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We dedicate this book to the millions of plant, animal, and micro-
bial species we share this small planet with, and to our own species,
Homo sapiens, who first walked on Earth some 195,000 years ago and
struggled to survive over the millennia to become the magnificent and
extraordinarily powerful beings we are today.

May we have the wisdom, and the love for our children and all
children to come, to use that power to save the indescribably beautiful

and precious gift we have been given.
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FOREWORD

cologists have long used the metaphor of the canary in the mine to caution

humanity. Like the delicate little birds once carried into coal mines follow-

ing explosions or fires in order to detect poisonous gases, some sensitive

plants and animals around us, by virtue of their sickness and dying, give
early warning of dangerous changes in our common environment. The masterful
presentations in Sustaining Life: How Human Health Depends on Biodiversity docu-
ment beyond reasonable doubt that we ourselves are at risk of becoming a canary in
today’s world. In myriad ways humanity is linked to the millions of other species on
this planet. What concerns them equally concerns us. The more we ignore our com-
mon health and welfare, the greater are the many threats to our own species. The
better we understand and the more we rationally manage our relationship to the rest
of life, the greater the guarantee of our own safety and quality of life.

Sustaining Life helps to fill a large and relatively unoccupied niche in environ-
mental literature. Most people understand very well the dire effects of toxic pollution
on their health. They also know that the ozone hole in the upper atmosphere is not a
good thing, and that global warming, destruction of forests, and depletion of fresh
water reserves are serious global threats. What has been harder to grasp, not only
by the general public but also by most scientists, is the profound influence biodiver-
sity has on human well-being. The reason is the prevailing world view that health is
largely an internal matter for our species, and, with the exception of domesticated
species and pathogenic microorganisms, the rest of life is something else.

The theme of Sustaining Life, in contrast, is that biodiversity matters profoundly
to human health, and in almost every conceivable way. The mismanagement and
destruction of species and ecosystems ongoing around the world mindlessly, and
needlessly, lower the quality of the planet’s natural resources, destabilize the physi-
cal environment, and can hasten the spread of human infectious diseases and the
invasive enemies of the crops and forests on which our lives depend. There has been
only a minimal effort to reverse this trend. In addition, bioprospecting, the explora-
tion of biodiversity in order to open its mother lode of new pharmaceuticals, is still
largely neglected and rudimentary. Little attempt has been made to utilize natural
biodiversity to enhance public health. These various shortcomings produce the great-
est burden for the developing countries, where 8o percent of humanity lives and most
health crises erupt.

The shift in world view recommended by the authors of Sustaining Life is predi-
cated on the increasingly obvious principle that humanity, having evolved as part of
the web of life, remains enmeshed within it. We do not float above the biosphere in
some higher spiritual or technoscientific plane. Life swarms around us, and even in
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us: Most of the cells in our bodies are not human but bacterial; more than 700 species
live within our mouths alone, a specialized community that helps prevent the inva-
sion of pathogen species. An estimated four million bacterial species occur in a ton of
fertile soil, comprising ten billion or so organisms to each gram of weight. Although
invisible, the collectivity of these organisms in soil and elsewhere is vital to our con-
tinued existence. Similarly, while a few thousands of the millions of insect species in
the world afflict us as pests and disease carriers, we depend on the rest for our very
lives. If beneficial insects did not flourish, most of the land ecosystems of the world
would collapse and a good part of humanity would perish with them.

For many reasons, not least our own well-being, we need to take better care of
the rest of life. Biodiversity, the authors of Sustaining Life argue with compelling
urgency, will pay off in every sphere of human life, from medical to economic, from
our collective security to our spiritual fulfillment.

Edward O. Wilson



PROLOGUE

ne of the main reasons the world faces a global environmental crisis is

the belief that we human beings are somehow separate from the natu-

ral world in which we live, and that we can therefore alter its physical,

chemical, and biological systems without these alterations having
any effect on humanity. Sustaining Life challenges this widely held misconception
by demonstrating definitively, with the best and most current scientific information
available, that human health depends, to a larger extent than we might imagine, on
the health of other species and on the healthy functioning of natural ecosystems.

Biological diversity—the variety of life on Earth—is at the heart of our efforts
to relieve suffering, raise standards of living, and achieve the U.N. Millennium
Development Goals (a set of eight goals adopted by U.N. member nations for the year
2015 to promote human health and well-being around the world—they range from the
goal of halving extreme poverty and hunger, to ensuring environmental sustainabil-
ity. to combating HIV/AIDS, malaria, and other diseases). We cannot do without the
countless services provided by biodiversity: pollinating our crops; fertilizing our soils
with nitrogen, phosphorus, and other nutrients; providing millions of people with
livelihoods, medicine, and much else. Advances in medicine, including treatments for
currently untreatable diseases, would not be possible without the powerful pharma-
ceuticals derived from plants, animals, and microbes or without the knowledge gained
from other species in biomedical research. We must conserve and sustainably use this
pillar of human life. Yet biodiversity is declining at an unprecedented rate and is woe-
fully underappreciated as a resource and as an issue meriting high-level attention.

This publication is an attempt to help the world change course. I applaud the
Center for Health and the Global Environment at Harvard Medical School for
assembling the international scientific team, from developed and developing coun-
tries alike, that produced this seminal work. I am delighted that this educational
effort is also the product of close cooperation with a number of U.N. agencies, includ-
ing the Secretariat of the Convention on Biological Diversity, the U.N. Environment
Programme, and the U.N. Development Programme.

Written in straightforward, nontechnical language that any reader can under-
stand, Sustaining Life is meant to educate and inform. But it also aims to convey a
sense of urgency around the issue and, ultimately, to convince policy makers and
the public that our future health and prospects—indeed, our very lives—depend on
addressing this challenge with all our creativity and will, so that we do not deprive
future generations of the opportunity to benefit from Nature’s wealth.

Koft Annan
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PREFACE

dward O. Wilson once said about ants, “We need them to survive, but they

don't need us at all.” The same, in fact, could be said about countless other

insects, bacteria, fungi, plankton, plants, and other organisms. This fun-

damental truth, however, is largely lost to many of us. Rather, we humans
generally act as if we were totally independent of Nature, as if we could do without
most of its creatures and the life-giving services they provide, as if the natural world
were designed to be an infinite source of products and services for our use alone and
an infinite sink for our wastes.

