene epoch, 28, 42, 45, 48 
epididymis, 41 ll, 411 
epizootics, 549 
equilibrium (balance). See 

mechanoreception 
equilibrium species number, 

611-614 
equilibrium theory: island 

biogeography, 611-614 
esophageal tluids, 164, 476 
esophagus, 164, 166 
estradiol, 239, 3H6, 429 
estrogen, 256, 386, 404, 455-465 
Ethiopian region, 21, 22 
eumdanin, 94 
Euphonia (Fringillidac), 

Violaceous, 169 
evaporative cooling, 155, 160-162 
evaporative \Vater loss, 174, 177 
"Evo Devo," <J2-93 
evolution. See also natural 

selection; systematics 
adaptive radiation and, 1 <J-20, 

42-48 
ofbills, 454 
as birds, 37-39 
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evolution (ct11/Ti1111ed) 
of birds, 25-5(1 
of breeding systems, 3711, 387 
of clutch size, 4.20, 5.24-5:29 
of displays, 344-359 
of eggs, 41 R 
of tamilies. 396 
of feathers, :26, 30, 91-93 
of tlight, 37, 40-41, 511 
of t1ightlessness, 137-139 
and leks, 350-351 
local, 586-590 
of migration, 285-287 
of nest construction, 44:2 
phyletic, 51-52 
of prccocial versus altricial 

development, 47o-471 
f1·om reptiles, .26-36 
theories, 31 

evolutionary trees. Sec t1f_.;o 
phylogeny 

of herons. 65 
of owls, 67 
of songbirds. 7 4 
of svvallows, 69 

excretory system, 1 (Ji-3, 176-179 
exocaq1s, 169 
exotic species. 616 
expected annual fecundity, 51l9 
experience. See learning 
exploitative competition, 627, 

628-629 
external coincidence model of 

circadian rhythms, 252, 254 
extemallabium, 224 
extinctions, xxvi, 25, 51-52, 636. 

See also endangcred species; 
populations 

climate change and. 269 
local, 594 
mass, 38. 39 
small island etTect and, 61.2-614 
viability and, 665 

extra-pair copulations, 341, 
361-365, 370, 372, 418 

extraembryonic membranes, 425, 
4.26 

eyelashes, 88-89 
eyelids, 185 
eyes, 97, lOU, 184-190, 3111 
eyeshine, J8(J 

F2 breakdown, 591-592 
facultative brood parasitism, 379 
t;Ktdtative hypothermia, 158-16( l 
tail)'-bluebirds, 9<J 
Fairywren (Maluridae), Superb, 23, 

386-387 
tairywrens, :23 
Falcon (Falconidae) 

Aplomado, 654 
Eleonora's, 283 
Peregrine, xxiii, 122, 265, 4lJ5, 

501, 516-517, 563, 566, 
654-656 

Sooty, 174 
Falconer (Falconidae), Spot-

\;.,'inged, 43 
Falconiformes, 12, 198 
falconry, xxiii 
falcons 

bills, 15 
classific1tion, 12 
tlight, 122 
wings, 132 

fallouts, dming migration, :291 
tunilies, taxonomic. Sec taxon 

(taxa) 
family structure, 396-397 
t;1shion-icon model of sexual 

selection, 344 
tasting, 172-173 
tlt reserves, 172-173 

and growth rates, 476-477 
during incubation, 451 
for migratiou, 171, 248, 257, 

260-261, 288-291 
subcutaneous deposition sites, 

288-289 
£nmal regions, 20, 22 
feather coats, 1 00-l 02. See also 

plumage 
feather tracts, 101 
feathers, 4-5, 79-1 13. Sci' a!Stl 

molts; plumage 
of Anhileopteryx, 28-311 
care of, 102-1 05 
colors and pigments of, 94-11 lO 
contour, 80-82 
development oC 454, 474 
display, 87 
evolution, 26, 39, 91-93 
t1ight, 6, 28, 83-87 

fl·izzled, 153 
growth, 89-91 
for human ornamentation, xxiii 
isotopic signature, 266, 278 
modifications to, 8:2, 84-87 
noise reduction by, 81, 84 
poisonous, I OS 
primary, 83-84 
replacement sequence, 112 
secondary, 83, 85 
sensory f"lmctions, 88, 89 
tor sound production, 85, 

86-87, 348 
structure, 7lJ-89 
textures, 80-82 
and thennoregulation, 95, 

154-155 
vaned, 83-87 
\Vater repellency, 81,82 
water transport in, HI, 82 
vvear, 94-95 

fecal sacs, 446-447, 488 
feces, 168 

and temperature regulation, 161 
fecundity, 504-505, 514-520. See 

olso breeding; reproductive 
success 

age-specific, 505, 507-508, 
509-510, 518 

annual. 505, 509-510. 514 
and delayed maturity, 51 X-520 
expected annual, 509 
experience and, 516-518 
and life tables, 507 
and population grO\vth, 

536-537 
and population regulation, 

538-540 
feedback, auditory, 232 
feeding, 164-171 . Sec also 

foraging; parental care 
eneq:,'Y balance and, 171-172 
in t1ocks, 320-323 
during gro·wth and 

development, 476 
intelligence and, 210-211 
learning skil1s for, 500 
smell and, 197-1lJ9 
trophic levels, 61.14-606 
on wax, 170-171 
of young, 484-488 



teet 
bones. 7-8 
egg incubation with, 456 
heat loss through, 163-164 
in nest building, 443 
perching, 7-8, 37, 59 
stmctural diversity, 1 S, 18 
toe anangements, 58-60, 61 
totipalmate, 12 

female-choice model of polygyny, 
372 

fcmalc-defeme polygyny, 369 
temale-preference model of 1ek 

evolution, 350-351 
temalc selection. See also sexual 

selection 
and male song, 238-239 
plumage color and, 1 UO 

females, mating behavior o( 
363-364 

fertilization, 416-418. Sec also 
breeding; reproduction 

Fieldfare (Turdidae), 286 
filoplumes, 80, 87-88, 1 Y6 
Finch (Embetizidae), Yellow-

thighed, 328 
Finch (Esttildidae) 

Bengalese, 49<J 
Cut-throat, 382 
Couldian, 100 
Mangrove, 54() 
Zebra, 174, 175, 206, 229, 230, 

23<J, 264, 401, 404, 412, 
440, 494, 499, s 11 

Finch (Fringillidae) 
House, 95, 174, 240, 286, 339, 

446, 486, 534, 536, 54Y-550 
Purple, 544 

Finch (Thraupidae) 
Cactus, 237, 454, 600 
Large Cactus, 210 
Lu·ge Ground, 454 
Medium Ground, 1 Y-20, 237, 

600 
Small Ground, 210 
Woodpecker, 212 

finches 
adaptive radiation, 19-20 
bill structure, I 4, 15, 20, 454, 

631 
brood parasitism, 379, 382-383 

distribution, 2 I 
ecological displacement, 

6311-631 
feather coat, 153 
tlight metabolism, 152 
nest sanitation, 446 
populations oC 543. 544 
speciation, 578-579, 599-(>f)(J 

fire, effect on bird communities, 
614-615, 669-67 I 

Firet1nch (Estrildidae) 

Brown, 3ts3 
Red-billed, 3H3 

fish-eating birds, 165, 166 
Flamingo (Pho~:nicopteridac), 

Greater, 413, 476 
flamingo milk, 476 
flamingos 

classific1tion, 12, 72-73 
esophageal tluids, 476 

t1ap bounding, 131 
flap gliding, 131 
flapping tlight, 125-131 
fledging periods. 490-4(>3, 491 
fledglings. See young 
Flicker (Picidae) 

Gilded, 578 
Northern, 56, 57, 427, 440, 

441' 516, 528, 592, 593, 
594, 673 

Red-sh.1tted, S<J2, 594 
Y ellmv-shafted, 592, 594 

f-licker-fusion fi·equency. 188 
tlight, 115-140 

adaptations fix, 6-7 
aerodynamic principles, 

116-122, 127-129 
et1lciency, 129-130 
energy costs, 120-122 
evolution, .17, 40-41, 511 
and tcather ~:volution, 26, 39 
tbp boundin~, 131 
tbp gliding, 131 
tlapping, 125-131 
gliding (soaring), 124-125 
heat stress tl·om, 164 
intermittent, 131 
kinds ot~ 122-131 
and mechanoreception, 196 
metabolism. 150, I 5 1-152 
musck" for, I 28-12s>, l3o 
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semicircular canals and, I 96 
silent, 81, 84 
skeletal adaptations for, 

133-136 
\ving shape etfect on, 131-133 

flight calls, 222 
flight displays, 339, 340 
fli~ht feathers, 6, 28, 83-87. Sec 

,l/so teathers 
flight !ormation, 123, 323 
tlight power, 120-122 
tlight range, 121. 122, 13 I, 

288-291 
tlight speed, 120, 121, 122, 131 
flightless birds, 137-139. Sec also 

ratites 
body shape, 9 
evolutionary development, 44, 

137-139 
fossils. 138 
herbivorous, 13 

floaters. 550-551 
tlocks, 320-331 

colonies, 328-331 
dominance hierarchies. 31 S-31 R 
feeding, 32!1-323 
as foraging intonnation centers, 

321-322., 331-332 
mixed-species, 327-328 
optimum size, 324, 325 
satety, 323-326 

floods, dlect on bird communities, 

671-672 
Flowerpecker (Dicaeidae), Black

sidL'd, 161
) 

tlowerpcckers, 169 
Flycatcher (Muscicapidae) 

Collared, 337-33R, 514, 591, 
(J2H 

Eurasian Pied, 372-373, 
474-475, 478, 484-485, 
542, 585, 591 

Flycatcher (Tyrannidae). Sec aL-o 
tyrailt-tlycatchcrs 

Acadi;m, 666 
( ~reat Crested, 433-434 

flycatchers 
classification, 74 
diversity, 21, 24, (1!9 
feathers, 94 
flocking behavior, 321, 327 
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flycatchers (rmztitmcd) 
migration, 279, 2HO 
nests, 443 
speciation, 53 
vocalizations, 22LJ 

Fody (Ploceidae), Seychelles, 449 
tollicle-stimulating hormone, 

256-257, 404 
follicles, 89-91, 405, 408 
food availability. Sec t11so feeding 

and breeding, 515 
and grmvth rates, 477-478 
and population size, 540, 

542-544, 554-555, 557 
seasonality of, 52(J-528 

food caches, 17.3, 205 
food gathering. See foraging 
food-limitation model of clutch 

size, 525-526 
food-straining tongue, 165 
foraging. See ab1 feeding 

and energy balance, 171-172 
in flocks, 320-323 
intonnation-sharing model, 

321-322, .331-332 
karning skills tor, 499-51)() 
and niche partitioning, 624 
odors and, 199 
producer-scrounger model, 322 
vision and, 184 

foraging time, 171-172 
forebrains, 2(10, 201, 202 

and song comrol, 228 
forestry, 278, 540-542, 5911, 607, 

640-642, 672-675 
forests 

destruction of 278, 540-542, 
590, 607, 640-642 

fragmentation o( 665-669 
old-growth, 540-541, 

(>73-674 
tormation flight, 123, 323 
fossil record, 3, 25 
founder populations, 586 
fovea (foveae), 185, 186-188 
fowl. Sec alStl chickens 

classification, 70-71 , 72 
clutch size, 526 
crop structure, 168 

fragmentation of habitat, 53, 
580-582, 66fJ-(J62, 665-669 

frequency 
tlicker-fi1sion, 1 RS 
natural, 1 '27 
sound, 192-193, 216, 217 

fi-iction. Sec drag 
fiiction barbules, 84 
Frigatebird (Fregatidae), Great, 510 
fi·igatcbirds, 12, 14 7, 268, 345 
fright molts, 91 
Frogmourh (Podargidae), Javan, 

XXI 

frogmouths, 12, 440 
tl-uit-eating birds, (J22 

digestive system. 169 
foraging behavior, 172 
and polygyny, 372 
tonbrue structure, 165 

Fulmar (ProcelLuiidae), Northern, 
144, 510 

fund.unental tones. Sec harmonics 
tungi, in leathers, I fl2 
tunnels, in navibration, 296-297 
furcula, 6, 7, 29, 134, 135, 136, 

147 

Galliformes, 12, 7CI-71, 72, 198 
gallinaceous birds, 12. 4 71 l 
gallinules, 376, 526 
game-playing, 500-501, 505 
gametes, 401 
gamma diversity, 621 
Gannet (Sulidae), Northcm, 329, 

346 
gannets, 12, 95, 1 H6, 345, 419, 

455, 489, 52(1 
gas exchange, 144-145 

in eggs, 420-421, 426-427 
i 11 nests, 446 

gastric juices, 166 
Gause, G. F., 627 
Gause's law, 627 
Gaviiforml"s, 12 
geese. Sec ,1/so Goose 

classification, 12 
color phases, 1 f)( I 
domestication, xxiii 
eggs, 262, 425 
as food, 647, 648 
t(waging behavior, 197 
hypothermia, 160 
island, 658 

lifelong pair bond, 360 
"vee" formation, 122, 123 

gene tlow, 586 
generation time, mean, 509, 534, 

536 
genetic distance, 64-(iS, 573-574, 

577-578 
genetics. See t1/so DNA analyses; 

evolution; inhe1itance 
biochemical, 51 
and breeding systems, 370 
and teacher color, 100 
migration, 285-286 

genitalia, 412-416 
genome, avian, 36 
gc11tes, 573 
genus (genera), 56-57 
geographical distributions of birds, 

20-24 
eggshell structure and, 421 
song dialects and, 235-237 

geographical isolation, 52-53, 575, 
580-582 

geographical speciation, 575-583 
geographical variation, of body 

size, 161-162 
geological time scale, 28 
geomagnetic fields. See magnetic 

fields 
genninal epithelia, 41 0 
gizzards, 5, 164, 166, 167, 169 
glaciations. See Pleistocene epoch 
gliding tlight, 124-125 
glissando, 216 
global \Vanning, 157, 269. See a/3o 

climate change 
and conservation, 662 
and populations, 534, 564, 644 

glucagon, 256, 257 
Gnateater (Conopophagidae), 

Chestnut-belted, 225 
Godwit (Scolopacidae) 

