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Foreword
 FOREWORD     

  The Census of Marine Life is about the total richness of 
the sea: 

 The Census of Marine Life is the book of oceans ’  nature. 
 This book reports total richness. 

 It reports richness of diversity, the richness of what. 
 It is about kinorhynchs, tardigrades, rotifers, gastrotrichs, 

and tantulocarids housed in Arctic polynyas. 
 It is about Antarctic actiniarians, pycnogonids, tunicates, 

and holothurians. 
 It is about the golden V kelp in the Aleutian Islands. 
 It is about polychaetes, bivalves, and isopods of the 

continental margins. 
 It is about sturgeon and salmon, sea turtles and 

pinnipeds, otters and sirenia. 
 It is about fi lter feeders. 
 It is about radiolaria and hydrozoa. 
 It is about lanternfi shes and pearlfi shes and roundnose 

grenadiers. 
 It is about a black, benthopelagic lobate ctenophore and a 

large pelagic worm with ten long cephalic tentacles. 
 It is about 10,000 crabs. 
 It is about 5,000 to 19,000 unique types of bacteria in 

each gram of sand. 
 It is about Upper Turonian diatoms. 

 This is a book about vastness and deepness. 
 It reports richness of distributions, the richness of where. 
 It is about the Western and Eastern Pacifi c, and about 

South American seas. 
 It is about Caribbean, European, and Polar seas and 

Indian and Atlantic oceans. 
 It is about the abyssal plains and basins beneath half of 

Earth ’ s surface. 
 It is about the Porcupine Abyssal Plain. 
 It is about the canyons of the margins. 
 It is about large shallow banks and gravelly shorelines. 
 It is about Lizard Island and Ningaloo Reef. 
 It is about the architecture of seamounts. 

 This is a book of journeys. 
 It is about leatherback turtles tagged on their nesting 

beaches in Indonesia crossing Pacifi c longitudes to 
feed off central California. 

 It is about sooty shearwaters fl ying Pacifi c latitudes from 
New Zealand to the Bering Sea. 

 It is about water columns 5,000 meters high. 
 It is about the planet ’ s busiest commute, the nightly rise 

of life from hundreds of meters deep to feed nearer 
the surface in the safety of darkness. 

 It is about circumpolar currents. 

 This is a book that explores abundance, the richness of 
how much. 

 It is about the northerly fl owing Kuroshio Current along 
the southern Japanese coast characterized by high 
biodiversity but low biomass. 

 It is about shimmering shoals of herring swirling in 
numbers beyond counting. 

 This is a book about past richness. 
 It is about Greek merchants trading fi sh from the Black 

Sea and the Russian rivers to the Greek and later the 
Roman market. 

 It is about the decline of marbled rock cod and mackerel 
ice fi sh west of the Antarctic Peninsula. 

 This is a book of lost reefs. 

 This is a book about life and death. 
 It is about juvenile salmon and adult sturgeon. 
 It is about immature specimens carrying sperm packages. 
 It is about the loneliness of reproductive isolation. 
 It is about mass mortality. 
 It is about small dead coral heads. 
 It is about prey fi elds patrolled by marine hunters. 
 It is about fi delity to birthplace. 

 This is a book of paradoxes, where extreme is normal and 
rare is common. 

 This is a book of contrasts. 
 It is about the cosmopolitan and the local. 
 It is about glaciation and boiling seafl oor geysers where 

metal would melt yet animals live. 
 It is about ancient assemblages and modern benthos. 
 It is about swimmers and drifters and sitters. 

 This is a book of mysteries. 
 It is about oceanic barriers to gene fl ow. 
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 It is about trophic subsidies to carnivores. 
 It is about the immense volume of ocean still unexplored. 
 It is about 20   million marine microbes that might remain 

to be described. 
 It is about cryptic species. 
 It is a book of powerful prostheses. 
 It is a book of ships and sledges and gliders and 

pyrotags. 
 It is a book of attached identity cards and different mesh 

sizes. 
 It is a book that fi lters a   million cubic meters of seawater. 

 It is a book of blue - water divers. 
 It is a book where yellow dots are actual observations of 

lionfi sh. 

 This book reports the known, unknown, and unknowable 
of the fi rst Census of Marine Life. 

 This book is about the richness of 3.5 billion years. 

    Jesse H. Ausubel  
  Alfred P. Sloan Foundation         



Introduction
 INTRODUCTION     

  R efl ecting upon the successes of the Census of Marine 
Life over the past decade, I am recalling how my con-

temporaries and I fi rst became interested in marine biodi-
versity. As an undergraduate, I had a small National Science 
Foundation grant to study the macrofaunal invertebrates in 
samples taken to examine sediment transport processes 
either side of a sand – mud transition at the edge of the 
Labrador Current off what is now the Cape Cod National 
Seashore. The leader of the expedition, John Zeigler, 
wanted to know how wave activity controlled sediment 
transport and the location of the transition from sandy to 
muddy sediments on the seafl oor, and Howard Sanders 
wanted to know what lived either side of this transition. 
Except for the specimens from Vineyard Sound described 
by the great naturalist A.E. Verrill, most of the organisms 
belonged to undescribed species. Subsequently, in graduate 
school at Duke University, this experience led me to study 
bottom life either side of another sand – mud transition on 
the continental slope off North Carolina and, subsequently, 
to a career identifying and describing the diversity of life 
on continental shelves and coral reefs and in the deep sea. 