During the past fifty years or so, for example, our actions have resulted in the
loss of roughly one-fifth of Earth’s topsoil, one-fifth of its land suitable for agricul-
ture, almost go percent of its large commercial marine fisheries, and one-third of its
forests, while we now need these resources more than ever, as our population has
almost tripled during this period of time, increasing from 2.5 to more than 6.5 billion.
We have dumped millions of tons of chemicals onto soils and into fresh water, the
oceans, and the air, while knowing very little about the effects these chemicals have
on other species or, in fact, on ourselves. We have changed the composition of the
atmosphere, thinning the ozone layer that filters out harmful ultraviolet radiation,
toxic to all living things on land and in surface waters, and increasing the concen-
tration of atmospheric carbon dioxide to levels not present on Earth for more than
600,000 years. These carbon dioxide emissions, caused mainly by our burning fossil
fuels, are unleashing a warming of Earth’s surface and of the oceans and a change in
the climate that will increasingly threaten our health and the survival of other spe-
cies worldwide. And we are now consuming or wasting or diverting almost half of all
the net biological production on land, which ultimately derives from photosynthesis,
and more than half of the planet’s renewable fresh water.

We are so damaging the habitats in which other species live that we are driv-
ing them to extinction, the only truly irreversible consequence of our environmental
assaults, at a rate that is hundreds to even thousands of times greater than natural
background levels. As a result, some biologists have concluded that we have entered
what they are calling “the sixth great extinction event,” the fifth having occurred
sixty-five million years ago when dinosaurs and many other organisms were wiped
out. That event was most likely the result of a giant asteroid striking Earth; this one
we are causing.

Most disturbing of all, as a result of all of these actions taken together, we are dis-
rupting what are called “ecosystem services,” that is, the various ways that organisms,
and the sum total of their interactions with each other and with the environments in
which they live, function to keep all life on this planet, including human life, alive.

XI



XII

PREFACE

We have done all these things—our species, Homo sapiens, one species out of
perhaps ten million on Earth, and maybe even many times more than that, behaving
as if these alterations were happening someplace other than where we live, as if they
had no effect on us whatsoever.

This heedless degradation of the planet is driven by many factors, not the least
of which is our inability to take seriously the implications of our rapidly growing
populations and of our unsustainable consumption of its resources, largely by peo-
ple in industrialized countries, but increasingly by those in the developing world.
Ultimately, our behavior is the result of a basic failure to recognize that human beings
are an inseparable part of Nature and that we cannot damage it severely without
severely damaging ourselves.

This book was first conceived in 1992 at the Earth Summit in Rio de Janeiro,
when the largest collection of world leaders ever assembled until that time, along with
tens of thousands of concerned policy makers, scientists, environmentalists, and oth-
ers, gathered to set ambitious goals for controlling global climate change and for con-
serving the world’s biological diversity. What we recognized then, and what is even
more widely apparent now, is that, in contrast to the issue of global climate change,
which has seen significant attention paid to the potential consequences for human
health, with chapters devoted to this topic in all the major international reports, the
same has not been true for the issues of species loss and ecosystem disruption.

This general neglect of the relationship between biodiversity and human health,
we believe, is a very serious problem, for not only are the full human dimensions of
biodiversity loss failing to inform policy decisions, but the general public, lacking an
understanding of the health risks involved, is not grasping the magnitude of the biodi-
versity crisis and not developing a sense of urgency to address it. Tragically, aesthetic,
ethical, religious, even economic arguments have not been enough to convince them.

To address this need, the Center for Health and the Global Environment at
Harvard Medical School proposed that it coordinate an international scientific effort
to compile what was known about how other species contribute to human health,
under the auspices of the United Nations, and to produce a comprehensive report
on the subject. Happily, the U.N. Environment Programme, the U.N. Development
Programme, and the Secretariat of the Convention on Biological Diversity agreed
to co-sponsor this project, and at a later time, the International Union for the
Conservation of Nature and Natural Resources joined them. The result is this book,
Sustaining Life: How Human Health Depends on Biodiversity.

We have focused much attention in Sustaining Life on seven groups of organ-
isms in order to illustrate what their loss and, by extension, the loss of countless other
organisms mean for human health. We have focused particular attention on amphib-
ians, which are among the most threatened of any group of organisms on the planet,
with almost one-third of some 6,000 known species in danger of extinction, and more
than 120 believed to have already gone extinct in the past few decades. There is no
evidence in the fossil record that such a high rate of extinction among amphibians,
which have been on Earth for more than 350 million years, has occurred in the past,
so it is believed that this loss is a new, and human-caused, phenomenon.

We have given many examples in the book of how amphibians contribute to
human medicine—from the vitally important chemicals they contain that may
lead to new pain killers and drugs to treat high blood pressure, to the central roles



they have played, and continue to play, in
biomedical research. Amphibians may, for
example, help us figure out ways to prevent
bacteria from developing resistance to our
antibiotic treatments, a rapidly escalating
phenomenon that is causing great alarm
among physicians as they struggle to keep
one step ahead of their patients’ infections.
We provide here yet another example to
help the reader understand the magnitude
of our loss with a loss of amphibians:
Gastric brooding frogs (Rheoba-
trachus vitellinus and R. silus), the only
amphibians known to raise their young

in their stomachs, were discovered in
the 1980s in undisturbed rainforests in

Southern Gastric Brooding Frog (Rheobatrachus silus). Tadpole being delivered from mother’s
stomach. (© Michael ). Tyler,) Australia. The female swallows her fertil-

ized eggs, which then hatch in her stom-

ach. When the hatchlings become fully developed tadpoles, they are “delivered” to
the outside world, propelled by their mother’s vomiting, where they continue their
development into adult frogs.

The stomachs of all vertebrate species, including frogs, contain cells that secrete
acid and enzymes such as pepsin to begin the process of digesting food. There are also
compounds that stimulate emptying of the stomach so that its contents can be moved
along into the small intestine where further digestion takes place. The ingestion of
food triggers the release of these compounds. Preliminary studies with gastric brood-
ing frog tadpoles demonstrated that they secrete a substance, or substances, that both
inhibits acid and pepsin secretions and prevents stomach emptying so that they do
not end up being digested by their mother. But these studies, which might have led to
important new insights for treating human peptic ulcers, a disease that affects more
than twenty-five million people in the United States, could not be continued because
both species of Rheobactrachus became extinct.

Scientists with expertise in a wide range of disciplines, from industrialized and
developing countries alike, have been involved in putting this book together. We have
done so because we are convinced that it can help people understand that human beings
are an integral part of Nature, and that our health depends ultimately on the health of
its species and on the natural functioning of its ecosystems. We have done so because
all of us hope that our efforts will help guide policy makers in developing innovative
and equitable policies based on sound science that will effectively preserve biodiver-
sity and promote human health for generations to come. And we have done so, finally,
because we all believe that life on Earth is sacred and that we must never give up in try-
ing to preserve it, and because we all share the conviction that once people recognize
how much is at stake with their health and lives, and with the health and lives of their
children, they will do everything in their power to protect the global environment.

Eric Chivian, M.D.
Aaron Bernstein, M.D.
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NOTES FOR READING

ommon names for species are capitalized throughout the book, so that
it is clear, for example, that we are talking about the species called the
Green Frog, rather than just any green frog.
The term “bacteria” is capitalized when it refers to the domain
Bacteria, one of the three major categories of life in the three-domain model (the other
two are the Archaea and the Eukarya). Any general member or members belong-
ing to the domain Bacteria are referred to as lowercase “bacterium” or “bacteria,”
respectively.