Bar-tailed, 13, 281-282, 293 
Black-tailed, 360 

Goldcrest (Regulidae), 434, 516, 
632 

goldcrests, 172 
Goldeneye (Anatidae), Barrmv's, 

441 
Goldfinch (FringillidaL"), American, 

53, 55, 56, 157 



gonadal cycles, 248, 251, 253-255, 
258-259. See also annual 
cycles; breeding seasons 

gonadal hormones. See sex 
hormones 

gon,llls, 401-404 
in bilateral gynandromorphs, 40 1 
6ctors triggering grO\vth ot~ 

258 
Gondw;maland, 21. 26, 47, 48 
Gonolck (Malaconotidae), Black

headed, 240 
good-genes model of sexual 

selection, 339-342 
Goose (Anatidae). Sec 11/so geese 

Bar-headed, 28 I, 548 
Barnacle, 273, 361) 
Ca1uda, 261, 262, 63R, 677 
Domestic, 81 
Egyptian, 492 
Kelp, 279 
J\1\agpic, 71. 483 
Red-breasted, 548 
Snmv, 262, 451, 406-408, 538, 

598, 677 
Gosh~1wk (Accipitridac), Northem, 

325, 413, 545 
Grackle (lcteridae) 

Common, 490 
Great-tailed, I 57 

t,'Tassquits, S7lJ 
Grebe (Podicipedidac) 

Black-necked, 292, 293, 546 
Eared, 546 
Pied-billed. 450 
Titicaca, 13H 
Western, 434, 572-573 

grebes 
brood parasitism, 377 
classification. 12. 72-73 
clutch size, 526 
eggs, 422. 425 
eggshells, 420 
eyes, 188 
t1ightless, 137 
nests, 438 
parasites, 54(1 
precocial young, 470, 471 
preen gbnds, l fl2 
vocalizations, 226 
wing loading, 132 

greenlets. 327 
Grosbeak (Cardinalidae) 

Ulack-hcaded, 551 
Rose-breasted. 220 

Grosbeak (Fringillidae) 
Evening, xxi, 157, 401, 4U3, 

544 
Pine, 544 

ground finches. Sec finches 
groundings, during migration, 2<) I 
Crouse (Phasianidae) 

13bck, 349-350, 351 
Red, 545, 556-558 
Rut1ed, 515, 545, 644, 650 
Sage, 70, 147, 350, 351, 644 
Sharp-tailed, 5lJ 1 
Spruce, 169, 218 

grouse 
classification, I 2 
cold stress, I 58 
diet, 170 
lekking behavior, sgs 
populations, 545 
precocial young, 470, 471 
radiation, 48 
cail leathers, 85 
vocalization, 220 
wings, 132 

"grouse disease," 557 
grO\vth and development 

altricial versus precocial, 
46H-47R 

of behavior, 493-501 
delayed maturity, 51 H-520 
of embryo. 452-454 
tledging in, 490-493 
p.mhenogenetic, 409 
rates, 476-478 

grmvth curves, 471-472 
population, 536-537 

growth hormones, 256, 257 
grmvth rates, population, 537 
Cruiforrnes, 12, 373 
grunts, postcopulatory, 221 
guans, 12, 29, 471 
guilds, 606, 628 
Guillemot (i\kidae), Pigeon, 605 
Cuineat()wl (Numididae) 

Helmeted, 163-164 
V ulturine, 70 

guineafowl, 12, 227 
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gular tluttering, 162 
Gull (Laridae) 

California, 518 
Common Black-headed, 

318-321!, 328, 478, 480 
Gray, 459, 483 
Great Black-backed, 56, 41 1 
Herring, 6, 456, 457, 459, 461, 

493, 50 I, 573, 644 
Laughing, 493-494 
Lesser Black-backed, 48<), 490 
Ring-billed, 11, 456 
Sabine's, 107, 108 
SwallO\v-tailed, 268 
\V estern, 644 

gulls, I 1 
agonistic courtship, 318-320 
brood parasitism, 3 77 
brood patches, 454 
classitlcation, 12 
convergence, 21 
as decorations, 64<) 
dispersal, 585 
eggs, 427 
fea rh ers, 9 5 
flight, 118, 125 
incubation behavior, 459 
intelligence, 210 
molts, 265 
nests, 438 
ovaries, 405 
playing, 50 I 
precocial young, 470. 471, 

474 
primitive, 45 
salt glamh, 179 
tail feathers, 86 
thermoregulation, 163 
vving stmcture, 116 

gynandromorphs, bilateral, 401, 
403 

habitats. See also forests; wetlands 
carrying capacity, 536 
and climate change, 269 
degradation, XA'"Vi, 325, 534, 

540--542, 545, 558, 640-642 
and diversity, 623 
frag1nentation, 53, 580-5H2, 

()60-662. 665-669 
niche partitioning in, 620-621 
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habitats (co11ti1111ed) 
niche shifts, 630 
noise in, 220 
and population size, 540-542, 

550-551 
population trends and, 562-566 
restoration, 642-(J44 

hacking procedure, in peregrine 
restoration, 655 

hackles, 82 
Haldane's rule, 578, 591, 597 
hallux, 8, 38, 59 

Hamerkop (Scopidae), 12 
hand-reared birds, 495 
handedness, 2113 

hands, bones oC 35-36, 134-136 
hanging nests, -US, 436-437, 43'J, 

443-444 
harems, 342, 369, 371-372. Sec 

,lfso poly~ryny 
harmonic songs. 218-219 
harmonics, 216, 218-219 
Han·ier (Accipitridac) 

Monta~YJ.1's, 50(1 

Northern, 481, 558 

hatching, 460-462, 473 
asynchronous. 462, 487--488, 

4~9-490 

synchronized, 460, 462, 487-488 
hatching muscle, 46U, 461 

hatchlings. Sec young 
Ha\.vaiian honcycreepers, 15, 1 () 
Hawk (Accipitridae) 

Broad-winged, 124-125, 297, 
642 

Cooper's, 131, 63X, 639 
Galapagos, 376 
Hanis's, 321, 325, 376 
Red-tailed, 131, 132, 549, 638 
Sharp-shinned, 133, 679 
Swainson's, ::.97 

Hav.:k Mountain Sancruary, 125, 
261, 6 79-680 

Hawk-O·wl (Strigidae), North4..Til, 
67, 544 

hawks 
altricial young, 4711, 471 
binocular vision, 188 
breeding system, 376 
classification, 12 
clutch size, 526 
conservation, 6 79-()~W 

down, 108 
eyes, 188 
flight, 124-125 
tood caching, 173 
hunting beh:1vior, 321 
migration, 281 I 

and population size, 545 
head-scratching techniques, 

1114-105 

heads. Sec ,1/so skulls 

bones ot~ 7 
magnetite in, 190 

heating, 9, 191-195 
heart rates, 149 
hearts, 8, 148-149 
heat avoidance behaviors, 

154-155, 45l) 
heat loss, 156-158. See alstl 

temperature regulation 
role of apteria, 101 
through teet and legs, 163-164 

heat production, 8, 156-158, 464. 
Stc also temperature 
regulation 

heat stress, 160-164. Sec also 
tt·mperature regulation 

helmets, 163 
helpers, 368, 386-392 

complex social relationships, 
3lJ2-397 

Hemispingus (Thraupidae), Black-
eared, 328 

Hen (Tetraonidac), Heath, 665 
herbivorous birds, 13 

Herbst corpuscles, 195 
hetitability, 577. See also genetics; 

inheritance 
hermaphroditism, 400-4111 
Hcnnit (Trochilidac), Long-tailed, 

450 
Heron (Ardeidac) 

Boat-billed, 65, 186, 345, 346 
Great 13lue, 64-65, 435, 481-482 
Green, 65, 65U 
Little Blue, 65 
Whistling, 65 

herons 
altricial young, 470, 471 
classification, 12, 64-65 
dutch size, 526 
color phases, 1 no 
communal roosting, 331 

as decorations, (l4<J, 6.i2 
11ocking behavior, 327 
toot structure, 15, 18 
incubation behavior, 450 
preening, 105 
sibling rivalry, 48fl-482 

hertz (Hz), 216 
Hcsperomis I'(Qalis, 38-39 
Hesperornithifonnes, 38-39 
heterodactyl feet, 60, 61 
heteroduplex, 64 
heterogametic sex, 27 
hibernation, 160 
hierarchies, dominance, 315-318 

interspecific, 317 
high vocal center, 228 
hindbrains, :2U 1, 202 
hippocampus, 203-2fl5 

hoarding. 173, 205 
Hoatzin (Opisthocomidac) 

classification, 12, 7'J. 
t,rizzard, 164 
stomachs. 166, 1 (J7 

hole nests, 1 58, 436, 450 
homeostasis, 315 
homeothermy, 473-475. Sec alitl 

temperature regulation 
homing abilities, 2<J5. See .dso 

navigation 
leaming, 305 
rnagnctic tields and, 31)0-301, 

302 
homing pigeons, 295 

homing abilities, 209, 2<J7, 305 
magnetic tlcld receptors, 300, 

305 
rcsponsl' to barometric pressure, 

197 
spatial memory, 204 

homoduplex, 64 
homologous characters, 61 
honeycreepers 

destruction of populations, 
647-()48 

diseases, 547 
distribution, 21, 23 
tlocking behavior, 327 
Ha\vaiian, 15, 1 () 

honeyeaters, 21, 74, 607 
Honeyguide (lndicatoridae) 

Greater, 45, 171, 381 
Lyre-tailed, 86 



honeyguides 
brood parasitism, 379 
classit1cation. 12 
sense of smell, 197 
tail feathers, R6 
\Vax digestion, 171 

booklets, 81 
Hoopoe-Lark (Alaudidae), Greater, 

163, 172 
hoopoe-larks, 163, 172 
hoopoes, 12, 63 

eyes, 186 
incubation behavior, 44~ 
preen glands, I IJ2 

hormones, 256 
endocrine, 250, 253-255 
master, 255-258 
sex, 248, 255-256, 257, 3H6, 

401, 404-405 
and sex-role reversals, 3 7 4 
stress, 314, 313, 405 

Hombill (I3ucerotidae), Oriental 
Pied, -1-6 

horn bills 
brains, 21111 

bristles, SH 
classitlcation, 12 
distribution, 622 
egg teeth, 461 
eggs, 425 
feeding, 321 
incubation behavior, 448 
molts, 264 
primitive, 48 

Hornero (Furnariidae), Rufous, 
239, 434, 436. See (1/Stl 

Ovenbird 
host mimicry, 3811-381 
"hot shot" model of lek evolution, 

35() 
"hot spots" of biodiversity, 

675-676 
hovering tlight, 122, 125 
huddling, 158, 308 
human activities. See also global 

\varming 
acid rain, 428 
agriculture, 6117, 637-638, 

640-642, 66 7 
birds and eggs as food, xxii, 

647-649 
collisions, 639-640 

and dispnsal, 61 (J 

and extinctions, (J 12 
fishing, 294, 54.\ 649 
forestry, 278, 540-342, SlJO, 

6U7, (J40-(J42, 672-675 
globalization, 644 
hunting, 559, 647-648, 

649-650, 653, 636, 679 
livestock. 671 
pesticides, 423, 563-566, 568, 

(,37' 644, 654-655, 
679-68() 

pollution, 64-1--645, (J56-657, 
658 

humerus, 8J, 126, 134, 135 
humidity. Sec climate 
Hummingbird (Trochilidae) 

Anna's, 177, 591 
Broad-tailed, 435 
Copper-nunped, (l2n 
Costa's, 591 
Fiery-throated, 14, 616 
C reen violerear, 14, 616 
JVlagnificent, 14 
Ruby-throated, 127, 288, 290, 

4(lY, 483 
Ruby Topaz, 626 
Ruf(ms, xxi 
Volcano, 14 

hummingbirds 
altricial young, 471 
binocular vision, 188 
breeding, 259 
classitlcation, 12 
clutch size, 516 
in communities, 616-617 
digestive system, 166, I 7( I 
distribution, (l23, 625-62() 
eggs, 422 
evolution, 45, 47 
eyes, 188 
feather color, 98 
teeding of young, 48-1--485 
t1edging, 491 
Hight, 122, 126-127 
t1ight metabolism, 152 
tlight muscles, 13() 
heart, 149 
hypothermia, 158, 159 
incubation behavior, -1-50 
intelligence, 211 
migrations, 27 4 
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nests, 437 
remnant population, 53 
respiration rates, I 4 7 
skeleton, 133 
rail feathers, 85, 86 
territorial behavior, 313 
torpor, 159, 160 
urogenital system, 177 
vocal development, 229 
vocalization, 220 
\Vcight, Y 

hunting, and species 
endangerment, 559, 
647-648, 64<)-650, 653, 
656, 679 

hunting skills. See predation 
Huxley, Thomas H., 26, 31, 32, 

58 
hybrid inferiority, 591-592 
hybrid zone, 582, 592-597 

stable, 593-394 
hybridization, 590--592. See ,1L'o 

assortative mating 
and nest building, 443 
and species, 377-578, 579 
stable hybrid zones, 593-594 
transient, 594-597 

hyperpallium, 202-203 
hyperphagia, 260, 286, 28~ 
hypcr'>triarum, 202 
hyperthermia, 160-164 
hyperventilation, 147 
hypothalamus 

light receptors in, 253 
and sex hormones, 404 

hypothcrn1ia, 158-160 

Ibis (Threskiornithidae) 
American White, 572 
Butr-necked, 279 
Glossy, 64-65, 572 
Scarlet, I 00 

ibises, 12,327, 420-421, 647, 
652 

ice age. Sec Pleistocene epoch 
Jr/Jth)'tlflllS, 38-39 
Icteridae, 379 
imitation, learning by, 208, 233, 

234. Sec also mimicry 
immature bird. See juveniles; 

young 
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immigration, ar1li population 
grmvth, 53R. See also 
migrations 

immunocompetence, ~56, 363 

and age, 514 
in nestlings, 478 

and parasites, 545-546 
and parental care, 483-4H4 
and sex hom10nes, 404-405, 429 
and yolks, 4117 

Important l3ird Areas (IRI\), 295, 
675-676, 677 

imprinting, 494-496. See t1lso 
learning 

and behavioral development, 

493 
bias for unfamiliar, 499 
on nest sites, 444-445 
runavvay sexu,Jl selection and, 

345 
sexual, 496-497 
and speciation, 598, 599-600 
species-specific. 498-499 

improvisation, song development 

by, 233, 234 
inbreeding, 566-568, 585, ()64 

deterrents o( 499, 600 

inclination, magnetic t1eld, 300 
"income breeders," 428 
incubation, 447-460. See af.,o eggs; 

nests 

brood parasitism, 381-382 
costs, 262 
honnonal mcdi<ltion of, 

447-448 
keeping eggs cool. 459 
keeping eggs warm, 456-45Y 
patches, 454-456 
periods, 452, 505-506 
shifts, 447-452 
temperatures, 456-459, 

462-464 
hlrning eggs during, 46U 

indeterminate egg-layc.:Ts, 427 
indicator species, 564 
lndicatoridae, 379 
lndigobird (Estrildidae), Village. 