 In the 1980s, concern about loss of species diversity in all 
environments greatly increased with the realization that 
diversity of life in rain forests and coral reefs must be pro-
tected and studied. E.O. Wilson and Peter Raven were 
and still are articulate advocates for maintaining the diver-
sity of life on the planet. In parallel with the efforts to 
protect terrestrial biodiversity, marine scientists met under 
the auspices of the International Association for Biological 
Oceanography and the UNESCO Working Group on High 
Diversity Marine Ecosystems. Participants at the meetings 
included leading marine biologists, such as Bruno Battaglia 
(Italy), Pierre Lasserre (France), Ramon Margalef (Spain), 
Alasdair McIntyre (UK), Tim Parsons (Canada), and Howard 
Sanders (USA). In 1990 Pierre Lasserre, Alasdair McIntyre, 
Carleton Ray (USA), and I wrote  “ A Proposal for an Inter-
national Programme of Research: Marine Biodiversity and 
Ecosystem Function ”  (Grassle  et al .  1991 ). When Diversi-
tas, the international program of biodiversity science, was 
established in 1991, this marine program was incorporated 
(Ray  &  Grassle  1991 ). US support for marine biodiversity 
began with the establishment of the National Research 
Council ’ s Committee on Biological Diversity in Marine 
Systems, chaired by Cheryl Ann Butman (now Zimmer) and 
James Carlton. Following a workshop attended by 54 

leading US marine scientists, Butman and Carlton wrote 
 Understanding Marine Biodiversity: A Research Agenda for 
the Nation  (Committee on Biological Diversity in Marine 
Systems  1995 ), one of the most widely read reports pub-
lished by the National Academy Press. However, this did 
not lead immediately to a program of research. Colleagues 
in Woods Hole urged me to talk with Jesse Ausubel at the 
Rockefeller University, who, unknown to me at the time, 
was also a program manager at the Alfred P. Sloan Founda-
tion. Starting with initial discussions of the feasibility of a 
Census of the Fishes, Jesse built strong support within the 
marine biology community for a broader research approach, 
and I became the fi rst chair of the Census of Marine Life 
Steering Committee. 

 With strong initial commitment, and sustaining support 
from the Alfred P. Sloan Foundation, this initiative will 
achieve its goal of a comprehensive Census of Marine Life 
by the end of 2010. Research on species diversity started 
with Evelyn Hutchinson ’ s question in 1959:  “ Why are 
there so many kinds of animals? ”  (Hutchinson  1959 ). 
Hutchinson estimated there might be about 1   million 
species globally and, of these, three - quarters were insects. 
At that time, ocean life was very poorly known and only a 
very small proportion of species were thought to live in the 
ocean. Now, with nearly a decade of support from the 
Census, a rich diversity of previously unknown marine 
species has been discovered and previously unknown habi-
tats are being described. The deep - sea fl oor is no longer 
considered a desert, characterized by a paltry diversity of 
species. 

 Marine scientists are at present unable to provide good 
estimates of the total number of species in any of the three 
domains of life that fl ourish in the ocean (Archaea, 
Bacteria, and Eukarya). From their molecular signatures, 
animals are in a relatively well - defi ned supergroup that 
also includes the fungi. There are at least fi ve and probably 
more supergroups. If we consider only the kingdom Ani-
malia, the number of species may be knowable, but it will 
probably take at least another decade of the Census before 
we can defensibly estimate the total number of marine 
species. 

 Before the Census, most marine biologists studying life 
in the ocean worked chiefl y in shallow water or on con-
tinental shelves, where the prime scientifi c interest was 
food chains leading to harvestable populations of fi sh or 
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shellfi sh. To achieve an estimate of the diversity, distribu-
tion, and abundance of life in the ocean in 10   years, the 
Census has endeavored to sample the full range of marine 
taxa from pole to pole and surface to abyssal depths. The 
products of the Census in 2010 constitute a quantum leap 
toward a full assessment of life in the oceans, and others 
are already planning for the second Census in the next 
decade. It is hard to recall how little we knew just 10   years 
ago and to predict how much we will learn in the next 
decade. 

 To provide the context for studying present - day life in 
the ocean, the History of Marine Animal Populations 
(HMAP) project of the Census has asked what lived in the 
ocean? Changes in the abundance and size of harvested 
marine populations are being documented from many 
sources, including records of fi sh catches, sales and shipping 
records, writings, photographs, and even restaurant menus. 
The Future of Marine Animal Populations (FMAP) project 
recognizes that predictions about future marine life depend 
on knowing what is being lost from unprotected marine 
habitats and the rates of recovery following their greater 
protection. 

 To learn about the many species in the present ocean, 
the Census drew together 14 teams of scientists specializing 
in diverse geographic environments or subject areas: 

 Coastal areas: Natural Geography in Shore Areas (NaGISA), 
Census of Coral Reef Ecosystems (CReefs), Gulf of Maine 
Area (GoMA), and Pacifi c Ocean Shelf Tracking (POST). 

 Deep - sea fl oor: Continental Margin Ecosystems on a 
Worldwide Scale (COMARGE) and Census of Diversity of 
Abyssal Marine Life (CeDAMar). 

 Central waters: Census of Marine Zooplankton (CMarZ) 
and Tagging of Pacifi c Predators (TOPP). 

 Deep - sea fl oor and Central waters: Patterns and Processes 
of the Ecosystems of the Northern Mid - Atlantic (MAR -
 ECO), Global Census of Marine Life on Seamounts 
(CenSeam), and Biogeography of Deep - Water Chemosyn-
thetic Ecosystems (ChEss). 

 Polar regions: Arctic Ocean Diversity (ArcOD) and Census 
of Antarctic Marine Life (CAML). 

 Microbial life: International Census of Marine Microbes 
(ICoMM). 

 The Census has exceeded expectations and lived up to 
the goals set in the 1995 report,  Understanding Marine 
Biodiversity: A Research Agenda for the Nation . The Census 
has enlisted oceanographers, ecologists, statisticians, and 
marine biologists to conduct research on a global array of 
topics: 

   ●      Ocean - scale distribution and abundance of marine 
species using the latest in oceanographic technologies 
and taxonomic expertise.  

   ●      Causes and consequences of changes in marine 
biological diversity.  

   ●      Tracks of individual marine species in estuaries, 
coastwide, and oceanwide settings.  

   ●      Effects of human activities on life in the ocean.  
   ●      Previously intractable, oceanwide biodiversity patterns, 

processes, and consequences.  
   ●      Predictions regarding future effects of human activities 

on marine biodiversity to facilitate use of the sea for 
societal needs while minimizing impacts on nature.  