Latin names are given in parentheses after the common species names and are
in italics, as in Green Frog (Rana clamitans). Common names can differ markedly
by region and by country.

Weights and measures are generally given in both U.S. and metric amounts.
Which one comes first is determined by which units were used for the original
statistic.

Suggested readings are given at the end of each chapter, along with relevant
websites, for those wishing to explore subjects in greater depth. We chose readings
that are easily available online or in bookstores or libraries.

Scientific references from the peer review literature, for those wishing to consult
primary sources, are given in a separate reference section at the end of the book, chap-
ter by chapter, with those cited in the text listed first by number, in the order they are
cited, followed by other references that have been consulted, in alphabetical order.

Because we needed to cover an enormous range of subject areas in order to pro-
vide a comprehensive examination of the dependency of human health on biodiver-
sity, we have asked a number of experts to write sections for some of the chapters to
complement and enrich the work of the chapter authors. In addition, large portions
of the volume have been peer reviewed by leading figures in their respective fields.
Contributing authors and peer reviewers are identified at the end of the book, by
chapter.

The reader may notice that there is some repetition in the chapters of key con-
cepts, for example, about the impacts of global climate change on biological systems.
This has been deliberate, because we expect that most people will read chapters indi-
vidually rather reading the book from cover to cover. As a result, we wanted each
chapter to be able to stand on its own.

Finally, we have tried to stay away from technical terms and concepts, because
our goal has been to make the information contained in this book understandable to
all. When such terms are used, we have provided definitions immediately after them,
rather than in a separate glossary.
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NOTES FOR READING

Sustaining Life was certainly written for scientists, physicians, and public health
professionals who need to understand the fundamental connections between human
health and Nature. We hope they will use it in their research, their teaching, and in
their practice of medicine. But it was primarily written for the general reader and for
policy makers, so that they could appreciate what we are in danger of losing with a
loss of biodiversity. Ultimately, it is they who will determine whether or not humans
are successful in protecting the natural world.
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This is the token of the covenant which | make between Me and you
and every living creature that is with you, for perpetual generations
. and the bow [rainbow] shall be in the cloud; and | will look
upon it, that | may remember the everlasting covenant between
God and every living creature of all flesh that is upon the earth.

—GENESIS 9116

There is not an animal on the earth nor a being that flies on its
wings, but [forms part of] communities like you.

—KORAN (QUR'AN) 6:38

All this world is strung on me like jewels on a string. | am the taste
in the waters, the radiance in the sun and moon, the sacred syllable
Om that reverberates in space, the manliness in men. | am the
pleasant fragrance in earth, the glowing brightness in fire, the life
in all beings.

—BHAGAVAD GITA VII:7—9

My love to the footless, my love to the two-footed, my love to the
four-footed, my love to the many-footed . . . All sentient beings,
all breathing things, creatures without exception, let them all see
good things, may no evil befall them.

—"“GRADUAL SAYINGS” OF THE BUDDHA

XXIII
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CHAPTER 1

WHAT IS
BIODIVERSITY?

Stuart L. Pimm, Maria Alice S. Alves, Eric Chivian, and Aaron Bernstein

(Ieft)

Various Beetle Species Mostly from the
Genus Lebia. There are some 350,000
described beetle species (comprising
about 40 percent of all known insects),
a number that is six times greater
than all the vertebrate species that
have been identified. (From C.G.
Champion, Biologia Centrali-Americana;
or Contributions to the Knowledge of the
Fauna of Mexico and Central America,
Vol. 1, Part 1, Insecta. Coleoptera, table
10 (Frederick Du Cane Godman and
Osbert Salvin, editors), R.H. Porter and
Dulau and Company, London, 1881—
1884. From the collections of the Ernst
Mayr Library, Museum of Comparative
Zoology, Harvard University.)

Although there is substantial controversy about the circumstances in
which it was said and about the exact wording of the original remark,
J.B.S. Haldane, one of the most prominent and brilliant evolutionary
biologists of his time, when asked what one could conclude about the
Creator from studying His work, is reputed to have said, “He had an
inordinate fondness for beetles.”

iological diversity, or biodiversity for short, is the variety of life on
Earth—its genes, species, populations, and ecosystems. Human actions
that have degraded land, bodies of fresh water, and the oceans have
already caused biodiversity to decline sharply, and even greater losses are
expected if humanity continues its current unsustainable use of natural resources.
Although such activities as the release of greenhouse gases have exacted heavy, and
in some cases potentially catastrophic, tolls on the global environment, the loss of
biodiversity is the only truly irreversible consequence of environmental degradation.
When a gene, a species, a population, or an ecosystem is lost, it is gone forever.

When considering the loss of biodiversity, species loss has become the most
widely used measure. The subject of biodiversity loss is, however, broader and more
complex than this, because there is diversity at other levels of organization as well.
For example, genetic diversity exists among members of an individual species, and
a species can lose some of this diversity when local populations are lost even though
the species itself has not gone extinct. There is also diversity at higher levels, above
the species level, in the genera (the plural of genus), families, orders, classes, phyla,
and kingdoms to which species belong, and in the types of ecological communities, or
ecosystems, they are a part of. A loss of diversity, or in function, at any one of these
levels may be independent of such losses at another level. For example, an ecosystem
may shrink dramatically in area and lose many of its functions, even though all of its
constituent species may manage to survive.

This chapter provides an overview of the current status of the world’s biodiver-
sity. It is intended to provide a baseline for the chapters that follow that will, in turn,
examine some of the threats to biodiversity, the ways we depend on it, and how our
health and our lives may be endangered by its loss.



WHAT
IS A
SPECIES?

For the purposes
of this book, a gene
will be defined as the
fundamental molecular
unit of heredity; a species

as a group of organisms
that has a distinctive set of
characteristics (e.g., physical
appearance, genes, and behav-
ior) that can be used to distinguish
them from other organisms; a popu-
lation as a group of organisms from
the same species living in a particular
area; and an ecosystem as a collection of
different species, the physical environment

in which they live, and the sum total of their
interactions.

The standard definition of a species is based on
the ability of members of the same species, under
natural conditions, to mate and produce fertile
offspring, whereas members of different species
cannot. So even though horses and donkeys can
mate and produce mules, they are considered to
be different species, because the mules are sterile.
But this definition is meaningless for species that
reproduce asexually. How can we tell them apart?
And how can we determine, even for those species
that reproduce sexually, which is which, if we know
little about their reproductive habits, which is usu-
ally the case? Most species are known from only
one or, at most, a few individuals, or from only one
location.