~36, 383, 498-499 
indigobirds, 382, 383, 598 
individual spacing behavior, 30H 
induced pov.'er, 120, 121 

in±:mticide, 368, 517 
information-center model of 

foraging, 321-322,331-332 
infrasound, 9, 192, 216, 220-221, 

262 
infundibulum, 409, 424 
inheritance. See a!Stl genetics 

sex-liJJked, 401-402 
injury calls, 222 
injury-tlight displays, 441, 442 
insect-eating birds, 89, 174 
insects, stinging, and nesting site, 

439, 440-441 
insight learning, 208 
instantaneous growth rates, 537 
insulation 

teachers as, 80, 82, 153 

nest, 445-446 
"insurance" eggs, 429, 489 
intelligence, 206-213, 505. See also 

brains; cognition; learning 

interclavicular air sacs, 147 
intercollicular nucleus, 228 
interference competition, 627 

intermittent flight, 131 
internal docks. Sec biolo~:,rical 

clocks 

intL'rnal labium, 224 
International Ornithological 

Congress, 56 
lnternational Union tor the 

Conservation of Nature, 636 
intestinal tract, 1 (17 

intraspecific brood parasitism, 
377-379 

introduced species, 6 I 6-617 
invention, song development by, 

233, 234 
iridescence, !J7-98 
iridophores, 97 
irises, 1 HS 

color, 97, 186 
inuptions, 543-544 
islands 

biogeography of: 61 1-614 
colonization, 579, 6117-6! 18 
and communities, 607-()09 
conservation on, 657-661) 
extinctions on, 545, 647 
inbreeding, 568 
speciation, 578-579 

isotherms, 261 
isotopes, 266, 278, 428, 6115 

Jacamar (Calbulidae), White
chinned, 45 

jacamars, 12, 623 
Jacana Qacanidae) 

African, 400 
Northern, 375 
Pheasant-tailed, 1 I 
Wattled, 97, 375 

jacanas, 12, 15, 373, 375-376, 421 
Jacanidae, 376 
Jackda\v (Corvidae), Western, 444 
jackda\VS, 500-501 

ja\:v, ?.7 
Jay (Corvidae) 

Blue, 98, 208, 263, 441 
Florida Scrub, 53, 55, 263, 

385-386, 387-388, 390, 
513-514, 66?., 663-(164, 
67(1, 671 

Mexican, 2(>9 
Pinyon, 25H, 317, 330 
Siberian, 390-391 
Steller's, 311,3\9, 32CI, 551, 

575 
Western Scrub, 53, 55, 211, 

551 
jays, 89, 205, 213 
JchiMnis, 37 
Junco (Emberizidac) 

Dark-eyed, 203, 251, 260. 285, 
405, 61 !J, 627 

Y ellO\v-eycd, 325, 49?., 51JO 
Jungletowl (Phasianidae), Red, 

xxii-x..xiii, 36, 70, 340 
junglefowl, 592 
Jurassic pe1iod, 28 
juveniles. 109. See t1iso age; young 

Kagu (Rhynochetidae), 12, 89 
Kakapo (Psittacidae), I 86, 188, 567 
keels, 134, 135, 136 
keratin, 79-80, 91, 94, 2()3 

Ke-;trel (Falconidae) 
American, 160, 173, 184, 308, 

401, 441 
Common, 190, 337, 462, 521 
Mauritius, 444-445, 568 

kestrels, 5?.2 



kidneys, 176-17B 
Killdeer (Charadriidae), I 06, 107, 

31JH, 442 
kin selection, 385, 394-395 
Kingbird (Tyrannidac), Eastern, 441 
Kingfisher (Alccdinidae) 

Micronesian, 64H 
Pied, 46, 3R9 

kingt1shers, 46 
altricial young, 471 
binocular vision, 188 
breeding, 258-239 
classification, 12 
eggs, 422 
eyes, 188 
nest'i, 440 
primitive, 47 
speciation, 53 
stapes, 63 
tail feathers, 86 

Kinglet (Regulidae) 
Golden-crowned, I 07 
Ruby-crovvned, 516 

kinship 
and leks, 351-334 
recognition, 598 

kites, 12 
Kittiwake (Laridae), Black-legged, 

438 
Kiwi (Apterygidae), Northern 

(North Island) Brovm, 44, 
335, 336, 419, 422 

ki\vis 
classification, 12 
eggs, 419, 422 
eyes, 188 
eyeshine, 186 
incub<1tion periods, 452 
ovaries, 405 
precocial young, 4 71 
sense of smell, 197-198 
wings, 138 

Knot (Scolopacidae) 
Creat, 290 
Red, 13, 281, 284, 2R(>, 

290-291, 293-294, 649 
knots, in nest construction, 443, 444 
Kookaburra (Halcyonidae), 

Laughing, 480 
Krebs cycles, x:\:v, 13 7 
Krushinsky problem, 207, 208 

labium (labia), 224 
lactic acid, 137 
land-bridge island, 612-613 
Lapwing (Char<1driidae), 

Blacksmith, 11 
lapwings, 483 
Lark (Alaudidae), Horned, 671 
larks, 111, 162, 648 
larynx, 223 
latehra, central, 406 
latitude 

and clutch size, 526 
and geomagnetic tleld, 300 
isotopic signature, 266, 278 

Laughingthrush (Timaliidae), 
White-throated, 40(1 

Laurasia, 4H 
leading-edge vortices, 130 
leaf-warblers, 94 
lean dry weight, 472 
learning, 493-501. See a!St1 

imprinting 
age-limited, 230-232, 241 
conservation. 325 
and delayed dispersal, 391 
essential skill<>, 499-50 I 
insight, 208 
intelligence and, 2(17-209 
navigation skills, 303-30f> 

open-ended, 230, 237, 241 
to sing, 229-235 
and speciation, 597-6(1() 

legislation, comervation, (,5CJ, f>51, 
680-681 

il'gs 
bones, 7, 27 
of dinosaur, 40 
diversity, 15, 18 
evolution of types, 9-11 l 
excretion on, for cooling, 

lf>l 

heat loss through, 163-164 
leks, 336, 349-355, 369. See .1/so 

promiscuity 
displays, 349-354 
evolution, 3.:10-351 
and molts, 111-112 

lenses of eyes, 1 HS-1 8() 

Leydig cells, 253, 41 () 
LH. See lutt'inizing honnonc 
lice, 11.12-1114 

lite-history patterns, 18-19, 
504-5<J6 

and cognition, 207 
and mates, 336-338 
and ot1spring, 46 7 

life spans. S!'t' longevity 
lite tables. 506-510 
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liletime reproductive success. Sl'l' 

reproductive success 
lift. 116-121' 125, 130 
lift-to-drag ratios, 132-133 
light. See alst, photoperiod 

polarized, and navigation, 3113, 
306 

and structural color, 97-98 
limitation of populations, 538-550 
Limpkin (Aramidae), 12 
lineage, 56-57. See a/sa speciation 
Linnacus, Carolus, 56, 58 
lipase, in f:1t metabolism, 289 
lipid index. See fat reserves 
lipids, 169-170, 289, 477 

in yolk, 419 
literature, birds portrayed in, xxiv 
LMAN (song-controlling nucleus), 

228 
local evolution, 586-390 
locomotion, 15 
logging. Sec forestry; under human 

activities 
longclaws, 19 
longevity, 337, 308, 510-514, 518 

life expectancy, 486 
and reproductive etTort, 521-522 

L>11gisquama, 33 
Longspur (Emberizidae) 

Lapland, 418, 475 
Smith's, 364-365, 369, 418 

Loon (Caviidae), Great Northern, 
657, 638 

loons 
classit1cation, 12 
distribution, 21, 22 
down, 108 
egg teeth. 46 1 
hindlimbs, 7 
pollution, 657. 658 
precocial young, 470, 471 
primitive, 45 
respiratory syst~:·m, 147 
wing loading, 132 
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loops of Henle, 177-178 
lories, 12 
Lorikeet (Loriidae) 

Red-chinned, 632, 633 
Red-flanked, 632, 633 
Red-fi-onted, 632, 633 

louse-flies, 102 
Lovebird (Psittacidae) 

Rosy-faced, 442-443 
Yellow-collared, 442-443 

10\ver critical temperature, ISS, 156 
lungs, 8, 143 
luteinizing honnone, 255-2.56, 

404, 44R 
luteinizing hom1one releasing 

honnonc, 256 
Lyrebird (Menuridae), Superb, 434 
lyrebirds, 74, 216, 237 

Maca\v (Psittacidae), Hyacinth, 
65(1 

maca\vs, 12, 201, (>50, 667 
magnesium, effects on eggshell 

f(mnation, 423, 424-425 
magnetic fields, 190-191 , 287, 

3()()-303, 3(15 
magnetite, 190, 301 
magnum, 423, 424 

Magpie (Con·idae) 
Bbck-bilkd, 14 7 
Eurasian, 18.5 
Yellow-billed, 644 

magpies, 207 
main descending motor pathway, 

227-228 
male-dominance polygyny, 36l) 

male-tradeoff model of polygyny, 
372 

Maleo (Megapodiidae), 463 
males 

competition for mate-;, 
238-239, 349-354 

parenting roles, 3 70 
plumage quality, 1 0(1 
tenitmial versus satellite, 

354-355 
Malimbe (Pioceidae), Black

throated, 435, 437 
Mallard (Anatidae), xxiii, 71, 107, 

151, 179, llJ9, 20(>, 246, 
462, 574, 654 

Malleef()\vl (I\1egapodiidae), 419, 
4(>2-465 

mallophaga, 102-1 ( 14 
mammals, compared with birds, 

26-27 
brains, 20 1-202 
digestive system, 168, 177 
hearing, Jl)2, 193 
intelligence, 213 
sex chromosomes, 4! ll-402 
tastl', 197 
vision, 184 
vocalizations. 219 

mammals, invasive, 657-6.59 
management. See comervation 
Manakin (Pipridae) 

Band-tailed, 34K 
I3luc, 351, 352 
Club-\vinged, H5, 34H, 349 
Crimson-hooded, 34H 
Long-tailed, 52ll 
White-bearded, 347, 514 
Wire-tailed, 348 

manakins 
courtship displays, 345-349 
distribution, 622 
lekking behavior, 58.3 
longevity, 512 
speciation, 53 

mandibles, 27 
marginal chicks, 491 I 
marine birds. See seabirds 
Marsh, Charles, 31 
Martin (Hirundinicbc) 

Mric:m River, 53 
Common House, 270 
Purple, 362-3o3 
Sand, 496, 497 
White-eyed River, 53 

martins, 68, 69, 72, 477 
masculinization, 405 
mass. Sec body mass 
mass extinctions. Sec extinctions 
master hormones, 2.55-258 
mate selection. Sec sexual selection 
mates, 335-3().) 

cuckoldry· and promiscuity. 
361-3(>5 

and displays, 344-359 
and lite-history strategies, 

336-33H 

monogamy, 359-360 
and sexual selection, 338-344 

mating preference. See also 
assortative mating: female 
selection; sexual selection 

and color phases, 1 on 
and imprinting, 496-498 

mating systems, 369. Sec also 
breeding systems; leks; 
reproduction 

assortative, 286, 496-497, 
572-573, 577-578. 598 

monogamy, 9 
maturation. Sec growth and 

development 
maxilla, 15 
maximum range speed, 121, 122, 

131 
maypole bowers, 355, 356, 3.38 
MeadO\vlark (Icteridae) 

Eastern. 561, 574, 591, 636, 644 
Western, 591, 637, 644 

meadO\vlarks, 19, I 09, 450 
mean generation time. 509, 534, 

536 
meat-eating birds. Sec raptors 
mechanoreception, 195-197 
medulla, 201 

medullary· tissue, 405 
Megapode (Megapodiidae) 

Dusky, 463 
Philippine, 463 
Tongan, 463 

megapodes. Sec moundbuilders 
melanins, 94-95 
mclanoblasts, 94 
melanosornes, 98 
melatonin, 250, 256 
Meliphagidae, 74 
memory 

episodic, 211 
lon~-term, 394 
spatial, 203-20.3 

Menuridae, 7 4 
Merganser (Anatidae), Hooded, 

l 07, 108 
mergansers, 15 
Merlin (Falconidae), 313, 323, 561 
mesic habitat. water economy in. 