   ●      Development of partnerships between ecology and 
taxonomy.  

   ●      Reinvigoration of the fi eld of marine taxonomy and 
systematics, developing the Ocean Biogeographic 
Information System ( www.iobis.org ), and collaborating 
on the World Register of Marine Species ( www.
marinespecies.org ).    

 The Census has discovered many new species and previously 
unknown habitats, especially in the deep sea and on coral 
reefs. Many of the species are rare and most are represented 
only by single individuals in samples. The new Census data-
sets are, or will soon be, maintained in the Ocean Biogeo-
graphic Information System (OBIS). At the time of this 
writing, OBIS contains more than 22   million distribution 
records representing more than 100,000 species. 

 The Census brings together many things I have wanted 
to see happen for marine biodiversity throughout my career 
in marine science, involving more focused scientifi c effort 
and better communication to the world of why marine 
biodiversity matters. This book represents the distillation 
of the labors of many people who have fostered my original 
idea to put marine biodiversity in the foreground of the 
scientifi c landscape. The Census has been developed and 
nurtured by fellow architects Jesse Ausubel and the other 
inspired members of the Scientifi c Steering Committee now 
chaired by Ian Poiner (see list on page xix  ), who guided the 
project leaders and were the builders who so aptly con-
structed all of the projects, through the many skilled scien-
tifi c workers who actually did all of the complex work. The 
International Secretariat at the Consortium for Ocean 
Leadership, including senior scientists Ron O ’ Dor and 
Patricia Miloslavich and program managers Cynthia 
Decker, in the early years, and Kristen Yarincik, have been 
instrumental for the Census. We have had spectacular 
success with public outreach through the Education and 
Outreach Team, led by Sara Hickox, and the many contri-
butions of Darlene Trew Crist are especially noted. The 
Mapping and Visualization Team, led by Pat Halpin, has 
created a wide range of wonderful and insightful illustra-
tions for many Census projects. And the Synthesis Group, 
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led by Paul Snelgrove and managed by Michele DuRand, 
has helped to bring together the many activities in the 
Census so that the sum is even greater than its many won-
derful parts. My longtime friend and colleague Alasdair 
McIntyre, who passed away as this book was nearing com-
pletion, worked with the project leaders and authors of 
these chapters to distill the efforts of thousands of superb 
scientists into a single volume that will provide an excellent 
resource for   scientists interested in marine biodiversity. 

 This volume is one of a suite of products of the fi rst 
decadal Census of Marine Life. Census researchers have 
documented their new vision of life in the ocean in more 
than 2,500 scientifi c papers and about 30 books so far. 
There are many products for a variety of audiences. For 
those interested in what was learned about life in the global 
ocean from a national and regional perspective, I direct you 
to the online  PLoS ONE  collection of papers  “ Marine Bio-
diversity and Biogeography  –  Regional Comparisons of 
Global Issues ” . A book by my former student Paul Snel-
grove,  Discoveries of the Census of Marine Life: Making 
Ocean Life Count , details the Census fi ndings and explains 
the implications of what has been learned for both a scien-
tifi c and interested public audience. A richly illustrated 
narrative,  World Ocean Census , written by Census col-
leagues Darlene Trew Crist, Gail Scowcroft, and James M. 
Harding, Jr, introduces the work of the Census to the 

public. Lastly, there is a delightful photographic guide to 
marine life written by Census colleague Nancy Knowlton, 
 Citizens of the Sea: Wondrous Creatures from the Census 
of Marine Life . Separately and collectively, these documents 
serve as a tribute to the hard work, dedication, and true 
scientifi c achievements of the more than 2,600 scientists 
from more than 80 nations who accomplished this novel 
and important scientifi c endeavor known as the Census of 
Marine Life. 

  Fred Grassle  
  April 2010  
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  Chapter 1 

Marine Animal Populations: 
 A  New Look Back in Time  
  Poul     Holm 1    ,    Anne Husum     Marboe 2    ,    Bo     Poulsen 2    ,    Brian R.     MacKenzie 3   

   1  Trinity College Dublin, Ireland     
 2  Department of Environmental, Social and Spatial Change, Roskilde University, Roskilde, Denmark     
 3  National Institute for Aquatic Resources, Technical University of Denmark, Charlottenlund, Denmark        

   1.1    Introduction 

 Since around 1980, marine - capture fi sheries have stagnated 
at around 90   million tonnes per year, despite massive tech-
nological investments and the opening up of distant and 
deep waters in the Southern hemisphere. The oceans will 
simply not yield more. In fact catches are of increasingly 
smaller fi sh of less economic value and total returns on 
investments are dwindling. On a global scale, capture fi sher-
ies are doomed to be of less importance as a source of 
protein to a growing human population, while the fi shing 
pressure remains extremely high. There is no sign that the 
rise of aquaculture in recent decades has eased the pressure 
on wild resources. The fi sheries crisis is part of a general 
health alert for the oceans. Marine habitats are under severe 
pressure as a side effect of trawling and directly by dredging, 
harbor development, the concretization of large stretches 
of coastline, and especially from eutrophication caused by 
both agriculture and aquaculture (Lotze  &  Worm  2009 ). 

 But what is the scale of change? What used to be in the 
sea before humans began impacting marine ecosystems and 
habitats? What are the major long - term effects of human 
extractions of marine life? Are the impacts of recent or 
ancient origin? In other words what are the baselines 
against which we may evaluate some of the fi ndings of the 

Census of Marine Life fi eld projects by 2010? Can we talk 
with confi dence about the history of the sea, can we gauge 
how much has changed  –  and with what consequences to 
us humans? This was the grand challenge that was put to 
the scientifi c community some ten years ago when the 
Census endorsed the History of Marine Animal Populations 
(HMAP) Project to assess and explain the history of diver-
sity, distribution, and abundance of marine life (Box  1.1 ).   

 Although the history of marine animal populations has 
long been one of the great unknowns, recent advances in 
scientifi c and historical methodology and new applications 
of existing methodology have enabled the HMAP teams to 
expand the realm of the known and the knowable (Holm 
 2002 ). 