Different species generally have different
appearances and behave in different ways. But such
differences may be too subtle to decipher, as is
seen in the case of Neotropical Skipper Butterflies

Kingdom Plantae
(plants)

+_275,000 species

Less specific

Phylum Tracheophyta
(vascular plants)

+-250,000 species

Class Angiospermae
(flowering plants)

+_235,000 species

Order Rosales
(roses and

their allies)
+_18,000 species

Family Rosaceae

*_ 3,500 species

Genus Rosa

*_500 species

Species Rosa gallica

Moss rose

Figure 1.1. Classification of the Moss Rose (Rosa gallica) by
Species, Genus, Family, Order, Class, Phylum, and Kingdom.
Starting with kingdom, one can remember these categories in
descending order by the mnemonic “Kings Play Chess On Fancy
Glass Stools.” (From Purves et al., Life: The Science of Biology,
4th ed. © 1995 Sinauer Associates, Inc.)

(see figure 1.3). And in these cases, we have come
to rely on molecular methods, which have made it
possible to analyze the unique genetic composi-
tions of different species and, by this means, to
distinguish between them (see “The Microbial
World” in this chapter for a description of these
methods). The reader should understand, how-
ever, that the science of identifying species is not
at all clear-cut, that even within the same spe-
cies, there is a diversity of genotypes (the genetic
composition of an individual) and phenotypes
(the observable traits and behavior of an organ-
ism), and that this diversity is in a state of con-
stant flux, as organisms evolve in response to their
environments.

SUSTAINING LIFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



Carl Linnaeus Dressed as a Laplander
After Returning from Lapland in
Northern Sweden. ~1735-1740. (Mez-
zotint engraved by H. Kingsbury after
Martin Hoffman. In the Public Domain
http://www.ucmp.berkeley.edu/
history/linnaeus.html.)

BOX 1.2

CARL LINNAEUS

We owe a great debt to the Swedish botanist and physician Carl Linnaeus,
also known as Carolus Linnaeus or Carl von Linné, who in the mid-eigh-
teenth century devised an ingenious way of using Latin names to iden-
tify individual species, which is the method that scientists still use today.
Linnaeus first named the genus with an initial capital letter, for example Acer,
and then the species, all in small letters, for example, saccharum, as in Acer
saccharum (Sugar Maple) or as in our species, Homo sapiens. Geographical
variants of species, also called subspecies, are often described by a third
name, as well, for example, Pan troglodytes troglodytes, a subspecies of the
Common Chimpanzee from West—Central Africa that is believed to be the
original source of the HIV/AIDS virus (as discussed in chapters 6 and 7).
When the genus has already been mentioned or when it is clear which
genus is being considered, it is often abbreviated, as in A. saccharum. If
one is talking about an organism or organisms but knows only the genus,
the convention is to name the genus, followed by an abbreviation for spe-
cies, as in Acer sp. or Acer spp. Some genera, such as Anopheles mosqui-
toes, have special two-letter abbreviations (in this case An.) so that they are
not confused with their close cousins, the Aedes mosquitoes (abbreviated
A. or Ae.). An. gambiae (Anopheles gambiae) is the most deadly carrier of
malaria in Africa today, whereas Ae. aegypti (Aedes aegypti) is the main car-
rier of dengue fever and yellow fever viruses.

In formal usage, the Latin name is followed by the name of the tax-
onomist who described it. When it is followed by L., it indicates that the
name was given by Linnaeus. Taxonomists are scientists who classify and
group organisms into hierarchical categories called taxa (singular taxon),
such as their genus and species, or the family, order, class, or phylum to
which they belong.

This system has allowed for worldwide recognition of particular spe-
cies, which may have many different common names in different coun-
tries and in different languages. A species’ Latin name will be written in
italics in this book.

WHAT IS BIODIVERSITY?
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The Relatedness of Life

ne way to assess the breadth of biodiversity is to make a family tree for

all life on Earth. Such a tree, as is illustrated in Ernst Haeckel's extraordi-

nary figure published in 1866 (figure 1.2), gives a sense both for the total
variety of life known at that time and for how organisms were thought to be related
to one another. Published only seven years after Darwin’s Origin of Species (Haeckel
dedicated his book to Darwin, as well as to Wolfgang Goethe and Jean Lamarck),
Haeckel's book, Generelle Morphologie der Organismen, drew upon Darwin’s theory
of evolution and related Haeckel's own ideas about how various life forms evolved
from shared common ancestors.

Our newfound ability to compare genes from different organisms has revolution-
ized the construction of such a tree and, as a result, our appreciation of biodiversity.
This revolution has come about primarily on two fronts. The first involves the orga-
nization of the broadest groupings of life, which was what Haeckel did. The second
deals with how best to define a species, especially species of microbial organisms. In
most basic biology courses, life is still grouped into one of five kingdoms: Animals,
Plants, Fungi, Protists (the simplest of the eukaryotes, the name for those organisms
whose cells have nuclei), and Monera (which are prokaryotes, or one-celled organ-
isms without nuclei or other membrane-enclosed organelles such as mitochondria or
chloroplasts). Haeckel's classification scheme was essentially the same—Animalia,
Plantae, and Protista were the three main branches, with Monera defined as pro-
tists, and Fungi as plants. But in contrast to the five-kingdom model first devised by
Robert H. Whittaker in 1969,' Haeckel's did not distinguish between prokaryotic and
eukaryotic organisms. The ability to recognize the fundamental differences between
these two groups was an outgrowth of increasingly sophisticated microscopes,
unavailable to Haeckel.

Both the five-kingdom model and Haeckel’s categorize organisms mainly by
their observable form and component parts, or their phenotype, a way of classifying
living things that is now being complemented, by many scientists, with methods that
put greater emphasis on an organism’s genes. This conceptual change has come about
from a recognition that different organisms may look the same but, in fact, have strik-
ingly different genetic compositions that serve to identify them as separate species
(figure 13). It has also resulted from a realization that the traditionally defined king-
doms do not represent equal divisions of life—some kingdoms may be more closely
related than others. For instance, the genetic evidence shows that animals, plants,
fungi, and protists are all more closely related to one another than any one of them is
to the prokaryotic Monera.