176 
Mesozoic era, 28, 31, 37-39, 470 



metabolic water, 174-175 
metabolism, 150-152. Sec also 

temperature regulation 
activity, 151-152 
aerobic, 136-137, 142 
aging, 51() 
anaerobic, 137 
b,Jsal, 150, 151 
during cold stress, 157-158 
during egg production, 427 
tlight, 15U, 151-152 
of hatchlings, 473-474 
during heat stress, 162 
in nests, 445-446 
to pmver tlight, 8, lJ(J-1.37 
during torpor, 15Y, 160 

metapopulations, 662-663, 664 
Meyer, Hemunn von, .28 
microclimate<>, 158 

in nests, 445-446 
microevolution, 586-590 
A1icror,1pf<lr gui, 34, Jl), 9.2 
midbrains, 2fH.1, 202 

and song control. 228 
middle ear bones, 26, 27, 63, 191, 

192 
migrations, 274-295. Sec also 

annual cycles 
altitudes, 280, 281 
in annual cycles, 248, 251-252 
conservation, 294-295 
ditTerential, 285-287 
distances, 281-283 
diurnal, 279-280 
and diversity of species, 

624-626 
energy costs, 150, 266-26 7, 

283, 284. 288-291 
evolution of, 285-287 
t:1tty fuels for, 171, 248, 257, 

260-.261, 288-291 
feather chemistry, 278 
teats, 281-283 
t1ight -;peeds, 122, 1 23 
mortality, 512 
nocturnal, 279-280 
patterns, 27 4 
purpmc, 283-284 
radar tracking, 274-278 
ranges, 121, 122, 131, 288-201 
romes, 275, 279-281 

stopover sites, 291-294 
timing, 259-262 

migratory resclessness, 260, 284, 
286-288, 297 

mimic thrushes, 611 
Illll111Cl)' 

by brood parasites, 380-381 
egg, 380-381 
mouth p:mern, 382-383 
vocal, 237-238, 382-383, 478 

minimum-critical-size project, 66 7 
minimum power speed, 121, 122, 

131 
Miocene epoch, 28, 4 7, 581 
1nites, feather, 1112 
mitochondtia, 137, 149, 511 
mitochondrial DNA analyses, 66, 

57_1-574, 581, 584, 5<)5 
moas, 6, 13, 64 7 
mobbing behavior, 326. 329, 439, 

494 
mobbing calls, 220 
Mockingbird (Mimidac) 

Galapagos, 434 
Northem, 174, 230-231, 237, 

314, 441 
mockingbirds, 216, 221, 575 
modulation, 216 
molts, 89, 1 (18-112 

in annual cycles, 246-248, 
251-252, 284 

energy costs, 262-268, 337 
feather replacement sequence, 

11.2 
trighr. 91 
photoperiod and, 261 
physiological control ot~ 257 
prcaltematc (prenuptial), 

ll0-l12, 250, 255 
prcbasic (postnuptial), 1 10-112, 

261' 2(13, 266 
monogamy, <), 336, 342, 

35<J-360, 361. 369 
parental care and, 36(J, 370 

Moorhen (R~1llidae), Dusky, 376 
mortality. Sec ,1/so survivorship 

age-specific, 513-514 
factors at1ecting, 527 
of tledglings, 490, 492-403, 5110 

Motmot (Momotidae), TurquoiSL'
browed, 4(,, 8(>, 4<J4 

motmots, 12, 8(), 623 
moundbuilders 

behavior, 598 
cbssitlcation, 12 
development, 454 
egg teeth, 464 
eggs, 425 
eggshells, 42( 1-421 
hatching, 464-465 
incubation, 464 
nests, 462-464 
precocial young. 470, 471 
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J\.:lountain Tanager (Thraupidac) 
Black-chinned, 100 
Blue-winged, 10(1, 328 
Butr-brcasred, 328 
Chestnut-bellied, 328 
Hooded, 328 
Masked, 328 
Santa Marta, 328 

mousebirds, 12, 21, 23, 48 
distribution, 618 
toe arrangement, 60 
[Orpor, 160 

mouth gaping, 479 
mtDNA analyses. Sec 

mitochondrial DNA analyses 
l'vlunia (Esnildidae), White

rumped, 499 
Murre (Alcidae) 

Common, 422, 496, 605 
Thick-billed, 132 

Murrelet (Alcidae), Marbled, 649, 
673 

murrelets, 470, 471. 492 
murres, 422, 456 
muscles 

devclopmem ot~ 474-475 
for flight, 12R-129, 136 
hatching, 460, 461 
in heat production, 8 
syringeal, 224-225 

music. birds portrayed in. xxiii-xxiv 
Musopha§.,rif()[mcs, 12 
Myna (Sturnidae) 

Common, 58o, 63R 
Crested. 457-459 

mynas, 216 
Myzomela (Meliphagidae) 

Ebony, 607 
Scarlet-bibbed, 607 
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narnes 
importance of 57-58 
Latin scientific, 53-57 
standard English, 56 

napes, feathers on, K7 
nares, 58, XS-89, 144, 178 
nasal cavities, 144 
natal dispersal, 585 
National Audubon Society, 87, 

277, 650, 675, 681, 682 
Nativehcn (Rallidae), Tasmanian, 

376 
natural frequency, 127 
natural selection, 19-20, 31, 336, 

586. Sec also evolution 
nature reserves, 660-662 
navigation, 295-306 

by echolocation, 194-195 
inner car in, 188 
kamed abilities in, 303-306, 500 
by magnetic field, 19 1., 

3U0-303, 305 
by olfaction. 303 
by sound, 219-220 
by star compass, 298-300, 304, 

3115-306 
by sun compass, 250, 297-298, 

305 
by visual landmarks, 296-297 

near-ultraviolet spectrum, 190 
Nearctic region, 21. 22 
nectar-feeding birds 

bill structure, 13-15 
territorial behavior, 3U9-311 
t011f,'1lC structure, 165 

]\Tcocatftartcs, 42 
Neotropical region, 21,22 
nesting facilities, 657 
nesting sites, and imprinting, 

444-445 
nestling periods, 491. Sec also 

breeding seasons; young 
nestlings 

aggression bct\vecn, 479-~182 
fecding, 484-486 

nests, 432-447. Sec also breeding 
seasons; brood par;lsitism; 
incubation 

and adaptive radiation, 432, 437 
architecture, 433-437 
building, 442-445 

cavity, 436, 440-441 
communal, 43 
cup, 435, 443 
domed, 436 
enclosed, 435, 436 
evolutionary intluences on, 6H, 

72, 442 
t1edging rrorn, 490-493 
hanging, 435, 436-437, 439, 

443-444 
hole. 436 
materials, 433-437 
microclimates, 445-446 
open-cup, 436, 443 
parasites, 436, 547 
pensilc, 435, 436-437, 439, 

443-444 
safety, 437-442 
sanitation, 446-447 
temperawres in, 462-465 

net reproductive rates, 510 
neuroendocrine system, 250 
neurogenesis, 205-206 
neurohormones. Sec endocrine 

hormones 
neuroleukin, 206 
neurotoxin, 105 
Ne\v World barbers, 66 
New World vultures, 12 
Ne\vton's la\vs of motion, 118, 

J2(l 
niche partitioning, 620-621 
niches. See ecological niches 
nictitating membranes, 185 
nidicolous young, 470. See also 

altricial development 
niditl.1gous young, 470. Sec ab> 

precocial development 
Night Heron (Ardeidae) 

Black-cro\vned, 65 
Yellow-crowned, 65 

Nighthawk (Caprimulgidae) 
Common, 636 
Lesser, 174 

Nightingale (Turdidae), Common, 
234 

Nightjar (Caprimulgidae), 
Standard-v.ringed, 84-85, 
] 12 

nightjars 
altricial young, 471 

binocular vision, 184 
classit1cation, 12 
color phases, 100 
echolocation, 195 
eggshells, 420, 437 
eyes, 186, 1 X8 
eyeshine, 186 
teather texture, 84 
hypothennia, 158, 159 
preening, 105 
semibristles, 89 
torpor, 160 

nipples, 59 
nitrogen metabolism, 176, 426 
nod swimming, 414 
nodal prongs, 81 
nonannual cycles, 265-268 
nonpasserines, 42, 45 

evolution, 43 
nonresident species, 62.5-626 
North Americm Bird 

Conservation Initiative, 
681 

North American Bluebird Society, 
657 

North American Waterfowl 
Management Plan, 559, 561, 
562, 681 

nostrils, 58, 88-89, 144, 178 
nuclear species, 327 
nuclt:otides, 64 ·· 
nucleus (nuclei), brain, 227-229 
nucleus (nuclei), sperm, 410 
Nutcracker (Corvidae), Clark's, 

204, 205 
nutcrackers, 2( lS 
Nuthatch (Sittidae) 

Pygmy, 158 
Red-breasted, 441, 544 

nuthatches, 18, 205, 327, 619 
nutrition, 169-171. See also diet; 

feeding 
in eggs, 407 
for growth and development, 

475-476 
during molts, 2(>3 

obligate brood parasitism, 3 77, 
379-383. Sec al.'tl brood 
parasitism 

and imprinting, 498-499 



occipital condyles, 26, 27 
odor, of nest matctials, 436. Sec 

also smell 

offspring. Sec young 
Oilbird (Sreatomithidae), 12, 192, 

195, 476, 477 
old-tleld succession, 620 
old-brro\vth forests. 540-54 t 
Old World barbers, 66 
Old World vultures, 12 
olfaction, 197-200 
olfactory bulbs, 197-198, 20 I 
olfactory cavities, 197 
olf1ctory tubercles, 144 
Oligocene epoch, 28, 42, 45, 47, 

48 
oocytes, primary, 405. Sec also 

eggs; ovum (ova) 
oology, 399 
open communities, 603, 614 

versus closed communities, 
614-617, 633 

open-cup nests, 436 
open nesting, and predation, 450 
operculum, 144 
Opisthocomitormes, 12 
optic lobes, 200, 201 
optic nerves, 185 
optical pumping, 191 
optimal clutch size, 378, 379, 429, 

524-525 
orbitd sinus, 144 
orders, taxonomic, 12, 56-57 
organs of equilibrium, 19() 
Oriemal region, 22 
orientation. Sec navigation 
migin of birds. See evolution 
0Jiolc (Ictcridae) 

Baltimore, 157, 436-437, 520, 
592-5!J.) 

Bullock's, 592-593 
Northern, 592-593 
OrchJrd, 401 

orioles, 443 
ornithology, history ot~ x. .... i-x.xvi, 

572 
( )rnithurae, 37-39 
Oropendola (lcteridae), Crested, 

435 
oscillograms, 217, 218 
oscillographs, 216 

Osprey (Pandionidae), 12, 59, 279, 
4tJ1, 5(>3, 566, 638, 639, 654 

ossicles, eye, 185-1R6 
Ostrich (Struthionidae), 44 

btistlcs, HR 
brood parasitism, 377 
classification, 12, 137 
digestive system, 13, 167 
distiibution, 21 
egg teeth, 461 
eggshells, 420 
eyes, 184, 189 
toot structure, 15, 18 
mating system, 36<) 
peni~es, 414, 41(} 
precocial young, 471 
predator detection, 324 
remnant populations, 53 
shape, 9, 10 
weight, <) 

outbreeding, .363, SHS 
ovarian pockets, 409 
ovaries, 401, 402, 405-41 l9, 424. 

Sec also gonadal cycles; 
gonads; ovum (ova) 

Ovenbird (Parulidae), 222, 
2H9-290, 619, 66(} 

ovenbirds (Furnariidae), 74, 436, 
437. See ,,[so Hornero, 
Rutous 

overtones. See ham1onics 
oviducts, 402, 4()9, 423-425 
oviparity, 425 
ovulation, 255, 409 
ovum (ova), 405-40Y. Sec also 

eggs; ovanes 
maturation. 405-407 

Owl (Strigidae) 
Barred, 56, 81, 674 
Boreal, 544 
Burrmving, 212, ()36 
El( 67, 6H 
Great Gray, 544 
Great Horned, 56, 68, 193, 

545, 549, 587, 644, 674 
Little, 192 
Northern Saw-whet, 441 
Snowy, x.xi, xxii, 68, 154, S 15, 

543 
Spotted, 540, 642, 673-(}74, 

675 
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Ov;l (Tytonidae), Barn, 67, 192, 
193, 194-195, 482, 484 

Owlet-Nightjar (Aegothdidae), 
Australian, 88 

owlet-nightjars, 12, 89 
owls 

altricial young, 4 70 
binocular vision, 184 
brains, 200 
bristles, 88 
classification, 12, 56-57, 67-68 
clutch size, 526 
color phases, 100 
ear funnels, 191 
eggs, 422 
eyes, 184, 185, 186, 188, 190 
eycshine, 186 
feather color, 96 
as food, 647 
food caching, 173 
hearing, 193-195 
incubation behavior, 452 
nest defense, 441 
nests, 44U 
and population size, 545 
preening, 105 
semicircular canals, 196 
shape, 8, 9 
silent flight, 81, 84 
toe arrangement, 59 
vocalization, 220 

oxygen 
and aging, 511 
chick's access tO, 460, 461, 464, 

473 
oxygen comumption, 126, 4 7 5 

and metabolic \Vater 

production, 174-175 
oxygen exchange, 144-145, 148 

in eggs, 421, 426-427 
in nests, 446 

Oystercatcher (Haemaropodidac), 
Eurasian, 13, 510 

oystercatchcrs, 360, 574 

painted-snipes, 12, 373 
pair bonds, 9, 248. See tdso mating 

systems 
pair formation. See female 

~election; sexual selection 
palate, bones, 58-59 
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Palearctic region, 21, 22 
Paleocene epoch, 28 
paleognathous palates, 59 
pallial domains, 201-202 
pamprodacryl feet, 60, 61 
Pangaea, 48 
panting, 154, 155, 162, 459 
papilla (papillae) 

of feather follicles, 89, 90, 91 
of preen glands, 1 03 

parabronchi, 145 
parahippocampus, 203 
Parakeet (Psittacidae) 

Blossom-headed, 98 
Carolina, 325, 672 
Monk, 43 
Orange-fronted, 441 

pankect~ 98, 99, 207-208 
crop structure, 168 

parasites. See a!Stl brood parasitism 
effect on population size, 544, 

545-547, 557 
feather-chewing, 1 02-1 05 
nesting materials inhibiting, 436 
and parental care, 483-484 
sexual selection and, 339-341 

paratympanic organ, 197 
parental care, 8-9, 19, 467-502. 