 The analytical framework of HMAP embraces two basic 
premises, one concerning data, one concerning methodol-
ogy. First, much of what we can know about the history of 
the oceans will be in the  “ human edges ”  of the ocean, those 
in the near shore and coastal zone. This is where humans 
most directly interacted with the sea in the past and therefore 
most historical records relate to these activities. However, 
in both the human edges and in the central oceanic waters 
there have been extensive fi sheries for larger organisms, and 
the value of the organisms encouraged the creation and 
maintenance of archival material. As HMAP has evolved, 
new and unexpected data sources have been discovered, 
and we know now that vast repositories are still untapped. 

 Second, historical analysis must combine with ecological 
analysis in a truly interdisciplinary way. New insights are 
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    HMAP is a collaborative effort by some 100 researchers 
around the globe participating in several region -  or species -
 specific research teams. Twelve are based on marine 
areas, as follows: southeast Australian Shelf; New Zealand 
Shelf; Caribbean Sea; Gulf of Maine; Newfoundland and 
Grand Banks; Baltic Sea; North Sea; Mediterranean Sea; 
Black Sea; White and Barents Seas; southwest African 

Shelf; and the biodiversity of nearshore waters. Three case 
studies focus on the following species: whales, cod, and 
mollusks and one on Northern European fish bone assem-
blages. In addition, several smaller case studies have been 
undertaken in areas such as the Philippine Seas, the 
Wadden Sea, and the seas of Indonesia and northern 
Australia.  

  Regional and Species Focus of  HMAP  

  Box 1.1 

due to the introduction of established marine science 
methodology to historical data, notably standardizing 
fi shing effort (catch per unit effort) (see, for example, 
Poulsen  &  Holm  2007 ), biodiversity counts of historical 
fi sheries (Lotze  et al.   2005 ), statistical modeling of histori-
cal data (Klaer  2005 ; Rosenberg  et al.  2005  ), etc. Perhaps 
the most surprising results have come simply from the 
data - mining effort in itself, which has revealed a wealth 
of documentation for historical fi sheries previously 
neglected by historians. Examples of this are of catch 
records spanning two to four centuries (Holm  &  Bager 
 2001 ; Starkey  &  Haines  2001 ; Lajus  et al.   2005 ; B. 
Poulsen  2010 ). HMAP has provided inspiration to glean 
important information from surprising and sometimes 
unlikely sources such as restaurant menus (Jones  2008 ) 
and snapshots of sports fi shermen ’ s catches (McClenachan 
 2009 ). Archaeological techniques have been deployed in 
conjunction with historical methods and stable isotope 
analysis to explore the character and composition of fi sh 
catches during early medieval times (Barrett  et al .  2008 ), 
and many more unconventional approaches could be cited. 

 In many ways the complicated interplay between man 
and nature calls for a new type of historical research. 
Science is a challenge to historians who have had little 
statistics, not to speak of modeling, as part of their training. 
Historical source - criticism is a challenge to scientists who 
are used to hard data. Although academic history through 
the 1990s concentrated on narrative and deconstructing 
skills, environmental history also demands command of 
both statistical and scientifi c methods. 

 The need for historians and scientists to work together 
is not uncontroversial. Some historians assert that history 
would carry no lessons for the future as events are never 
repeated in exactly the same form. Some scientists doubt 
the validity of historical data that are by defi nition  “ dirty 
data ”  in the sense that they are relics of events, not signals 

of a recurrent phenomenon, or experiment, established in 
a controlled environment such as a laboratory. In the early 
part of the Census some skeptics doubted the role of envi-
ronmental history in this mega - science program. Would 
such a program not by default perpetuate the divide 
between science and the humanities? Indeed, as one critic 
put it, would the marriage of history and science not lead 
to scientists simply appropriating data for their own use 
(Van Sittert  2005 )? 

 HMAP is founded on the belief that the divide between 
history and science needs to be bridged. History will never 
repeat itself but like the child learns to walk based on 
experience so does society base decisions and preferences 
on past experience. The historian may indeed detect trends 
and patterns of behavior behind diverse and unique events. 
Emphatic statements on the validity of and need for the 
HMAP approach have been made by some historians 
(Anderson  2006 ; Bolster  2006, 2008 ). Conversely, if we 
reduce science to controlled experiments we would never 
understand the fundamental principles of natural selection. 
More urgently, contemporary concerns about global climate 
change, biodiversity, and scarcity of resources are based on 
perceived changes of nature and availability of natural 
resources. Therefore, the history of nature itself  –  and the 
dependency and impact of human society on nature  –  has 
become a prime social, economic, and political concern, 
and scientists and historians need to address these very real 
issues, or decisions will be based on assumptions. 

 Environmental historians do not have to become biolo-
gists, nor do biologists need to become historians. However, 
we do need to understand enough of each other ’ s language 
to exchange information and insight. Our experience of 
dialogue across the current divide of humanities and science 
has led to the emergence of the new scientifi c community 
of marine environmental history and historical marine 
ecology (Box  1.2 ).   
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    HMAP has paved the way to establishing several new aca-
demic posts and trained graduate students at several par-
ticipating universities. Marine environmental history and 
historical ecology is now taught at the undergraduate and 
doctoral level at universities in the USA (New Hampshire, 
Connecticut, Old Dominion (Virginia), Scripps Institution of 

Oceanography (California)), in Canada (Dalhousie (Halifax), 
Simon Fraser (Vancouver)), in Europe (Roskilde (Denmark), 
Hull (UK), Trinity College Dublin (Ireland), Södertörn 
(Sweden), Tromsø (Norway), Bremen (Germany), the St. 
Petersburg State University (Russia)), and in Australia 
(Murdoch (Perth)).  