Another configuration of the Tree of Life with greater fidelity to these genetic
distinctions was first proposed by Carl Woese in 199o. Woese’s tree has three
major branches: Eukarya, Archaea, and Bacteria (figure 1.4). This model, which
has found growing acceptance among scientists, represents a major shift from the
traditional division of living things into five kingdoms, grouping all life instead
into these three branches, known as domains. The three-domain map illustrates
that most genetic diversity is likely to be found among the microbes; that, in evo-
lutionary terms, vascular plants (e.g., corn from the genus Zea), fungi (e.g., the
genus Coprinus belonging to the mushroom family, the Coprinaceae, known as the
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Figure 1.2. Ernst Heinrich Philipp August Haeckel’s Tree of Life. (From his Generelle Morphologie der Organismen. G.
Reimer, Berlin, 1866. Boston Medical Library in the Francis A. Countway Library of Medicine.)
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Figure 1.3. The Caterpillars of Ten Different Butterfly Species Comprising What Was Originally Thought to Be One Species—the
Neotropical Skipper Butterfly (Astraptes fulgerator). Years of morphological study, combined with DNA bar-coding of museum specimens
(a method of using a short DNA sequence from a particular portion of an organism’s genome, assigning specific colors to the nucleotides,
and then arranging them in order as stripes, like the universal product code, as a means of identifying different species), identified ten
different species among butterflies that were all thought to belong to one species, A. fulgerator. The adults of these species differ very
subtly and could not be distinguished one from the other, but their caterpillars have distinctive appearances and somewhat differing
ecological preferences, and they feed on different plants. The caterpillars have been given interim names based on their primary food plants
or color characteristics. Hidden diversity was revealed by combining DNA bar-coding with traditional methods of species classification.
Such cryptic species may be prevalent in tropical regions. (From Hebert et al. Proceedings of the National Academy of Sciences of the USA,

2004;101(41):14812-14817. © 2004 National Academy of Sciences.)
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Figure 1.4. Three-Domain Map. This map,

made up of the prokaryotes—Archaea and
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ink caps), and higher animals (e.g., our genus Homo) have all evolved relatively
recently; and that all organisms can ultimately be traced back to a single common
ancestor. In a sense, the three-domain model stands the classical Haeckel “Tree of
Life” on its head, with humans—in fact, with all plants, animals, and fungi—at
the very “bottom” of the tree, at least in terms of biodiversity and the length of our
existence on Earth, instead of, as we like to see ourselves, at the very “top.” The
three-domain model has stimulated much-needed research into the evolutionary
relationships among organisms in general and into the world of microorganisms

in particular.

WHAT IS BIODIVERSITY? 9
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The Microbial World

etermining just how species-rich the microbial world is remains difficult

for several reasons. For one, most microbes cannot be grown in culture,

which has made research directed at establishing their identities a chal-
lenge. By making rough estimates with a microscope of the numbers and types of
bacteria in samples of seawater, lakes, sediments, and soils, for example, it was found
that less than 1 percent of the total were able to be cultured. (New RNA analyses of
bacterial communities have come to the same conclusion.) Nor can they generally be
reliably distinguished one from the other based on their appearance—one bacillus
(a type of bacterium shaped like a rod), for example, looks pretty much the same as
any other.

Scientists have turned to genetics in the belief that comparing the genes of vari-
ous bacteria and archaea may be a more rigorous way of telling them apart. One
of the most reliable genes to examine encodes a kind of RNA in ribosomes called
16S rRNA (ribosomes are the factories within cells where protein synthesis occurs).
The composition of the 16S rRNA gene has remained relatively constant in most
organisms for millions of years. Over time, however, slight changes in the gene have
accrued as species have evolved, with the result that each species ends up possessing
a distinct 16S rRNA gene. By comparing the subtle differences in this gene between
organisms, scientists can distinguish one species from another. They can also gauge
how closely related they are to each other and when they last shared a common
ancestor. This was the method used to put together the three-domain map shown in
figure 1.4. The 16s TRNA gene also happens to be short, which makes it easy and
inexpensive to produce many copies for sequencing studies via the polymerase chain
reaction or PCR (see section on the bacterium Thernius aquaticus on page 179 in
chapter 5).

Using these new technologies, scientists have scoured Earth, taking microbial
samples from every conceivable locale: from the surface waters of the Sargasso Sea
near Bermuda to volcanic vents in the deep oceans, from Lake Vostok which is buried
under Antarctic ice, to hot water geysers in Wyoming's Yellowstone National Park,
from rainforest soils in Brazil to desert soils in the U.S. Southwest, and they have
begun to understand how vast and how diverse the microbial world is.

The number of individual microbes on Earth is thought to be a high as 4 to 6
times 10 to the 30th power (4—6 X 10*), a count that some have said may be one billion
times more than the total number of stars in the universe! Most of them are thought
to live in subsurface layers of the land and the oceans.? But no one really knows how
many microbial species there are, even to the nearest order of magnitude (estimates
run from ten million to as high as one billion distinct species).

In a single cubic meter of soil alone, there may be millions of different microbial
species, and yet only 6,000 species of bacteria and archaea have been formally named.
What is not clear, however, is whether in another cubic meter of soil of the same type,
or of a different type, or one found in some other part of the world, the same bacte-
rial species would be found or whether they would be different ones. That is, it is
not clear whether bacterial species are in general so widely distributed that the same
ones end up being found everywhere. What is clear is that most of the biodiversity on
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Earth, on land and in the oceans, is most likely microbial, and that scientists know
almost nothing about microbial diversity. What they do know is startling. For exam-
ple, research done by Sigmund Sokransky, Bruce Paster, and their colleagues at the
Forsyth Institute in Boston has identified more than 700 distinct bacterial species, as
well as an assortment of archaea, fungi, and amoebas, that reside in the human mouth
(with the total number of organisms in the mouth estimated to surpass six billion).
And some 8oo distinct microbial species, almost all of which are bacteria (including
thousands of strains), have been found living in the human intestine (see box 3.1 on
microbial ecosystems in chapter 3).

The Archaea

he Archaea were the first prokaryotes. While they resemble the Bacteria,

their prokaryotic cousins, under a microscope, the Archaea can be distin-

guished by their unique biochemistry. In some ways, they are more like we
eukaryotes than they are like bacteria. For example, they wrap their DNA in pro-
teins called histones, as do we, while bacteria use other types of proteins. In other
ways, they are very different. They make their membranes out of ether-linked lipids,
while bacteria (and we humans) make ours out of ester-linked lipids. We know very
little about archaeal species, but they are believed, like the Bacteria, to be extremely
diverse.

Originally, archaea were thought to be confined to extreme environments, but
that is not the case. Archaea inhabit many other places as well, such as temperate
soils, the roots of plants, and even the human mouth and intestine, as mentioned
above. Many, though, are indeed capable of living under extreme conditions and are
called “extremophiles,” perhaps because they evolved when their environments were
extreme by today’s standards and have maintained the biochemical adaptations that
had allowed them to live in these environments. Take, for instance, one of the archaea
known only as “strain 121,” because it can live at a scorching 121 degrees Celsius,
well above the boiling point of water. This remarkable microbe was found in a volca-
nic deep sea vent along the Juan de Fuca Ridge in the northeast Pacific Ocean, at a
depth of 7,447 feet (2,270 meters, or about 1.4 miles).?