See also incubation 
after fledging, 500 
brood parasiti<;m and, 377 
challenges ot~ 483-484 
cooperative breeding, 385 
and feeding of nestlings, 

482-484 
and mating system, 360 

Paridar, 21l5 
Pan·ot (Psittacidar) 

Golden-shouldered, 446 
Gray, 209, 500 
Puerto Rican Amazon, 546 
St. Lucia Amazon, 678 
Thick-billed, 325 

pan·ots 
age at tlrst breeding, 518 
altricial young, 470, 4 71 
brains, 200, 203, 505 
classitlcation, 12 
distribution. 622-623 
drinking, 176 
ear fi.mncls, 191 

evolution, 48 
eyes, 186 
feather color, 94, 96 
tlightless, 13 7 
flocking and conservation of, 

325 
as food, 678 
and habitat tJ·agmentation, 

667 
intelligence, 208, 209 
lifelong pair bond, 360 
nests, 440 
penises, 4 14 
as pets, 650 
toe arrangement, 59 
toxic food, 168 
vocal development, 229 
vocalizations, 216 

parsimony analyses, 66 
parthenogenesis, 409 
Partners in Flight, 562, 681 
Partridge (Phasianidae) 

Chukar, 42 
Crested, 97 
Gray, 637-638 

partridges, 48, 112 
Passeridae, 7 4 
Passeriformes, 8, 12, 74, 198 
passerint~s. Sec also perching birds; 

songbirds 
adaptive radiation, 13, 47-48 
braim, 203 
classitlcation, 12, 74 
clutch size, 516, 526 
color phases, I ( 10 
digestive system, 170 
ear tunnels, 191 
eggs, 425 
evolution, 43 
eye anatomy, 185-188 
hypothennia, 159 
learning skills, 500 
life-history pattems, 504, 505 
monocular vision, 184 
nest sanitation, 446 
nests, 436, 443 
ovaries, 41 )5 
sense of smell, 198 
song acquisition, 494 
sperm, 412 
tongue structure, 165 

paternity 
extra-pair copulations and, 361, 

364 
mixed, 370, 375 
parental care and, 486 

pathvvays, brain, 227-228 
peck-right hierarchies, 315 
pecten, 185, 186, 188-189 
pectoral girdles, 126, 134, 135 
pectoralis muscles, 135, 136, 

290-291 
pedicels, 408 
Pelecanifom1es, 12 
Pelican (Pelecanidae) 

American White, 273, 456 
l3ro"\vn, 259, 425. 565-566, 652 

pelicans 
classitlcation, 12 
eggs, 422 
evolution of courtship displays, 

345 
feeding of young, 484 
fledging, 491 
Hocking behavior, 321 
population declines, 543 
preen glands, 102 
"vee" tom1ation, 123 

pelvis, 6, 30 
Penguin (Spheniscidae) 

Adelie, 453, 519, 52U 
Chinstrap, 1 7 
Emperor, xxi, 158, 173, 

451-452, 476, 564 
Fairy, 483 
Fiordland, 428 
Jackass, 17, 316-317 
King, 17, 268, 330, 451-452 
Macaroni, 429 
Rockhopper, 17. 429 
Yellow-eyed, 451, 5 19-520 

penguins 
absence of brood patches, 456 
apteria, 102 
body shape. 9, 10 
classification, 12 
convergence, 19-20, 21 
development, 454 
distribution. 618 
down, 108 
ears, 191 
eggs, 406, 425, 429 



eyes, I H4 
feathers, I ( 12 
feeding of young, 4S-I
t1ight muscles, 136 
flightless, 137, 13K 
incubation behavior, -1-48, 

4.311-451 
monocular vision, 184 
pesticides, 425 
precocial young, -1-70, 471 
tail teachers, H7 
vocalization, 222 
wing structure, 15, 17 

penises, -1-14--1-16 
pennaceous texture, 81, 82 
pensile nests, 433, 436-437, 439, 

443-4-1--1-
peptic enzymes, 166 
perching birds. See also passerines 

classitlcation, 12 
toot, 7-8, 37, 59 

permanem residents, 246 
annual cycles, 246-248 

pesticides, -1-23, 5n3-366, 568, 637, 
6-1-4, 654-655, o79-680 

petrels 
classification, 12 
convergence, 21 
egg teeth, 461 
eggs, 422 
fat reserves, 477 
feathers, H2 
nests, -1-32 
precocial young, 470, 471 
preen glands, I 02 
primitive, 45 
sense of smell. 197 
stomachs, 1 on-lo7 
wax digestion, 171 
\vings, 138 

pets 
birds as, 650 
illegal trade in, 325, 650 
predation by, ()39, 65H 

phaeomebnin, 94 
Phainopepla (Uombycillidae), 168, 

169 
phalaropes, 12, 21.>3, 373, 404 
phallus. 414--1-16 
pharynx (pharynges), 197 
phases of plumage, 1115-1 ( J8 

Phe~1sant (Phasianidae). See also 
Argus. Great 

Blood, 97 
Bulwer's. 97 
Common, 616, ()44 

Ed\vards, 652 
Golden, 405 
Lady Amherst's, 70 

pheasants 
body shape, I 0 
classification, 12 
clutch size, 427, 516 
toot stmcture, 18 
hybridization, 590 
precocial young, 471 
radiation, 48 
wing shape, 133 

philopatry, 585 
Phoebe (Tyrannidae), Eastern, 

295, 3Kl, 515 
Phoenicopteridae, 63 
Phoenicopteriformes, 12, 72-73 
phorusrhacids, 42 
phosphates, etfects on eggshell 

formation. 424-425 
photoperiod, 245, 250-251, 253, 

260-261 
manipulation ot~ 3UO 

photoreceptors, 252, 2.53 
photorefi·actory periods, 255 
photorefractory physiology, 261 
phrases, 217 
phyletic evolution, 51-52 
phylogenetic species concept, 572, 

583-.JHS. See 11/so species 
phylogeny, 51, 57-SH, 66. See 11/so 

cladograms; evolutionary 
trees 

of bowerbirds, 3.55, 358 
and cladistics, 61-63 
of manakins, 348 
and species, 593 

physics of flight. See aerodynamics 
of tlight 

physiology, 8, 141-179 
body temperature, 142-143 
circulatory system. l4H-150 
energy balance and reserves, 

171-173 
feeding and digestion, 164-171 
and life history, 5117 
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metabolism, I 50-152 
respiratory system, 143-148 
temperature regulation, 152-164 
water economy, 173-179 

Picathartes (Picathartidae), Gray-
necked, 4UO 

Picidae, 57 
Piciformes, 12, 57 
piculets, 12, 440 
Pigeon (Columbidae) 

Common, 203, 204, 208, 
246-247, 295, 517, 638 

N icobar, xxi 
Passenger, x.-xvi, 648 
T oath-billed, 438 

pigeon milk, 164, 476 
pigeons. See also homing pigeons 

altricial young, 4 71 
brood parasitism, 377 
brood patches, 4.55 
classitication, 12 
crop stmcture, 168 
domestication of, x.xiii 
egg teeth, 461 
eggs, 406 
eggshells, 421 
esophageal fluid, 4 76 
esophagus, 164 
eyes, 187 
t1ight, 164 
flightless, 137 
foraging behavior, 321 
gizzards, 6 
heat stress, 16(), 161, 164 

incubation behavior, 4.52 
intelligence, 208-209 
lifelong pair bond, 360 
navigation, 305 
nest sanitation, 446 
ovaries, 405 
semicircular canals, 196 
skeletal features, 136 
torpor, 160 

pigment'> 
feather, 94-97 
visual, 189 

pineal glands 
and biolof-,rical clock, 250, 253 
magnetite in, 191 

pipits, 19 
pipping, 460, 473 
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pitch, 118, 216 
Pitohui (Pachycephalidae), 

Hooded, 105 
pittas, 74 
pituitary glands 

and circadian rhythms, 
253-254, 255-257 

and sex hormones, 404 
placodes, 90 
Plains-wanderer (PL·Liionomidac), 

373 
plantain-eaters, 12 
playing, 5flCI-501, 505 
Pleistocene epoch, 28, 42, 

580-582, 611 , 612 
Pliocene epoch, 2t5, 42 
Plover (Charadriidac) 

American Golden, 265, 282, 648 
Common Ringed, 286 
Egyptian, 459 
Gray, 13, 107 
Little Ringed, 13 
Piping, 459 
Three-banded, 400 
Wilson's, 434 

plovers 
body shape, 9, 10 
classification, 12 
eggs, 422 
eyes, 1 H8 
plumage patterns, 107 

plumage, 105-112. Sec also color 
phases; feathers 

adult, 109 
color patterns, I 05-108 
conspicuous, 107-108 
courtship and breeding, 4, 

354-355, 404, 519-521 
cryptic, 105-106, 5 18 
delayed maturation, 518-520, 

551 
and female selection, 100 
genetic control of color, 100 
and heat loss, 153-154 
as indicator of health. 95 
juvenal, 108-109 
in mixed-species flocks, 328 
molt, 108-112 
natal, lfl8-1 09 
phases ot~ 100. 108-112 
and rank, 316 

sexual dimorphism, 338-339 
and sexual imprinting, 496 
and sexual selection, 100, 337 
signal, I 07-108 
weight, 101, 153-154 

plume hunting, 649-650, 652 
plumulaceous textures, 80, 81 
Plushcap (Thraupidae), 328 
Podicipedifonnes, 12, 72-73 
poisons. See also pesticides; tmdcr 

human activities 
in feathers, 1 OS 

polarized light, and navigation, 
303, 3(16 

polyandry, 369, 373-377 
polygamy, 369 
polygynandry, 336, 369, 418 
polygyny, 336, 342, 369, 370-373 
polynya, 564 
polytypic species, 572, 585 
Poonvill (Caprimulgidae), 

Common, 1 58, 160, 161, 
162, 174 

population density 
and clutch size, 52(1-528 
regulatory role, 553-554 

populations, 533-569. See also 
communities; conservation; 
extinctions; species 

bottlenecks, 567 
conservation, 538-562 
crashes, 566-5h8 
cycles, 556-558 
disease and, 544-550 
eHective size, 585-586 
evolution oC SO-l-
food supply and, 540, 542-544 
t(nmder, 586 
growth ot~ 533-538, 553 
habitat and, 540-542 
as habitat bellwethers, 562-566, 

675 
in-uptions, 543-544 
and lite tables, 508-51 u 
long-tem1 trends, 558-568 
meta-, 662-663, 6(A 
migration, 28()-287 
natal dispersal, 585 
parasites and, 544-550 
recruitment, 537-538, 555 
regulation, 538-540, 550-558 

relict/remnant, 53, 656, 664 
sinks, 562, 563, 663, 665-666 
sister. 575 
social forces and, 550-554 
sources, 562, 563 
structure, 585-590 
sympatric, 573 
viability, 663-665 

pores, eggshell, 421 
porphyrins, 94, 96-97, 425 
postcopulatmy displays, 414 
posrcopulatory grunts, 221 
postnuptial molts. Sec prcbasic 

molts 
postures. See displays 
Potoo (Nyctibiidae), Common, 

1ll6 

potoos, 12 
poultry tanning, xxiii, 524, 548. 

Sec also 11111fer hum<lll 
activities 

powderdown, 89 
pmver strokes, 41, 129, 136 
Prairie Chicken (Phasianidae), 

Greater, 591, 636, 664-665 
pratincoles, 1 U, 12 
prcalternate molts, l 10-112, 250, 

255 
prebasic molts, 110-112, 261, 263, 

266 
precocial dcvelopmL'nt, 468-478 

and clutch size, 516 
and hatching, 460, 462 
and yolk size, 419 

precopulatory trills, 221, 23H 
pr~dation. See also safety 

and dutch size, 528-529 
effect on population size, 

544-545 
on t1edglings, 492-493, 513 
and tlightlessness, 137 
learning hunting skills, 501 
learning to avoid, 499-500 
and migration, 283 
on nests, 432, 436, 437-442, 

449-450, 478-479 
and small-island l'ffect, 613-614 
and territory size, 313 

predator detection 
alann calls, 220, 221, 222, 223, 

324-325 



in flocks. 322-326 
by young birds, 494 

preen gbnds, 5Y, 102, I 03 
prejuvenal molts, 1 t 18 
prenuptial molts. See pn:altemate 

molts 
Presbyowis. 42 
prey-impaling behavior, 494 
primary-cavity n~:stcrs, 440-44 I 
prinury feather:-., 83-84 
primary oocytes, 405 
primary sex ratios, 407-4(J<) 
Prini:1 (Cisricolidae), Tawny-

flanked, 400 
prions, 2110 
Procdlariiformcs, 12, I 1)8, 199 
profile drag, 120 
profile power, 120, 121 
progesterone, 255, 256 

and incubation, 448, 456 
prolactin, 25(l, 374, 38(1 

and incubation, 44 7, 448, 
4SS-456 

promiscuity, 361-365. See a!st, leks 
proprioception, 195 
Protarilwetlptcryx. 34 
protein. Sec also albumen 

and feather growth, <) 1 

in tood, 169 
as fuel for incubation, 451 
as fl1el tor migration, 288, 2Wl 
for growth and development, 

427-428, 475--476 
and temperature, 142 
in yolk, 419 

proventriculus, 164, 166, 167 
proximate factors, for breeding, 

258-259 
psilopacdic hatchling, 108 
Psittaciformcs, 12 
psittacofulvins, 94, 96 
Ptarmigan (Phasianidae) 