   HMAP  Outreach 

  Box 1.2 

 A total of 205 books and papers have been published up 
to September 2009 and the HMAP database ( www.hull.
ac.uk/hmap ) holds approximately 350,000 records, with 
some 80% available through OBIS (see Chapter  17 ). By late 
2010, it is anticipated that up to 1,000,000 records will be 
available on the HMAP website. With such a massive 
output it is obvious that any overview of major fi ndings will 
be highly selective. In the following, we shall establish fi rst 
the state of knowledge before the beginning of the Census 
in 2000, then focus on some of the highlights from the 
HMAP case studies. By way of conclusion, the chapter 
closes with observations on what we do not know, how we 
may get to know it, and why some questions will remain 
unanswerable.  

   1.2    The Background 

 Marine ecology was born as a scientifi c discipline by the late 
nineteenth century and derived often from a strong interest 
in the fi sheries (Smith  1994 ). The question of human impact 
on marine life was central not only from the perspective of 
economic interest (for example where are the fi sh and how 
do we catch them?) but from the perspective of human 
impact (for example what is the effect of extracting thou-
sands of tonnes of fi sh and what damage to the seabed may 
be caused by certain fi shing technologies?). 

 The central question of the possibility of overfi shing 
was raised at the World Fisheries Exhibition in London in 
1884 and drew two opposing answers. One came from 
one of the leading scientifi c fi gures of the day, Thomas 
Henry Huxley, who concluded that  “  …  probably all the 
great fi sheries are inexhaustible; that is to say that nothing 
we do seriously affects the number of fi sh ”  (Huxley  1883 ). 
A more conservative note was struck by Ray Lankester, a 
young professor of zoology, that  “ the thousands of  appar-
ently  superfl uous young produced by fi shes are not really 

superfl uous, but have a perfectly defi nite place in the 
complex interactions of the living beings within their area ”  
(Lankester  1890 ). To the credit of both men and to the 
academic community at the time the question of the pos-
sibility of harmful overfi shing was put to the test. A rigor-
ous series of trawls were undertaken in Scottish waters and 
were at fi rst understood to support Huxley ’ s view. In 1900, 
however, the tests were reanalyzed and further data from 
observations of commercial operations out of Grimsby 
were scrutinized. The conclusion by Walter Garstang was 
clear and had far - reaching implications:  “  …  the rate at 
which sea fi shes reproduce and grow is no longer suffi cient 
to enable them to keep pace with the increasing rate of 
capture. In other words, the bottom fi sheries are undergo-
ing a process of exhaustion ”  (Garstang  1900 ; cf. Smith 
 1994 , pp. 106 – 108). 

 This fundamental observation is at the heart of the ques-
tion of human interaction with the oceans. Garstang estab-
lished beyond scientifi c doubt that extractions might have 
an impact. Through the twentieth century, fi sheries science 
concentrated on identifying optimal sustainable yields that 
would not extract more from the sea than marine life would 
be able to replenish. By the second half of the century, 
fi sheries science had become highly sophisticated, equipped 
with research ships and advanced computer models. Scien-
tifi c organizations like ICES, the International Council for 
the Exploration of the Sea, established in 1902 for the 
North Atlantic (Rozwadowski  2002 ), and a plethora of 
similar organizations for other ocean realms and migratory 
species, struggled to get both the science right and deliver 
management advice. Characteristically, fi sheries studies 
were often based on very short time - series, although scien-
tists were aware of long - term changes. The centennial vari-
ability of the Swedish Bohuslen herring fi sheries provided 
a textbook example that fi sheries may change dramatically 
over the long term. Nevertheless, perhaps because of the 
strong link with policy advice, the focus of cutting - edge 
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science tended to be on recent data often obtained with 
new equipment, which by the very fact obliterated longer -
 term perceptions. Data observations over the long term 
were often discontinued for fi nancial reasons. Few observa-
tion series are maintained today that span more than a few 
decades, the best - known of which is the Continuous Plank-
ton Data Recorder survey, which has been maintained for 
the North Atlantic and North Sea since 1931 (Continuous 
Plankton Recorder  2009 ). 

 Marine science separated from fi sheries science through 
the twentieth century as scientists developed the concept 
of ecology as a study of biodiversity, food webs, and 
biological processes and functions as a separate line of 
inquiry. To ecologists the ultimate question is not what 
is in nature for us, the humans, but how do we under-
stand nature on its own, with the humans left out. Interest 
focused on biodiversity, the awesome richness of nature, 
and the exhilaration of understanding intricate and ingen-
ious life - forms. By the 1960s ecologists did realize that 
ecosystems rarely remain steady for long, and  “ fl uctuations 
lie in the very essence of the ecosystems and of every 
one of the  …  populations ”  (Margalef 1960 cited in Smith 
 1994 , p. 33). Marine ecologists, however, perceived little 
or no need for history, with the exception of a few studies 
of correlations between contemporary and historical obser-
vations of animal populations and key environmental vari-
ables (Cushing  1982 ; Alheit  &  Hagen  1997 ; Southward 
 1995 ). Things were about to change, however, as dem-
onstrated in a programmatic statement on the need to 
determine the historic structure of exploited ecosystems 
(Pitcher  &  Pauly  1998 ). 

 In a seminal study of the Caribbean ecosystem, Jeremy 
Jackson criticized ecologists for assuming that the natural or 
original condition is equal to the fi rst scientifi c description 
of a phenomenon (Jackson  1997 ). Jackson turned to a 
concept developed a few years earlier by a fi sheries scientist, 
Daniel Pauly, for a diagnosis of the problem, which was 
termed the shifting baseline syndrome (Pauly  1995 ). Pauly 
observed that equilibrium or steady - state models are based 
on a given dataset, often established by scientists within the 
past generation. However, what happens to equilibrium if 
older data are introduced? We cannot know from recent 
information the extent of the losses that have happened. 

 Jeremy Jackson, himself an American ecologist, son of a 
historian, used the British Empire trade statistics of the 
eighteenth century to learn of the trade in turtles from the 
Caribbean. When working out the numbers  –  hundreds of 
thousands of turtles killed in a single year  –  he realized that 
the ecosystem of the Caribbean would have looked very 
different to what conservation biologists supposed based 
on information from the past couple of decades (Jackson 
 1997 ). The lesson to ecologists of Jackson ’ s historical anal-
ysis of Caribbean coral reefs was that textbook descriptions 
of reef ecosystems were limited by the fact that the system-
atic description by modern biology only began in the 1950s. 