Archaea have also been found in saturated salt brines, such as the intensely
salty waters of the Dead Sea and the Great Salt Lake; at the very deepest points in
the oceans, such as the 6.8 mile (11 kilometer) deep Mariana Trench off the coast of
the Philippines (for comparison, the depth of the Mariana Trench is more than 200
times the height of the world’s tallest building, Taipei 101, in Taiwan), where they
are subjected to enormous pressures and an absence of oxygen; thousands of feet
underground; and in harshly acidic or alkaline conditions. Two archaeal species (of
the genus Picrophilus) were discovered in another volcanic vent, this one off of north-
ern Japan, living in extremely acid conditions, at a pH of less than 1 (the same pH as
0.1 molar sulfuric acid). Another archaeon, Deinococcus radiodurans, can survive a
radiation dose of 1,750,000 rads. In comparison, an exposure of 500 to 1,000 rads is
enough to kill a human. Some archaea can even live on methane or sulfur instead of
oxygen.

WHAT IS BIODIVERSITY? 11



In spite of rapidly growing knowledge about the microbial world in recent
decades, and that most of the biological diversity on Earth is clearly microbial, this
chapter, and others in this book, focuses primarily on the macroscopic, multicellular
world of plants and animals, for that is still what we know best.

DETERMINING RATES OF
SPECIES EXTINCTION

tartling figures have been published about how many species are going
extinct each year or even each hour. All of these estimates require a determi-
nation of how many species exist, a number about which there is considerable

12

BOX 13

ARE VIRUSES ALIVE?

Scientific debate continues about whether or not
viruses should be classified as life forms. Because
this book is about biodiversity, for completeness
sake, we briefly discuss this question here. For
one thing, viruses employ DNA or RNA, the basic
genetic material for all life on Earth, and like all
other living things, they contain proteins. They also
reproduce, although as far as is known, they can-
not do so by themselves, but instead require the
genetic machinery of a host cell in order to multi-
ply. And they evolve in response to their environ-
ments, as can be widely appreciated from studying,
for example, the evolution of influenza viruses
(see “Diversity of Pathogens” in chapter 7, page
308). Whether or not to call viruses alive, however,
depends on how one defines what it means to be
alive, for example, whether living things have to
be composed of cells (viruses are not) or have to
reproduce on their own (viruses cannot). But, as is
true with the issue of whether or not bacteria can
be classified as species, or whether or not microbes
can form ecosystems, it all depends on where one
draws the line. While the details of this debate are
far beyond the scope of this chapter, viruses are
being treated by some biologists as if they belong
to the Tree of Life. They are classified, for example,
in much the same way as other organisms, even up
to their Latin names.

Some have grouped them by their geometric
structures, or by the identity of the host organisms
they infect. But the most commonly accepted classi-
fication scheme for viruses, one developed by Nobel

Prize—winning biologist David Baltimore, is based
on their type of DNA or RNA. For example, viruses
can be classified by whether they carry their genetic
material as a single-stranded or double-stranded
piece of DNA or RNA. Some viruses, known as ret-
roviruses, such as the HIV virus, store their genes as
RNA only for it to be made into DNA when the virus
infects a cell. Various other infectious agents share
some characteristics of viruses, including viroids,
satellites, and prions (prions are infectious proteins
discussed in box 7.1 in chapter 7), but these agents
have even less of the generally accepted characteris-
tics of life forms than viruses do.

The taxonomy of viruses is similar to that of
cellular organisms, with the exception that the high-
est level of classification for viruses is the order to
which they belong. If we look at the Ebola Virus from
Kikwit in the Democratic Republic of Congo (for-
merly called Zaire), for example, it is classified as
follows: Order Mononegavirales, Family Filoviridae,
genus Ebolavirus, species Zaire ebolavirus.

A recent study demonstrated that a virus called
Acidianus Two-Tailed Virus, or ATV, that grows inside
an extremophile archaeon in a volcanic hot spring
in southern ltaly produces two protein-containing
tails on its own, without the presence of the host
cell. (These tails may assist the virus’s locomotion
in these environments where host-cell density is
low.)* This finding suggests that other viruses may
likewise be more independent of host cells than we
realize and have characteristics that we would define
as being alive.

SUSTAINING LIFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



Figure 1.5. Newly Discovered Squid. This large
squid (an unnamed species), estimated to
be 4 to 5 meters (roughly 13 to 16.5 feet) in
length, was encountered by the ROV (remotely
operated vehicle) Tiburon at a depth of 3,380
meters (more than 2 miles) off the coast
of Oahu, Hawaii. (© 2001 Monterey Bay
Aquarium Research Institute.)

uncertainty. Moreover, because extinctions have always been part of Earth’s his-
tory, before and after humans arrived on the scene, one must ask whether the
number of present-day extinctions is unusual. We tackle each of these topics in
turn. In doing so in this and in subsequent chapters, we will demonstrate that the
current rate of species extinction is unprecedented in human history, that it is the
result of human actions, that it rivals some of the great extinction events of the
geologic past, and that, unchecked, it constitutes a grave and growing threat to
human health.*’

How Many Species Are There?

bout 1.5 million species have been identified and given scientific names

(other more recent estimates have put this number at 1.75 million),° but only

about 100,000 of these—including some terrestrial vertebrates, flowering
plants, and invertebrates with pretty shells or wings—are popular enough for tax-
onomists to know them well. Birds and mammals are particularly well known, with
roughly 10,000 avian and 4,300 mammalian species described. Many new species are
found each year, though a taxonomist cannot always be certain whether the specimen
in hand has not already been given a name by someone else in a different country
or, sometimes, by someone from a previous century. Some of these newly discovered
species make news, such as a new baleen whale found off Japan in 2003, new types
of deep sea squids identified in 2001 at various ocean sites, 301 new species (mostly
insects) identified in the inland rainforests of Borneo from 1999 to 2004, a new giant
deer species discovered in a remote nature reserve in Vietnam in 1992 (belonging to
a group called Muntjac deer, and now almost extinct due to loss of habitat), and a
new monkey found in South America in 2002, Callibebus bernhardi. Numerous other
species discoveries in both accessible and inaccessible habitats may not be as widely
publicized. These include, among others, some new frogs and insects found in the
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High Andes in Bolivia; hundreds of newly described species of fish, plants, and other
organisms from the deep oceans; new species of fish from the depths of the Amazon
River; and newly identified species of fish and crustaceans in tropical peat swamps
in Southeast Asia.

Estimates of how many species are presently living on Earth range from six to
fifteen million or more, but tend to cluster around ten million. These figures not only
exclude microbes, but are also likely to significantly underrepresent species that are
small in size, such as mites and nematodes (round worms), and those found in inac-
cessible or difficult to study places such as the oceans. In these cases, enormous spe-
cies biodiversity may be missed.