Rock, Y8, 342 
White-tailed, I 06 

Willow, 112, 17tl, 475, 545, 
557 

ptarmig;ms, 15, 18, 82, I 06, 1 12 
cold stress, 158 

pterodactyls, 27-28 
pterosaurs, 32 
pteryb (ptcrylae), 101 

pterylosis. 101 
Ptilonorhynchidae, 74 
ptilopaedic hatchlin~s, 108 
public support of conservation 

programs, 676-67H 
Puftbird (Bucconidae), White

cared, 45 
puHbirds, 12, 623 
Putlln (Alcidae), Atl.mtic, I I, 512, 

538. 659--06(1 
pulp, feather. 90, 91 
pupils, 1 86 
pygostyles, 6, 30, 37, 85 
pyritcm11 eggs, 422 

Quail (Odontophoridae) 
California, 174 
Gambcl's, 155-156, 174 
Japanese, 203, 409, 417, 427, 

453, 472, 474 
Montczum;1, () 71 
Scaled, 534-535 

quails 
brood parches, 454 
classit1c:uion, 12 
declining populations o( 63(1 

hatching, 462 
precocial young, 470, 471, 474, 

483 
\ving shape, 133 

Quatemary period, 28 
Quelea (Ploceidac), Red-billed, 

37 I, 404, 432 
Quetzal (Trogonidae), 

Resplendent, 476, 668, 6h9 
quetzals, 12, Y8 
quills, 80 

rachis, 80, 85, 91J, 91 
radar tracking, 274-278 
radiation. See adaptive radiation 
Rail (Rallidae) 

Clapper. 483 
Gtum, 648 
King, I 38 

rails 
breeding system, 373 
classification, 12 
clutch size, S 16 
egg teeth, 461 
feathers, 82 

t1ightless, 137 
as food, 647 
migration. 280 
population declines, 541 
precocial young, 470, 471 

rain forests. See forests 
ramus (rami). 80 

and structural color, 98 
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rank, social, 314-318 
rapid-eye-movement (REM) sleep, 

206 
rap tors 

age at t1rst breeding, 518 
classitlcation, 12 
conservation, 6 79-680 
digestive system, 169 
car funnels, 1Y I 
eggs, 425 
eye aiutomy, 186, 187 
f1Ci.1l feathers, 88 
feeding of young, 484 
food caching, 173 
incubation behavior, 452 
intelligence, 21 0 
longevity, 510 
migration, 297 
nest building, 444-445 
nest sanitation, 44() 

ovaries, 405 
pesticides, 425, 679-680 
semicircular canals, 19(1 

sibling rivalry, 481 
stomachs, 166 
tail len!-,rth, 131 
wing loading, 132 

ratites, 43-45, 47, 137-139, 36<), 
42.1, 425. See a!Stl flightless 
birds 

prccocial young, 470 
Rave11 (Corvidac) 

Northern, 322-323, 331 
White-necked, 164 

ravens, xxii, 196, 207-208, 321. 
500-501 

Razorbill (Alcidat:), 422 
Recent epoch, 28 
reciprocal altruism, 324-325. 385 
recovery strokes, 129 
recruitment into populations, 

537-538, 555 
rcctrix (rcctrices), 85-86 
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Red List, 636. 637 
red muscle fiber, 8, 137 
rediscovery of species, 651-652 
Redpoll (hingillidae), Common, 

15~. 544 
Redshank (Scolopacidae), 

Common, 13, 542 
Redstart (J\tlmcicapidac), 

Common, 380 
Redstart (Pamlidae), American, 

266-267, 337, 520, 521, 
()14, 627 

Reed Warbler (Sylviidae), Great, 
371, 380, 381 

Rcedling (Paradoxomithidae), 
Bearded, 414, 450 

refueling, during migration, 
291-294 

re~11.1L1tion of populations, 
538-540 

regurgitation, 164, 167, 484 
relict populations, 53, 656, 664 
religious symbols, birds as, xxii 
remex (remiges), 83. See also flight 

feathers 
remnant populations, 53, 656, 664 
replacement, 537, 594-595 
reproduction, 8-9, 399-430. See 

also annual cycles; breeding; 
breeding systems; fecundity; 
gonadal cycles; mating 
systcm5; _,exual Cllfries 

clutch size. 427-429 
copulation, 412-416 
egg fomution, 423-425 
eggs. 418-422 
embryos, 425-427 
energy costs, 150, 262, 266, 337 
fertilization and spem1 

competition, 416-418 
ovaries and ova, 405-409 
sexes, 400-405 
testes and sperm, 409-412 

reproductive isolation, 572-573, 
578. 598-599 

reproductive success, 503-530. See 
also fecundity 

a11nual reproductive efiort. 
52(1-523 

and breeding systems, 377 
and dday·ed dispersal, 390 

evolution of clutch size, 
524-529 

and eA.i:ra-pair copulation, 
363-364 

fecundity, 514-520 
and leks, 354-355 
life-history patterns, 504-506 
life tables, 506-510 
lifetime, 390, 503, 509, 514 
longevity, 510-514 
and population density, 550 
sperm competition, 364-365 
and territory, 342-344 
through kin selection, 354 

reptiles, compared with birds, 
26-27, 142 

resident species, 625-626 
resonance, sound, 216 
resource-defeme polygyny, 369, 

370-371 
resource distribution 

seasonality o( 526-528 
and tetTitory, 312-313 

respiratory system, 8, 143-148 
restlessness, migratory. Sec 

migratory restlessness 
restoration of species, 652-657 
rete mirabile, 144 
rete tubules, 410, 41 1 
retinas, 100, 185, 186-188, 253 
reverse countershading. 1 07 
reverse sexual-size dimorphism, 

481 
rhamphorheca, 15 
Rhea (Rheidae), Greater, 44, 59, 

151' 216 
rheas, 12, 88, 100, 369 
Rheitom1es, 12 
rhodopsin, magnetic fields and, 

191 
rib cages, 30, 134 
Riflebird (Paradisaeidae), 

Magnitlcent, 344 
ring species, 582-583, 584 
ring vortices, 129 
ritualized behavior, 319-3.20. See 

also displays 
rivalry. See competition 
Roadrunner (Cuculidae), Greater, 

154 
roatelos, 12, 373 

Robin (Turdidae) 
American, 109, 111, 161, 165, 

169, 184, 261, 308, 384, 
420, 447, 512, .542, .548 

European, .284, 286, 3(10 
robin-chats, 237 
robins, 9, 10, 260, 581, 648 
robust archopallial nucleus, 228, 

230 
rock span·mvs, 372 
rod receptors, 187. See also 

photoreceptors 
rodent-nm displays, 441 
Roller, Cuckoo, 89 
Roller (Coraciidae), Lilac-breasted, 

46 
rollers, l2, 46, 47, 425 
Royal Society for the Protection 

of Birds, 681, 682 
Ruff (Scolopacidae), 91, 111-112, 

336, 354-355, 370, 404 
ruHS, facial, 1Y3 
Rush Tyrant (Tyrannidac), Many

colored, 94 

safety. Sec also predation 
in flocks, 3.23-326 
of nests, 437-442 

salt glands, 178-179 
Saltator (Cardinalidae), Grayish, 

40U 
Sanderling (Scolopacidae), 308, 

313 
S:mdgrouse (Pteroclididae) 

Black-bellied, xxi 
Namaqua, 81 

sandgrouse, 1.2, 15, ~2 
Sandpiper (Scolopacidae). See also 

Curle\v; Dunlin 
Pectoral, 279 
Semipalmated, 374 
Solitary, 574 
Spotted, 373-375, 413 
Western, .293 

sandpipers 
bill mechanoreception, 196 
breeding systems, 370, 373 
classification, 12 
individual space, 308 
molts, 264 
vocalizations, 2.26 



sanitation, nest, 446-447, 488 
Sapsucker (Picidae), Red-naped, 

441 
Sauropsida, 26 
sa\V-\vhet ovvls, 67, 68 
scapula (scapulae), 20, 134, 135 
Scaup (Anatidae), Lesser, 470 
sclerotic rings, 27, 185 
scratching, I 04-105 
Screamer (Anhimidae), 1-lorned, 

71 
screamers, 12, 414 
Screech Owl (Strigidae) 

Eastern, 56, 174, 508, 5 Hl, 
587 

Whiskered, 56 
screech owls, 6H 

scmbbirds, 237 
scrub jays. Sec jays 
seabirds 

age at tirst breeding, 5 18 
climate change, 269 
colonial nesting, 328-331 
color phases, 100 
eggs, 429 
evolution of court'lhip displays, 

345 
feeding of young, 484 
fledging, 492 
as food, 647 
global \~'an11ing, 564 
growth rates, 476 
longevity, 51 0 

population declines, 543 
trophic structure, 605 
tube-nosed, 12 
voca!iz;ltion, 222 
\vax digestion, 171 

seasonal cycles. Sec annual cycles 
seasonality modd of dutch size, 

526-528 
secondary-cavity nesters. 440-441 
secondary contact, 577, 578 
secondary tt~athcrs, K3, 85 
Secretarybird (Sagittariidae), 12 
SL'curiry. Sr·c safety 
seed caches, 173, 205 
seed-eating birds 

spatial memory, 204-205 
scedsnipes, 12 
segregation, ecological, 620-631 l 

SL'mialtricial hatchlings, 468, 471 
st.>micircular canals, I 96 
seminal vesicles, 412 
seminiferous tubules, 410, 411 
semiplumes, 87 
scmiprecocial hatchlings, 4 71 
senescence, actuarial, 514, 518 
<;cnses, :\.AVi, 183-214. Sec also 

spec[lic smses 
brain, 201)-2tl6 

cognition, 206-213 
hearing, [l) 1-195 
magnetic tlelds, 190-191. 

.300-31!3 
taste and smell, 197-2011 
touch, 195-197 
vision, 1 H4-l!JO 

seriemas, 12, 471 
Sertoli cells, 410 
sex chromosomes, 27 
sex hormones, 248, 255-256, 257, 

386, 40 I , 4U4-4( IS 
sex ratios, 407-409 

and age of parent, 488-489 
male-biased, 489, 521 

sex-role reversals, 37.3-375 
sexes, 4U0-40S. See ,1/so females; 

males: reproduction 
differences in secondal)' 

characteristics, 100 
differential migration by, 285 
and dominance status, 3 15 

<>exual behavior. See mating 
systems 

sexual dimorphism, 339 
in plumage, 338-339 
reversed, 375 
reversed size, 481 

sexual imprinting, 496-497 
sexual -;election, 338-344. See t~/s,l 

displays; reproduction 
and dimorphism, 338-339 
fashion-icon model, 344 
odors and, l 99 
parasites and, 484 
plumage and, I 00 
runa\\'ay-selection model, 

344-345 
and speciation, 598-599 
sperm competition, 417 

sh;1fts, feather, ~-HI, 90, 91 
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Shag (Phalacrocoracidae), Pelagic, 
346 

shags, 346 
Shear\\'ater (Procellariidae) 

Audubon's, 268 
l3lack-vemed, 659 
Manx, 295, 51 t-512 
Short-tailed, 259-26CJ 
Sooty, xxi, 165, 279 

shearwaters, 12 

Sheathbill (Chionididae), Snowy, 
11 

sheath bills, 12, 100 

shells. See eggshells 
shitting forest-mosaic model of 

forestry. 672-673 
shivering, 155, 474, 475 
Shoebill (Balaenicipitidae), 12 
shorebirds 

body shape, 10-11 
brood patches, 454 
classification, 12 
clutch size, 428 
conservation, 294 
egg teeth, 461 
eggs, 425, 427 
eggshells, 437 
incubation behavior, 459 
migration, 275, 289-290, 293 
precocial young, 4 7fl, 4 71 
respiratory system, 147 

Shoveler (Anatidae), Northern, 5, 
165 

Shrike (Laniidae) 
Loggerhead, ]() 1, 174, 404, 636 
!~eel-backed, 637 

shrikes, 166, 173, 240 
siblicide, 480-481, 489-490 
sibling rivalry, 479-482 
sight. Sec vision 
sigmoid curves, 476-477, 536 
silent flight, 81, 84 
silent pet;ods. 231, 232 
Silvereye (Zosteropidae), 594 
silviculture. See torestry 
sink rates, 12+ 
sinks, population, 562, 563, 663. 