Jackson put the case squarely to the ecologists: they needed 
to turn to historical sources and rediscover the world. 

 Another infl uential development in reinstating the his-
torical dimension in science was the development of paleo-
ecology and archaeoichthyology in the past 30 – 40 years. 
The preservation of fi sh scales in anoxic bottom sediments 
off the coast of California provided scientists the opportu-
nity to reconstruct 1,600 years of pelagic abundances 
(Soutar  1967 ; Baumgartner  et al.   1992 ; Francis  et al.  
 2001 ). The fi eld of paleozoology provided one of the fi rst 
clear examples of scientists working across the cultural 
divides of historical and ecological analysis. Analysis of fi sh 
remains from archaeological sites provided a possible 
avenue to understanding biodiversity distribution and 
abundance. In the 1960s the Swedish scientist H ö glund 
analyzed fi sh bones excavated from eighteenth century pro-
duction sites for train oil and found that the Bohuslen 
herring was spent (namely post - spawning) herring from the 
sub - population of the North Sea Buchan herring (H ö glund 
 1972 ). In the 1990s studies clearly demonstrated the poten-
tial of bringing the different lines of inquiry together 
(Muniz  1996 ; Enghoff  1999 ). 

 What about the historians? Environmental history has 
been a growth fi eld in the USA since the 1970s and a little 
later in Europe, Asia, and Australia, and indeed, despite 
institutional problems, also in South America and Africa. 
However, the focus by leading American environmental 
historians was strongly on human agency and perception 
whereas ecological factors were rarely allowed to play an 
explanatory role. On top of that, the discipline developed 
out of a strongly narrative and qualitative approach to 
history that had little rapport with the quantitative approach 
of ecologists. The focus was very much on frontier cultures 
of the prairies, bushlands, savannahs, and steppes, whereas 
the oceans were strangely disregarded. Maritime historians 
on the other hand were fi rmly embedded in economic and 
social history with a preoccupation for naval and shipping 
matters and had little regard for environmental issues. The 
few fi sheries historians often found their subject of mar-
ginal interest to mainstream historians and a bit fuzzy as 
the ecological context of fi shing could not be disregarded 
but on the other hand was little understood. The few sub-
stantial overviews of fi sheries published generally adopted 
a national, regional, or port perspective whereas environ-
mental considerations were accidental at best. It was only 
as late as 1995 that the North Atlantic Fisheries History 
Association was established, but even then few papers dealt 
with the impact of harvesting on the seas (Holm  &  Starkey 
 1995 – 99 ). 

 Signs were in the air, however, that things were about 
to change. In the North Atlantic, Holm  &  Starkey  (1998)  
reported the results of a workshop titled  “ Fishing Matters ”  
that brought together historians, social scientists, biolo-
gists, oceanographers, and fi sheries managers to examine 
multidisciplinary approaches to understanding the past 
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and current scale and character of the fi sheries. In the 
North Pacifi c, Pauly  et al.   (1998b)  similarly documented 
the results of a workshop aimed at mathematically recon-
structing the state of the Strait of Georgia, off Vancouver 
Island. Participants were even more varied, and the focus 
was broader in attempting  “ to provide a vision for rebuild-
ing the Strait ’ s once abundant resources. ”   

   1.3    The  HMAP  Projects 

 Such was the state of play when a preparatory workshop 
of the Census in 1998 called attention to the need of a 
historical backdrop  –  a baseline  –  to observations of ocean 
life (Anon  1998 ). The challenges were apparent: there was 
no shared or agreed set of methodologies and not even 
agreement as to which research questions needed to be 
raised. Before the project started the fi rst step was therefore 
to bring together a workshop in February 2000 to identify 
the hypotheses that could be tested against historical data, 
to identify the various sources of data, and the methodolo-
gies that might yield plausible answers. The workshop 
agreed that historical data were only sporadically available 
and that there was an urgent need to build consistent time -
 series of extractions and fi shing effort for at least the best 
documented operations such as whaling and large com-
mercial fi sheries. Participants identifi ed 10 hypotheses to 
direct work in the early years of the project. The focus was 
fi rst of all to investigate the proposition that validated his-
torical, archaeological, and paleoecological records can be 
used to gauge long - term change in the abundance, spatial 
distribution, and/or diversity of marine animal populations. 
Secondly we wanted to identify the environmental and 
human forces that might condition fi sh mortality. Thirdly, 
we wanted to understand better the drivers of these forces 
themselves, be they related to geophysical or human 
activity. 

 In May 2000 a Steering Group of historians and marine 
scientists was charged by the Census ’  Scientifi c Steering 
Committee to lead a global inquiry into the history of 
marine animal populations. A series of regional projects 
was proposed while we set up annual training workshops 
through the summers of 2001 – 2003, well knowing that as 
nobody had ever received academic training as marine his-
torical ecologists or marine environmental historians, there 
was a need to train a new generation of two dozen young 
researchers to understand enough of several disciplines. As 
the project grew, the Oceans Past conferences of 2005 and 
2009 attracted more than 100 researchers while many more 
worked in the fi eld. 

 The identifi cation of a viable project was not just a ques-
tion of a top - down process. Although the Steering Group 
wanted to get projects started in Japan and in the American 
Pacifi c, we were confronted with the reality of needing to 
fi nd like - minded people who would undertake not only 

individual work but also lead a team for several years 
guided by an overarching research program. We were not 
always successful, but all projects that were begun proved 
viable. Although some were discontinued as the research 
was completed, other projects developed new agendas. A 
renewed focus on the evidence of archaeology brought new 
people and projects forward. By 2007 the focus shifted 
from data collecting to synthesis, both within projects and 
across projects. New collaboration with other Census 
projects emerged, in particular with Natural Geography in 
Shore Areas (NaGISA) for the History of the Near Shore 
project (see Chapter  2 ), which focused on providing histori-
cal data as baseline studies for ongoing fi eldwork. In the 
following, we highlight selected research fi ndings address-
ing two of the initial simple questions: what is the scale of 
change, and are changes of recent or ancient origin? 