MARINE SPECIES

Although the oceans cover 71 percent of the planet’s surface and make up more
than o5 percent of the volume of the biosphere, only 250,000 to 300,000 marine
species have been described, a fraction of the numbers found on land.”® Less than
5 percent of the oceans have been explored, a result of their vast expanse and inac-
cessible depths, and much less effort has been spent, compared to that on land,
examining life in the seas. When concentrated efforts have been made, we begin to
get a glimpse of the enormous extent of marine biodiversity. In 2004, for example,
as a part of the ten-year Census of Marine Life project (www.coml.org/), research-
ers from seventy countries have added approximately 13,000 new species to total
counts, including 106 newly described species of marine fish. And there is grow-
ing evidence that when the smallest marine organisms—the minute arthropods,
worms, phytoplankton, zooplankton, bacteria, and archaea—are included in these
tallies, marine biodiversity may approach, and even exceed, levels found on land.’
A sampling from the Sargasso Sea near Bermuda tends to support this hypothesis:
Hundreds of new microbial species were found in surface water samples taken from
only four sites."

For coral reefs, species counts are prone to similar underestimates, particularly
for smaller organisms that are likely to have more limited geographic distributions.
Believed to contain the greatest species diversity of all shallow-water marine ecosys-
tems and often called “the rainforests of the seas,” tropical coral reefs could harbor
as many as 950,000 species, more than ten times the number (some 93,000) that have
been described to date.

Uncertainties about the magnitude of marine biodiversity are even greater for
the deep oceans. The average depth of the world’s oceans is 12,467 feet (3,800 meters,
or more than 23 miles), and the soft sediments that blanket the deep ocean’s bottom
comprise 65 percent of Earth'’s surface, representing the largest area of habitat of any
kind on Earth."” These sediments may contain even more species than are found in
shallow waters, a prediction that has been supported by the remarkable diversity of
organisms found in even small samples of deep sea mud. More than 8oo species were
found, for example, in just 215 square feet (21 square meters) of ocean bottom sampled
off the U.S. East Coast, almost 60 percent of which were previously unknown.” In
some Australian sediment samples, more than go percent of the species found had
never been seen before. As a result of these and other sampling expeditions, some
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Figure 1.6. Ammonite Fossils. The oceans have been home to an enormous diversity of life for hundreds of millions of years. These
ammonites, belonging to the Class Cephalopoda, which includes present day species of the Chambered Nautilus (Nautilus pompilius),
as well as octopus, squid, and cuttlefish, were extremely numerous, widespread, and diverse in ancient seas. This was particularly
true during the Mesozoic Period, which lasted from 245 million years ago to the end of the Cretaceous Period, 65 million years ago, at
which time ammonites, along with the dinosaurs, went extinct. (From Jean Charles Chenu, Illustrations conchyliologiques, ou descriptions
et figures de toutes les coquilles connues vivantes et fossiles, classées suivant le systéme de Lamarck, Vol. 4, Plate 12, 1842-1853. From the
collections of the Ernst Mayr Library, Museum of Comparative Zoology, Harvard University.)
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TABLE 1.1. NUMBER OF NAMED DISTINCT
L1vING SPECIES BY GROUP
(EXCLUDING PROKARYOTES)

NUMBER OF NAMED SPECIES

GROUP (1IN THOUSANDS)
Protozoa 40
Algae 40
Plants 270
Fungi 70
Animals
Vertebrates 45
Nematodes 15
Mollusks 70
Arthropods (total) 855
Crustaceans 40
Arachnids 75
Insects 720
Other animals 05
Total 1,500

Adapted with permission from Robert M. May, The dimensions of life on Earth, in
Nature and Human Society: The Quest for a Sustainable World, Peter H. Raven
(editor), National Academy Press, Washington, DC, 1997.

have predicted that the number of deep sea organisms, including worms (e.g., poly-
chaetes [segmented marine bristleworms| and nematodes), crustaceans, and mol-
lusks, may range anywhere from 500,000 species to more than 10 million.”

While there may be uncertainty, as there is on land, about the number of species
that live in the oceans, there is none about the richness of marine life at higher taxo-
nomic levels. The oceans are home to forty-four phyla (see figure 1.1 for an example of
a phylum) compared to only twenty-eight on land. Of all thirty-three known animal
phyla, thirty-two inhabit the sea, while only twelve live on land. This richness most
likely reflects the fact that life first appeared in the oceans and that it existed there for
almost three billion years before moving onto land. It also suggests that the variety
of body plans and of genetic, biochemical, physiological, and metabolic patterns and
pathways is likely to be greater in the oceans than it is on land, and that the oceans
offer an extremely rich, and largely unexplored, resource for biomedical research.

Extinction Rates Before Humans

xtinctions are natural events and occurred long before humans walked on
Earth. Thus, any claims of human-caused biodiversity loss must take into
account what we know from past “background” or “natural” extinction
rates. Studies of once abundant and widespread marine species that dominate the
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fossil record show that these species generally lasted from one to ten million years
before going extinct naturally. Mammalian species are thought to last on average
about 2.5 million years, and at least for some rodent species, there is evidence about
what determines their natural cycles of emergence and extinction. These cycles seem
to be associated with long-term, periodic changes in climate that result from varia-
tions in the path of Earth around the Sun and in the tilt of its axis of rotation (called
the Milankovitch cycles, after the Serbian astrophysicist Milutin Milankovitch, who
developed the mathematical explanation for Earth’s natural, long-term, periodic, cli-
matic cycles of heating and cooling)."

Suppose that extinctions were spread out over time and did not occur simultane-
ously. (Simultaneous extinctions occur as the result of, e.g., a single catastrophic event
like the asteroid that landed in the Gulf of Mexico sixty-five million years ago and
that is believed to have been the cause of the extinctions at the end of the Cretaceous
Period, when dinosaurs and ammonites largely disappeared.) Then, based upon find-
ings from the marine fossil record, we would expect one species out of a sample of a
million to go extinct about every one to ten years. The background extinction rate can
then be estimated at approximately one extinction for every million species each year,
which, given the marine fossil data, is a number at the higher end of the range (the
lower end would be one extinction per million species every ten years). This number
can be transformed into a ratio that is stated as “one extinction per million species-
years.” We think of this as the background rate of extinction.

For birds, recent extinctions (i.e., those that have occurred in the last 2,000 years)
run about one or a few per year.’ The total number of bird species is about 10,000, so
this translates roughly into an estimated 100 extinctions per million species per year, or
about 100 times the background rate. Extinction rates for other groups of animals and
plants, such as amphibians, primates, and some gymnosperms, tend to be even higher.

It is reasonable to ask how one can apply an extinction rate derived from the
marine fossil record to modern-day birds or, for that matter, to any other groups of
organisms alive today. To address this question, one must bear in mind that the spe-
cies that are most prone to current extinction are both localized and rare. So, data from
ancient marine organisms are likely to underestimate, if anything, current extinction
rates among nonmarine organisms, because these ancient marine populations were
once very widespread and very abundant and therefore less vulnerable to extinction.
Speciation rates (i.e., the rate at which new species develop) and the creation of what
are called “molecular phylogenies,” which are maps of evolutionary relationships
among organisms based on comparative analyses of their genes and proteins (using
methods similar to 16S rRNA analyses—see page 10 and figure 1.4, the three-domain
map, which attempts to create a molecular phylogeny for all life on Earth), can be used
to supplement estimates for background extinction rates. These data broadly support
an average origin time for modern species of around one million years ago.