(165-666 

Sinornis salltcnsis, 37-38 
Sinosauropteryx, 39 
sinusoid.1l \Vaveforms, 216 
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Siskin (Fringillidae), Pine, 544 
sister popubtions, 575 
site-based conservation, 675-678 
Sittidae, 205 
skeletons. See ,1L,1, bones 

adaptation tor tlight, 6-7, 126, 
133-136 

of lhdwcopreryx, 29, 30 
of birds, 29-30 
development ot~ 426, 454 
of reptiles, 29-30 

Skimmer (R ynchopidae), I3lack, 
11 

skim111crs, 12 
skin, evaporative cooling from, 

162-164 
Skua (Stercorariidae) 

Pomarine, 311 
South Polar, 480 

skuas, 12, 480-481 
s~mlls, 26-27, 30 
skylarks, 216 
sleep, 206 
slope soaring, 125 
slots, 118-119, 120, 121, 132 
slow-wave sleep, 206 
smell, 197-200, 303 
Smew (Anatidae), 70 
snipes, 85, 86, 87 

bill mechanoreception, 19() 
snowcocks, 112 
soaring flight, 124-125 
social behavior, 307-332. See also 

tlocks; spec[flr behdPior 
agonistic, 318-320 
and cognition, 206 
conmmnal roosts, 331-332 
cultural transmission, 208, 

n2-2t3, 597-598 
f"jmilies, 396-397 
t1ocks, 320-331 
gro\\'th and development of, 

493-501 
individual space, 308 
Jeaming skills, 500 
and population size, 550-554, 

557-558 
rank, 314-318 
and speciation, 68, 597-6\lO 
territorial, 309-314 

social calls, 222 

social rank, 314-318 
social selection, 598-599 
solar compass, navigation by, 250, 

297-298, 3U5 
song crystallization periods, 232 
songbirds. See also passerines 

adaptive radiation, 47-48 
altricial young, 470, 471 
brood parasitism, 377 
classification, 12, 74 
as decorations, 649 
development, 454 
dual voices, 22n 
egg teeth, 461 
feather coat, 1 ( lO 
hearing ability, 193 
incubation behavior, 452 
life-history patterns, 18, 504, 

505 
longevity, 510 
oscine, 74 
suboscinc, 74 
vocal development, 229-230 

songs, 217-218. See also 
vocalizations 

and brain, 203, 205, 404 
calls versus, 21 7 
duaL 22n 
duels, 238, 363-364, 599 
duets, 239, 240 
learning, 229-235, 494 
and mates, 238-241 
mimicry, 382-383 
repertoires, 221-222 
whistled versus harmonic, 

218-219 
sonograms, 216, 217, 218, 219, 

220, 226, 23~ 235, 236 
sound. See also vocalizations 

technical tenns describing, 21 n 
sound production, 85, 222-227 
sources, population, 562, 563 
spacing, individual, 308. See also 

territory 
Sparrow (Emberizidae) 

American Tree, 258, 312 
Bachman's, 670 
Field, 644 
Fox, 286, 575, 576 
Golden-crowned, 261, 627 
Grasshopper, 220, 637, 643 

Harris's, 316 
Hemlow's, 562, 671 
Rufous-collared, 265, 551-552 
Saltmarsh, 111 
Savannah, 157, 305, 637 
Song, 216, 233-234, 238. 247, 

505, 512, 567-568, 572, 
575, 585 

Swamp, 231, 232, 233-234, 
238 

Vesper, 63 7, 644 
White-crowned, 107, 170, 173, 

17 4, 231 ' 232, 234-236, 
248-250, 253-255, 258, 
260-261, 263, 264-265, 
286, 289, 295-296, 44n, 
551' 572 

White-throated, 216, 221-222, 
315 

Sparrmv (Passeridae) 
Eurasian Tree, 216, 402 
House, 153, 161, 173, 174, 

186, 250, 401, 405, 440, 
483, 638 

Sparrmv-Lark (Alaudidae), nlack
eared, 434 

Sparrowhawk (Accipitridae), 
Eurasian, 315, 513, 517-518, 
554, 564 

sparrows, 370 
spatial memory, 203-205 
spatial orientation, 204 
Spatuletail (Trochilidae), 

Marvelous, 86 
speciation, 51-53, 571-601 

allopatric, 575-583 
behavior and, 68, 597-600 
by geographical isolation, 52, 

575-583 
by habitat fi·agmentation, 53 
and hybrid zones, 592-597 
and population size, 585-590 

species, 51-53, 52, 571-574. See 
also diversity, of species; 
endangered species; 
populations 

assortative mating and, 
572-573, 598 

biological concept, 52, 572, 
592, 663 

endemic, 20-21 



equilibtium number, 611-614 
hybrids. 591 )-592 
indicator, 564 
"native" versus "nonnati\·e," 

616 
nuclear, 327 
number ot~ 621, ()22-623 
phylogenetic concept, 572, 

SHJ-585 
polytypic, 572, SRS 
rediscovery of, 65 1-(152 
restoration of, o52-657 
by sexual selection, 499 
sub-, 575 
threatened, 637, 650-651 

species diversity. See diversity, of 
species 

speed. See Hight speed 
spem1, 4U9-412 

production, 255 
of songbirds, SLJ 
storage tubules in female, 375, 

41 ()-417 
strucmre, 410-412 

sperm competition, 364-365, 377. 
4J(J-41R 

Spheniscitormes, 12 
Spiderhu nter (Nectariniidae), 

Little, 225 
Spinetail (Fumariidae), White

bellied, 672 
spoonbills, 12, 484, 649 
staging areas, 2S> 1-294 

conservation, 2S14-295 
stalls, 41, 118-119, 120, 1311 
"standard" t1ight feathers, 84-85 
stapes, 26, ()3, 191, 192 
Starling (Stumidae) 

Common, lfl9, 111, 131, 134, 
147, 184, 190, 197. 237, 
241l, 251-252, 297-298, 
32h, 331, 37H-379, 4(14, 
436, 440, 441, 456-459, 
471-472, 474, 534, 616, 638 

Wattled, 330 
starlint,rs, 297, 323 
stars, navigation by, 298-300, 304, 

305-306 
starvation 

climate-related, 512, 542 
of t1edglings, 493 

of ncstlinf,rs, 489 
and polygyny, 371-372 

static clines, 5R7-SH8 
statoliths, 196 
status, socidl, 314-318 
stellar compass, navigation by, 

298-300, 304, 3( 15-3(16 
sternum, 6, 30, 134, 135, 136 
steroid hormones. See sex 

bonn ones 
stigma (stigmata), 409 
stilts, 12 
stomachs, 166-167 
Stone-curlew (I3urhinidae), 

Eurasian, 440 
Stonechat (Turdidae), Eurasian, 

(J! (I 

stooping, 122, Sill 

stopover sites, 291-294 
conservation, 294-295 

Stork (Ciconiidae) 
Ulack, 28(> 
\Xlhite, 407 

storks, 12, 15 
t1ocking behavior, 327 
respiratory system, 147 

Storm Petrd (Hydrobatidae) 
lland-nnnpcd, 265, 268 
Fork-tailed, 658 
Leach's, 199-200, 469, 475 

storm petrels, 12. 178, 186, 1 99 
Stresemann, Erwin, 60 
stress 

cold, 156-158 
heat, 161)-164, 459 
physiological response to, 

257-258, 314, 315, 405 
Sttigidae, 67, 68 
Strigitonncs, 12, 57, 67 
Strouhal number, 129-130 
structural color, 97-98 
Strurhionifom1es, 12 
submission displays, 318-32(1 
subordinate behavior. 314 

in mixed-species Hocks, 
327-32H 

subprecocial hdtchlings, 471 
subsong periods, 232 
subsongs, 222 
subspecies, 575 
succession, old-tldd, 620 
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sugars, in food, 169-170 
sun, navigation by, 250, 297-298, 

JUS 
"sun-arc" model, 297 
Sunbird (Nectariniidae) 

Bronzy, 625 
Golden-winged, 172, 31 0, 625 
Malachite, 625 
Variable, 625 

sunbirds, 172, 625 
Sunbittem (Eurypygidae), 12 
Sungem (Trochilidae), Homed, 

XXI 

sun6>-rebes, 12 
superprecocial hatchlings, 468, 471 
supertrarnps, 607-608 
supracoracoideus muscles, 135, 136 
supracoracoideus tendons, 135 
survivorship 

age-specific, 504, 506-510 
annual, 509-510 
lite tables, 506-510 
and population growth, 

536-537 
and population regulation, 

53H-540 
Sv.rallmv (Hirundinidae) 

American Clitl 260, 330, 331, 
377, 435, 477 

Bank, 496, 497 
Barn, 69, 286, 308, 341. 364, 

407' 483-484 
Gray-rumped, 69 
Northern Rough-winged, 496 
Tree, 171, 269-271, 361, 368, 

441, 478, 519 
svvallo\VS 

binocular vision, 184, 188 
classification, 68-69, 72 
colonial nesting, 330 
eggshells, 421 
eyes, 188 
Hight metabolism, 152 
grmvth rates, 476-4 77 
individual space, 308 
migration, 279, 280 
nests, 68, 331, 436 

S·wan (Anatidae) 
mack-necked, 71 
Mute, 216 
Tundra, 100, 315, 500 
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swans, 12, 100, 227, 360, 421 
S\vift (Apodidae), Common, 122, 

167, 477-478, 483, 491 
Swiftlet (Apodidae) 

Cave, 195 
Edible-nest, 43 

S\viftlets, 195 

switts 
age at first breeding, 51 H 
altricial young, 471 
clas-.ification, 12 
copulation, 412 
feeding of young, 4H4 
flight metabolism, 152 
foot structure, 15 
growth rates, 476, 477 
hypothermia, 159 
mihTfation, 281l 
tail feathers, 87 
toe arrangemt.'nt, 59, 60 
vocalization, 215 

syllables, 217, 226, 233 
sympatry, 573, 578, 579 
synapses, 205-2U6 
syndactyl feet, 60, 61 
syringeal muscles, 224-225 
syrinx. 9, 143, 223-227, 348, 

349 
systematics, 51-75. See c1lstl 

evolution 
biochemical, 63-74 
cladistics, 61-63 
cbssitlcation, 57-58 
names, 53-57 
phylogeny, 57-SH 
speciation, 51-53 
taxonomic character, 58-61 

ractik corpuscles, SH, H9, 195 
tail feathers, 85-86 
tail membranes, 410 
tail vertebrae, 6, 30 
tails, and flight, 131 
T.1nager (Thraupidae). See also 

l'v1ountain Tanager 
Blue-,md-bbck, 32H 
Blue-capped, 328 
Blue-gray, 327 
Golden-collared, 32H 
Plain-colored, 327 

Scarlet, 110-111, 52U, 6llJ, 6()6 
Silver-throated, 32X 
Summer, 666 
Western, 66() 

tanagers, 110-111, 623 
tapetum lucidum, 186 
tarsomctatarsus, 7 
taste, 197-2()0 
taste buds, l 97 
taxon (taxa), 56-57 

endemic, 20-21 
evolution, 47-48 
and phylogeny, 57-.SH 

taxon cycles, 610-611 
taxonomic character, 58-61 . Sec 

also clines; phylogeny 
advanced, 62 
ancestral, 61 
conservative, 58 
derived. 62, 63 
and ecological displacement, 

630-()33 
primitive, 61, (>3 

taxonomy, 54, 56. Sec also 
classitl.cation 

Teal (Anatidae) 
Cinnamon, 434 
Speckled, 43 

teeth, egg, 460-4o 1, 4o9 
telencephalon, 201l, 202 
temperate regions. See climate; 

latitude 
temperature. See also climate; 

climate change; global 
wamung 

and annual gonadal cycks, 
258-259 

temperature regulation, H, 
142-143, 152-164. See also 
body temperature; heat loss; 
heat stress 

and apteria, 11l2 
devdopmcm oi~ 39, 473-475 
and feathers, 95 
during incub~nion, 454-459, 

462-464 
tendons, feet, 7-H, 5H 
teratorns, 42 
tennitaries. 441 
Tern (Laridae) 

Angel, 264, 263 

Arctic, x:..xi, 274, 441 
Common, 425, 471-472 
Forster's, 459 
Least, 187, 419, 459 
Royal, 309, 500 
Sooty, 134, 206, 265, 268, 459 

terns 
binocular vision, 188 
classitl.cation, 12 
clutch size, 526 
color phases, 1 ()() 
as decorations, 649 
dispersal, 585 
eyes, 188 
incubation behavior, 45(1, 459 

migration, 274 
molts, 264, 265 
precocial young, 470, 471, 474 

territorial behavior, 309-314. Sec 
also dominance 

breeding systems and, 371 
costs, 310 
male competition, 342-344 
and monogamy, 360 
and population size. SSO, 

557-558 
songs, 238 

tLTritory, 309. See ,1/so spacing 
and delayed dispersal, 389-39CJ 
size, 311-312 

Tertiary period, 28, 42-48 
testes, 252, 255, 364, 401, 402, 

409-412. See also gonadal 

cycles; gonads 
and spenn competition, 418 

testosterone, 255, 256, 257 
in helpers, 385-386 
and incubating behavior, 447 
and life-history traits, 507 
production of, 410 
and secondary sex traits, 4fl4 
and sex-role reversals, 374 
and sibling rivalry, 480 
and territorial behavior, 558 
and vocal development, 229, 

231 
in yolks, 407 

textures, feather, HO-H2 
thecodonts, 26, 32 
therapsids, 26 
thermal soaring, 124 



thermogenesis, 156 
thermoncutral zones, 155-156 
thermoregulation. See temperature 

regulation 
theropods, 32-35, 39. 92, 143 
thick-knees, 1 H6 
thorax, 133 
Thornbird (Furnariidae), Ruf(ms

fronted, 435 
Thrasher (Mimidac) 

Brown, 226 
California. 174 
Curve-billed, 25H, 476, 477 
Pearly-eyed, 54(J 
Sage, 157 

thrashers, 611 
threat displays, 314, 318-320 
threatened species, 63 7, 650-651. 

Sec also endangered species 
Thrush (Turdidae) 

Bicknell's, 3(19, 632 
Gray-checked, 283, 303 
Hermit, 219 

Swainson's, 303, 632, 673 
Wood, 226, 632 

thrushes, 16R, 170, 1911, 106, 619 
migration, 2HO, 283 

thrust, 116, 120, 125 
thyroxine, 256, 257 
tibia, 27 
tibiotarsus, 7 
Tiger Heron (Ardeidae), Fasciatcd, 

65 
timbre, 219 
time budget, daily, 325 
Tinamifonnes, 12 
Tinamou (Tinamidac) 

Chilean, 400 
Elegant Crested, 44 
Great, 420 
Patagonian, 400 

tinamous. 12, 21, 43, 44, 47, 215, 
369, 414, 42U, 6()7 

tissue-allocation model of grO\vth
rate variations. 471-472 

Tit (Paridae) 
13lue, 315, 319, 340, 341, 360, 

363, 4l)9, 429, 435, 47H, 
487-488, 499, 512, 513, 
516, 628-(129 

Coal, 629-630, 631, 632 

Crested, 173, 62lJ, 630, 631, 

632 
Great, 210, 220, 23H, 319, 42t 1, 

458, 474-475, 479, 484, 
493, 494, 499, 513, 525, 
535, 538, 539, 541-542, 
551, 554-556, 585, 588, 
5911, 628-63(1 

Marsh, 62lJ, 630 
\Villow, 158, 630, 631, 632 

Titmouse (Paridae) 
Bridled. 157 
Juniper, 157 
Tufted, 315, (.JU 

tits 
brains. 205 
ecological displacement, 

631-632 
ecological segregation, 629-6311 
cxploit.nive competition, 

628-629 
tlocking behavior, 327 
foraging behavior, 172, 321 

habitat. 157 
learning. 208 
nests, 440 
seed caching, 205 
territorial behavior, 314 

todies, 12, 53. 160 
Tody (Todid.1c), Puerto Rican, 4() 

toe arrangements, 58-6( ), 6 I 
tone, 216. Sec d!Sll sound 
toll!-,TUeS, 164, J65 

taste buds, 197 
tool usc, 211-213 
torpor, 158-160 
Toucan (Ramphastidac), Toco. 