   1.3.1    Mediterranean Sea and 
Black Sea 

 The Mediterranean and Black Seas are among the earliest 
heavily fi shed marine ecosystems in the world. Fish as a 
source of food was more important than meat in the ancient 
Mediterranean cultures (Fig.  1.1 ). Along the Nile, settle-
ments with huge amounts of fi sh bones have been identi-
fi ed. Hundreds of full - time fi shers were employed by the 
Lagash temple in Sumer around 2400 B.C. The fi sh was 
dried, salted, and stored. Babylonian sources from around 
1750 B.C. show the importance of fi shing. Greek mer-
chants conducted an extensive fi sh trade from the Black Sea 
and the Russian rivers to the Greek and later the Roman 
market (Holm  2004 ).   

 However, the problem with assessing the impact of fi sh-
eries on ecosystems is that ancient records are rarely quan-
tifi able and often we are not able to identify the fi sh species 
mentioned. Even worse, until quite recently, historians 
have assumed that the ancient fi sheries were of minimal 
importance, technology was simple, and nets were cast 
close to the shoreline. A full reversal of this perception was 
only achieved as a result of an analysis of the evidence 
matched by an understanding of modern impact studies of 
pre - industrial fi sheries technology. The Graeco - Roman 
world had seagoing vessels for hook - and - line as well as net 
fi sheries. Ancient technology was neither ineffective nor 
unproductive, and indeed produced such large catches that 
the limiting factor was preservation and storage (Bekker -
 Nielsen  2005 ). The main fi sheries for bluefi n tuna ( Thunnus 
thynnus ), mackerel ( Scomber scombrus ), and other pelagic 
species took place in narrow straits such as the Strait of 
Gibraltar, Sardinia, Sicily, and Crimea in the Black Sea 
(Curtis  2005 ; Gertwagen  2008 ). 

 One solution to the problem of conserving the fi sh was 
to dry and salt the fi sh, which was done extensively and 
accounted for much of the Greek imports from the Black 
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     Fig. 1.1 
   Polychrome mosaic ( “ Catalogo di pesci ” ) found in 
Pompeii, house VIII.2.16 and now in the National 
Archaeological Museum, Naples. Last century B.C. 
Size  ca . 0.9   m    ×    0.9   m. Photograph courtesy of 
Professor Dario Bernal Casasola, University of 
C á diz.  

Sea. The most spectacular solution was, however, the 
reduction of fi sh to fi sh sauce, garum, essentially by throw-
ing the catch into large containers to allow a fermenting 
process to result in a liquid that was then traded all around 
the Roman world to add fl avor to the Roman cuisine. The 
large installations are especially found by the shores of the 
western Mediterranean and the Black Sea. They were prob-
ably privately owned commercial operations for export, 
and regularly had containers of several hundred cubic 
meters. The largest installation in present - day Mauretania 
had a capacity of over 1,000 cubic meters (Curtis  2005 ; 
Trakadas  2005 ). 

 As yet, there is no way to establish the quantities of 
catch, although evidently they will have been signifi cant. 
One assessment of the distinctive amphora vessels for the 
oil, wine, and garum trades established that wine accounted 
for about 62% of relative volumes, whereas oil made up 
about 28%, and 10% contained garum. Fish sauce was sold 
all over the Roman Empire and was an essential part of the 
Roman dish, part of what made up Roman culture (Ejstrud 
 2005 ). There is no doubt that extractions will have been 
huge, and much will be learnt in coming years as this 
research continues. 

 Documentary records are especially rich for the Vene-
tian lagoon and the Northern Adriatic Sea. Preliminary 
studies show that the marine system has been modifi ed 
dramatically by human interventions since the medieval 
period. An ongoing project aims to reconstruct the dynam-
ics of marine animal population in the Venetian Lagoon 
and in the Northern Adriatic Sea from the twelfth century 
up to the twenty - fi rst century from historical and scientifi c 
sources (Gertwagen  et al.  2008  ). Finally, the Catalan Sea 
has been studied carefully and data for twentieth - century 
fi sheries have been made available for further study.  

   1.3.2    North Sea and Wadden Sea 

 The North Sea is another heavily fi shed and depleted 
marine system. The Mesolithic period about 6,000 years 
ago experienced a warm climate, which seems to have been 
conducive to extensive fi sheries all over the Northern hemi-
sphere. Many basic technologies for the fi sheries were 
already developed by this time such as trap gear and fi shing 
by hook - and - line from a boat. With domestication of 
animals and development of agriculture in the Neolithic 
period about 5,000 B.P., hunting and fi shing became less 
important and settlements were no longer related to the 
seashore, and fi shing seems to have been of minor impor-
tance through the Bronze and Iron Ages of Northern 
Europe. Rivers will have brought nutrition to the North 
Sea from the rich agricultural lands of Northern Europe 
already by the Bronze Age when major deforestation took 
place and increased the productivity of the sea (Enghoff 
 2000 ; Beusekom  2005 ). 