First Contact with Humans
here is good evidence that early humans were responsible for species losses
on a large scale. The prevailing explanation for the disappearance of doz-

ens of large mammalian genera between 10,000 and 50,000 years ago is

WHAT IS BIODIVERSITY? 17



18

that human hunting was the main cause. Important differences separate these early
human-caused extinctions from those of the present time. Past extinctions typi-
cally were among large, predator-naive, land animals living in limited geographic
areas, and they seem to have been mainly the consequence of overexploitation.
The threats to species in the latter half of the twentieth century and today, such as
habitat degradation and destruction, overharvesting, pollution, and global climate
change, occur on a global scale, and as a result, they tend to cause widespread
extinctions that occur in all types of organisms in habitats around the world. These
differences render suspect arguments that attempt to downplay concern over cur-
rent species loss by pointing to the role that humans may once have played in the
distant past.

Recent Extinction Rates

n the past 500 years, a total of 844 species have been listed by the International

Union for the Conservation of Nature and Natural Resources (IUCN; see

box 1.4 for more information on the IUCN) as having gone extinct (if we also
count the 122 species of amphibians that the Global Amphibian Assessment [www.
globalamphibians.org] lists as probably extinct, this number approaches 1,000), but
it is clear that numerous others have not been counted. The extinction status for
most plants, animals, and microbes is poorly known, even for those species that
have been identified, and most biologists believe that only a small percentage (10 to
15 percent or less) of the total number of species alive today (see the above section
“How Many Species Are There?”) have been discovered to date. Historically, most
extinctions that have been identified have occurred on oceanic islands, but over
the past twenty years, continental extinctions have become as common as those on
islands. The consensus of scientists is that the current rate of species extinctions is
on average somewhere between 100 and 1,000 times greater than prehuman levels,
and that we are moving toward an extinction rate that is on average 10,000 times
greater.

The three case histories presented below, which typify recent extinctions (i.e.,
during the past few hundred to few thousand years), support the claim that present
extinction rates are unusually high.

PACIFIC ISLAND BIRDS

Polynesians colonized Pacific islands between 4,000 and 1,000 years ago. Their
imprint on these islands is fresh and provides unambiguous evidence of massive
human-caused extinctions. For example, the bones of many bird species persist
into, but not through, layers of archaeological digs that show the earliest presence
of human beings. Along with other archaeological evidence, this indicates that these
bird species went extinct after humans appeared, but not before. There is little doubt
that early colonists ate the large, probably tame, and often flightless birds in great
numbers. They also introduced rats onto the islands, and the rats, too, would have
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Figure 1.7. The O’0o (Moho nobilis) of Hawal’i,
Which Is Now Extinct. (From Baron Lionel
Walter Rothschild, The Avifauna of Laysan and
the Neighbouring Islands. R.H. Porter, London,
1893-1900.)

found the tame birds easy pickings. With only Stone Age technology, the Polynesians
may have exterminated as many as 1,000 bird species, representing about 10 percent
of the world’s total at that time. In some places, they may have exterminated all the
bird species they encountered.

In Hawai'i, we know of forty-three bird species that once lived on these islands
only from their bones. But because bird bones are fragile and easily pulverized, we
may never find the bones of all the species that went extinct. How many might be
missing? One way to answer this question is to look at the number of bird species
known to have been alive in the past 200 years whose bones have not been found
in archeological digs. Using this number, one can then arrive at an estimate of
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how many bird extinctions may have occurred without leaving a trace, and that
number is 40.

James Cook landed on the Hawaiian Islands in 1778, and European settle-
ment, with introductions of cattle and goats, began shortly thereafter. The livestock
destroyed native plants that were as unprepared for large mammalian herbivores
as the birds were for the rats introduced by the Polynesians. More bird extinctions
occurred following European settlement. Today, our only records of some eighteen
other species of birds, not included in the above counts, are the specimens collected
and preserved by nineteenth-century naturalists. The total number of Hawaiian bird
species that are believed to have gone extinct since humans first arrived on the islands
in the fourth and fifth centuries A.D. is therefore 101 (40 + 43 + 18). What remains
today? A dozen bird species are so rare that there is little hope of saving them. If we
cannot find these species, then they probably cannot easily find each other either,
in order to reproduce. Another dozen we can find, but their numbers are so small
that their future survival is uncertain. Of an estimated 136 species that once existed
before human contact, only eleven now survive in populations that suggest they have
a future.”

Birds have not been the only casualties. Of 980 native Hawaiian plants, 84 are
extinct and 133 have wild populations of fewer than 100 individuals. Hundreds of
land snails and several reptiles have also been documented as being among the vic-
tims of human settlement.

As the Polynesians colonized the Pacific, from New Zealand north to Hawai'i
and east to Easter Island, they exterminated not only 1,000 bird species but a large
number of other species as well. All Pacific islands, with the exception of those most
remote, are thought to have had several species of pigeons and parrots each, many of
which have completely disappeared.

Pacific islands are not unusual. In the last 300 years, the islands of Mauritius,
Rodrigues, and Réunion in the Indian Ocean have lost thirty-three species of birds,
including the dodo, thirty species of land snails, and eleven species of reptiles, and
St. Helena and Madeira in the Atlantic Ocean have lost thirty-six species of land
snails. Island species are particularly vulnerable to extinction, because islands often
lack large predators of, as well as significant numbers of native species competitors
for, or diseases of, alien species. Thus, when alien species are introduced, especially
alien predators, the results can be devastating. The ranges of most island species are
also generally small, so there is a greater chance that habitat destruction will destroy
their entire habitat. This raises the obvious question: Do we find evidence of massive
extinctions only on islands?

SOUTH AFRICAN FLOWERING PLANTS

To begin to answer this question, let us look at the Cape Floristic region, a small area
of the southern tip of Africa that possesses enormous plant diversity. On a per area
basis, this region has more species of plants than any other in the world, including
the Amazon rainforest. It is home to a distinct and unusual flora composed of sev-
eral vegetation types, the most common and species-rich of which is known as the
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fynbos (which gets its name from the Afrikaans word for “fine bush,” describing the
appearance of many fynbos plant species). Of the approximately 8500 plant species
that have been identified in this region, thirty-six have become extinct in the last
century, and some 618 species are threatened, that is, are likely to become extinct
within at most a few decades (see box 1.4 for a description of the [IUCN and categories
of endangerment). Invading alien plants—particularly Australian wattle trees (from
the genus Acacia)—and the conversion of natural areas to agriculture are the two
major identified causes that are endangering species and causing their extinction in
the region.

AUSTRALIAN MAMMALS

Of sixty recent mammalian extinctions, nineteen are from Caribbean islands, yet
another instance of high extinction rates for 