97 
toucans 

bills, 15, 134 
classitication, 12, 66 
distribution. 21. 22, 622 
and habitat tragmcntation, 667 
speciation, 53, 54, 66 

touch. Sec mechanoreception 
Towhee (Cardinalidae) 

Abert's, 174 
C:alitornia. 174 
Collared, 5 78 
EastL'nl, 620, (JJR 

Spotted, 174, 578 

755 

INDEX 

toxins, ingL'Sted, 168-169. See also 
under human activities 

trabecula (trabeculae), 14, 15 
trachea, 143, 144 

and ~yringeal sound production, 
223-224, 227 

tracking 
radar, 27 4-278 
satellite, 27(1 

tragopans, <J7 
trailing vortices, 129 
transference model of bo\ver 

displays. 357 
T rcc of Life project, 66 
tremblers, (> 11 
Triassic period, 2H 
trills, 21 7 

precopulatory, 221, 238 
triosseal canals, 135, 136 

T rogon (Trogonidae) 
Collared, 411 
Diard's, 165 

Trogonitonnes, 12 
trogons 

altricial young. 471 
classillcation, 12 

distribution, 622 
evolution, 48 
feather color, 9H 
feeding of young, 484 
incubation behavior, 448 
nests, 44fl 

toe arrangement, 60 

trophic levels, 604-606 
Tropicbird (Phaethomid;:n:), 

\Vhite-tailed, 268 
tropicbirds, 12, 345 

Tropics. Sec climate; latitude 
trumpeters, 12, 21 
turacin, 97 
Turaco (Musophagidae), Ross's, 

23, 618 
turacos, 12, 21, 2.3 

distribution, 622 
eggs, -1-22 
fe;lther color, 97 
toe arrangement, 59 

turacoverdin, 97 
turbulence, 81, H4, 129. Sec also drag 
Turkey (Phasianidae), Wild, 81, 

33H, 351-354 
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turkeys 
blood pressure, 150 
domestication, x.xiii 
as food, 648 
gizzard, 5-6 
parthenogenesis, 409 
penises, 414 
reproductive system, 416 
respiratory system, 14 7, 148 

tumover, 609-61 1 
Tumstone (Scolopacidae), Ruddy, 

13. 3Hl 
tympanic membranes, 191, ·192 
tympanitcm11 membranes, intemal, 

224 
Tymnnosar11W rex, 32, 92 
tyrant-tlycatchers, 21, 24, 74. Sec 

a!.Stl Flycatcher 
Tytonidac, 68 

ultimate factors, tor breeding, 258 
ultraviolet radiation, visual 

sensitivity to, xx,:i, lOU, 
189-190 

ultraviolet ret]ectance 
and egg colors, 3HO 
and feather colors, 96, 9H-10U, 

190, 340, 341, 363 
and kin recognition, 598 

umbilicus, infetior, 91 
uncinate processes, 6, 7, 30, 134 
u nder\vorlds, .351-552 
upper critical temperature, 155, 

161 
Upupidae, 63 
uric acid, 176, 426 
urine, 176 
urogenital system, 177 
uroporphyrin III, 97 
uropygial glands. See preen glands 
uterus, 424 

vagina, 424, 425 
vane~. 39, 80, 83-87 
vas deterens, 402, 41U, 411 
vasa efferentia, 410, 411 
"vee" formation, 123 
Veery (Turdidae), 632 
Vfiodmptor, 34 
velocity. See flight speed 
ventilation rates, 147-148 

ventricles, 149 
vertebrates, evolutionary tree o( 

26 
vicariants, 580, 5R I 
Viduinae, 379 
Violetear (Trochilidae), Green, 14, 

616 
Vireo (Vireonidae) 

Bell's, 383 
Black-capped, 383, 664 
Red-eyed, 614 
Warbling, 435, 574 
White-eyed, 624 
Y ellmv-green, 400 

vireos, 443, 619 
vision. 1 R4-l lJO 

color, 9, 189-1911 
visual communication. Sec displays 
visual landmarks in navigation, 

296-297 
vitellin, 406 
vitelline membranes, 406, 419 
vitreous humor, 185, 186 
vocabularies, 221-222 
vocalizations, 9, 215-242. See also 

songs 
central nervous system, 

227-229 
dialects. 235-237 
dual, 226 
duels, 238, 363-364, 599 
duets, 239, 24(.1 
by embryo, 456, 460, 462, 4 78 
learned. 229-235 
mimicry, 237-238, 478 
physical attributes, 215-221 
production by syrinx, 9, 

222-227 
songs and mates, 238-24 1 
territorial, 309 
vocabularies, 221-222 

von Meyer, Hermann, 28 
vortex (vortices) 

leading-edge, 130 
ring, 129 
trailing, 129 

Vulture (Accipitridae) 
Bearded, 166 
Egyptian, 208 
GritTon, 268 
Ruppell's, 281 

Vulture (Cathartidae) 
l3lack, 131, 132 
Turkey, 132, 144, 158, 199, 

216, 297, 638 
vultures 

bJistles, 88 
crop structure, 168 
tlight, 124 
New World versus New 

World, 12 
pollution, 645, 656-657 
sense of smell, 197 

W sex chromosomes, 27, 381, 
401-402 

wading birds, 1 0, 12. Sec also 
shorebirds 

Wagtail (Motacillidae), White, 
210, 380, 542 

vvagtails. 19 
Warbler (Parulidac) 

American Yellow, 384 
Audubon's, 582, 583, 591 
Bachman's, 672 
Bay-breasted, 620 
Black-cheeked, 32R 
Black-throated Blue, 278, 401, 

512, 515, 552-554, 558 
Black -throated Green, 62U-621 
13lackburnian, 619, 620 
Blackpoll, 21 R, 282-283, 288, 

289 
Blue-winged, 314, 563, 501, 

595-597 
"Brewster's," 591, 596-597 
Cape May, 620 
Cerulean, 562 
Chestnut-sided, 542 
"Cincinnati," 591 
Golden-cheeked, (J41 
Golden-winged, 105, 591, 

595-597. 638, 644 
Hermit, 5lJ4, 595 
Kentucky. 591, 62-t, 666 
Kirtland's, 383-384, 540, 670 
"Lawrence's," 591, 596-597 
Mourning, 673 
Myrtle, 582, 583, 591 
Swainson's, 672 
Tennessee, 105 
Tov,rnsend's, 594, 595 



\Vilson's, (J24 
Worm-eating, 666 
Yellmv-rumpcd, 171,411,516, 

58 1-5R2, 583, 585, 620 
Warbler (Sylviidae) 

Aquatic, 412 
Arctic, 279 
Darttord, 287 
Garden, 2.1 I, 287, 298, 380 
Grasshopper, 226 
Greenish, 583, 584 
Marmora's, 287 
Marsh, 237-238 
Sardinian, 287 
Seychelles, 38<), 4tJ8, 449 
Subalpine, 287 
Willow. 261, 287 

warblers 
breeding systems, 37t I 
far reserve-;, 173 
t1ocking behavior, 327 
foot structure, 18 

\Vasre products, 148, 426. Se€' a/.'lll 
feces 

\Vater 
metabolic, 17 4-17 5 
transported in feathers, 81, 82 
use in keeping eggs cool, 459 

w.1ter birds, 12, 45. Sec alsl1 

waterfowl 
\Vater economy, 160-164 
\Vater exchange, in egg~. 421, 

426 
water holes, 175, 176 
\Vdter loss 

trom eggs, 421, 446 
during heat stress, l(ll-164 

\Vatertowl. See also water birds 
absence of brood patches, 45h 
age at first breeding, 518 
breeding systems, 377 
classitication, 12, 70-71, 72 
clutch size, 428, 516 
communal roosting, 331 
conservation, 559, 561, 681 
diseases, 54 7 
d0\VI1, 1()8 

eggs, 262 
t1ightless, 137 
hatching, 4(12 
nests. 434 

penises, 4 14-416 
precocial young, 470, 483 
wetlands ~md, 541 

Waterthrush (Parulidae), Northern, 
295 

wattles, 163, 404 
wax 

as food, 170-171 
and preening, ltl2, 103 

Waxbill (Estrildidae), Common, 
174 

WaX\ving (Bombycillidae), Cedar, 
82, 170, 469, 477 

\VJX\Vings, 21 
weather. See climate 
Weaver (Ploceidae) 

Cuckoo, 382 
Dark-backed, 371 
Golden-backed, 371 
Sociable, 43, 445 
Village, 442, 443-444 
Vitelline Masked, 380 

weavers 
breeding systems, 371 
nests, 432, 442 
respiratory system, I 4 7 

vvcight. Sec also body mass 
lean dry, 472 

West Nile virus, S47-S49, 644 
\Vestern Hemisphere Shorebird 

Reserve Net\vork, 275, 294, 
676 

\vetlands, 541, 559, 640, 681 
Wheatear (Muscicapidae), 

Northern, 27<.J, 610 
Whimbrel (Scolopacidae), 469 
Whinchat (Muscicapidae), 380 
Whip-poor-will (Caprimulgidae), 

88, lt16 
\vhistled songs, 21 8 
White-eye (Zostcropidae) 

Reunion Gray, 5~9-590, 609 
Reunion Olive, 609 
Slender-billed, 594 

\vhite-eyes, 3t 18, 58~-Sl-)9, 609 
\Vhite muscle fiber, 137 
whitcstarts, 328 
whydahs, 382 
\Vidmvbird (Pioceidae), Long

tailed, 343-344 
Wild Bird Conservation Act, 630 

\Villet (Scolopacidae). 461 
v • .rind 

INDEX 

and migration, 281, 282-283, 
291 

and thennoregularion, 154 
wing loading, 131-132 
wmgs 

beat rates, 127, 129-130, 147 
of llightless birds, 138-139 
t1ipperlike, 15, 17 
form and function, 6, 7 
shapes, 15, 17, 131-133 
sizes, 131-133 
structural diversity, 10 

wintering sites. See migrations 
'"''ishbones. See furcula 
\},T ood Hoopoe (Phoeniculidae), 

Green, 391-392 
wood hoopoes, 12, 63 

distribution, 623 
preen glands, 102 

Vv' ood Pe\vee (Tyrannidae), 
Eastern, 666 

\vood warblers 
distribution, 21 
hybridization, 590 
migration, 274, 28tl, 512 
plumage patterns, 1 U6 

V./ oodcoc k (Scolopacidae) 
American, 84, 1 ~4, 638, 644-
Eurasian, 11 

v.;oodcocks, 15, I 06, 185 
binocular vision, 185 
egg teeth, 461 
migration, 280 

\Voodcreepers 
dominance hierarchies, 317 
flight muscles, 136 
nests, 436 
tail feathers, 87 

Woodpecker (Picidae) 
Acorn, 173, 312, 376, 388, 

J<Jl 

American Three-toed, 441 
Black-backed, 441, 67U 
Downy, 5(J, 57, 161, 162. 327, 

441, 581 
European Crecn, 131 
Cila, 43.3 
Great Spotted, 45 
Hairy, 56, S7. 441 
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Woodpecker (Picidae) (coutitwed) 
Ivory-billed, 636, 642, 

651-652, 653. 672 
Pilcated, 441, 51 .5, 606, 642 
Red-cockaded, 391, 540, 606, 

670 
White-backed, 541 
White-headed, 165 

woodpeckers 
altricial young, 470, 47 t 
brains, 200, 505 
breeding systems, 376 
bristles, 88 
classification, t 2, 56-57 
and communities, 61l6 
distribution, 619 
egg teeth, 461 
eggs, 425 
evolution, 45 
eyes, 187 
t1ocking behavior, 327 
toot stmcture, 18, 59 
incubation behavior, 448, 

452 

nest sanitation, 44(> 
nests, 440, 441 
tail feathers, 85, 86, 87 
tongues, 196 

Wren (Troglodytidae) 
Bewick's, 235, 236, 636 
Cactus, 258, 435, 445-446 
Canyon, 221 
Carolina, 235, (l24 
House, t 74, 484, 489, 585, 

586, 611 
Marsh, 221, 229, 371, 442, 

574, 599 
Rock, 174 
Sedge, 221 
Winter, 221, 581, 585, 673 

wrens 
breeding systems, 370, 515 
classification, 74 
nests, 442 
vocalization, 216, 221 
vvings, 1 5, 133 

\Vrynecks, 12 
\vulst, 2! l3 

xcnobiotics, 644-64.5 

Yellowthroat (Parulidae), 
Common, 673 

yolk sacs. See vitelline membranes 
yolks, 405-407, 419, 426, 428, 

468, 470, 490 
young, 467-502. Sec also age; 

juveniles; learning; nestlings; 
parental care 

cooperative breeding, 387-388 
feeding ot~ 484-485 
hatching, 460-462 
marginal, 490 
quality, 363-364 
recognition of and by parent, 

496 
sex o( 407-409 

Z sex chromosomes, 27, 401-402 
Zci(f?ebcrs, 250 
ZHJ!Illlrllhe behavior, 260, 284. 

286-288, 297 
zygodactyl feet, 59, 61 
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