 Our knowledge of ancient fi sheries is still defi cient due 
to the lack of sieving of archaeological fi nds for small and 
easily overlooked fi sh bones. However, thanks to a thor-
ough review of archaeological reports of dozens of medi-
eval settlements we now know that the period  ca . 950 – 1050 
saw a major rise in fi sh consumption around the North Sea 
(Fig.  1.2 ) (Barrett  et al.   2004, 2008 ). Early medieval sites 
are dominated by freshwater and migratory species such as 
eel and salmon, whereas later settlements reveal a wide-
spread consumption of marine species such as herring 
( Clupea harengus ), cod ( Gadus morhua ), hake ( Merluccius ), 
saithe ( Pollachius virens ), and ling ( Molva molva ). The  “ fi sh 
event ”  of the eleventh century refl ected major economic 
and technological changes in coastal settlements and tech-
nologies, and formed the basis of dietary preferences that 
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     Fig. 1.2 
   Fish bones project:  “ Pristine ”  North Sea impacted 
 ca . 950 – 1050, freshwater to marine species. 
Source: Barrett  et al .  (2004) .  Reproduced with 
permission.   

were to last into the seventeenth century. In particular, the 
evidence of traded cod,  “ stock fi sh ” , which begins to show 
up in Northern European towns by the middle of the elev-
enth century, is clear evidence of the rise of commercial 
fi sheries (Fig.  1.3 ). Barrett ’ s group combines an osteological 
study of fi sh bones with analysis of their stable isotope 
signatures. The project has now identifi ed traded cod in 
medieval settlements from Norway, England, Belgium, 
Germany, Denmark, Sweden, Poland, and Estonia. The 
evidence also supports a hypothesis that seagoing vessels 
were in wide use by the thirteenth century catching fi shes 
at depths of 100 – 400   m such as ling. Commercial fi sheries 
were well established by the high middle ages to feed a 
European population that had developed religious practices 
of fasting and abstinence of red meat in favor of fi sh on 
certain weekdays and through the 40 weekdays of Lent 
(Hoffmann  2004 ).   

 The fi rst estimate of total removals of one species 
from the North and Baltic Seas comes from the sixteenth -
 century Danish inshore fi sheries for herring in Scania and 
Bohuslen. Annual catches regularly reached a level of 
35,000 tonnes (Holm  1999, 2003 ). By the late sixteenth 
century, the Dutch had taken the lead in Northern Euro-
pean herring fi sheries with seagoing  buysen , which har-
vested the rich schools off the coasts of Scotland and 
the Orkneys. They landed catches of 60,000 – 75,000 
tonnes every year in the fi rst quarter of the seventeenth 
century, and total removals with English, Scottish, and 
Norwegian landings amounted to upwards of 100,000 
tonnes. Catches declined to about half by 1700, and only 
increased to about 200,000 tonnes in the late eighteenth 
century owing to Swedish and Scottish progress (B. 
Poulsen  2008 ). 

 By 1870 total removals reached a level of 300,000 
tonnes, which equals the recommended Total Allowable 
Catch for 2007 for herring in the North Sea (ICES  2006 ). 
In the twentieth century, total catches repeatedly amounted 
to well over a million tonnes annually, causing collapses of 
herring stocks and the closure of fi sheries for one or two 
decades to allow populations to rebuild. 

 This evidence demonstrates how fi shermen in the age 
before steam and trawl were able to remove large quantities 
of biomass from the sea. The technologies of wind power 
and driftnets were practically unchanged in the Dutch fi sh-
eries from the seventeenth to the nineteenth centuries. 
There are indications that removals even at the much lower 
level than that recommended by modern standards had an 
effect on abundance. One study standardized the fi shing 
power of North Sea herring fi shing vessels across the tech-
nological divide from sail to motor - powered vessels from 
the sixteenth to the twentieth centuries. Even by a con-
servative estimate the returns of catch per unit effort indi-
cated that stock abundance was ten times higher in the 
1600s than in the 1950s, and already by the 1800s, well 
before the big technological change, it had dropped to 
50 – 60% of the level of the 1600s (B. Poulsen  2008 ). The 
effects of early removals may therefore have been larger 
than we would have assumed. 

 The catches of two other commercially important 
species, ling ( Molva molva ) and cod ( Gadus morhua ), were 
abundant in the nineteenth century whereas the stocks 
showed signs of depletion by World War I. Detailed histori-
cal data are available from the Swedish fi shery in the north -
 eastern North Sea and Skagerrak, which make up about 
one - sixth of the entire North Sea. Minimum total biomass 
of cod in 1872 was estimated at about 47,000 tonnes for 
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     Fig. 1.3 
   Map of the pound nets in Sebberlaa area of the Limfjord. The district bailiff, Thestrup, drew the map in 1741, where hundreds of pound nets, each 70 meters 
long, were in use in this very narrow stretch of water. In the right hand bottom of the map, Thestrup has drawn a pound net scaled next to a tree and row of 
dried fish. Source: Royal Library, Copenhagen, Ny Kgl. Saml. 409d, fol.  

this portion of the North Sea, but it may have been much 
higher, whereas the total biomass of ling was estimated at 
a total of 48,000 tonnes. These were very healthy stocks if 
the levels are compared with the modern biomass estimate 
for cod of 46,000 tonnes for the entire North Sea, Skager-
rak, and Eastern Channel, whereas for ling no modern 
biomass estimate is available as the species is caught too 
infrequently. The cod population is today considered 
severely depleted throughout the North Sea, and the ling 
population may be considered commercially extinct from 
the region that once produced the major catches (R.T. 
Poulsen  et al.   2007 ). 

 Ecosystem theory emphasizes the importance of top 
predators for the entire food web. Top predators play a 
controlling and balancing role for the abundance of other 
species further down the food chain, and an abundance of 
top predators is a sure sign of biodiversity (Baum  &  Worm 
 2008 ; Heithaus  et al.   2008 ). Human hunting tends to focus 
on top predators as the big fi sh are of highest commercial 
value. When we take out the largest specimens, we remove 
one of the controls on the ecosystem. The mature fi sh are 
also highly important for the reproduction of the popula-
tion as their eggs have been shown to be healthier and more 
plentiful than the spawn of younger and smaller specimens 
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(O ’ Brien  1999 ). Because the fi sh continues to grow through 
its entire life, a decline in the length of specimen caught is 
a clear indication that the fi shery is changing the age struc-
ture and viability of the stock. Analysis has shown that 
whereas the average length of northeastern North Sea ling 
in the mid -  to late nineteenth century was about 1.5   m, it 
had decreased to about 1.2   m by World War I, and ling 
caught today is less than 1   m on average (R.T. Poulsen 
 et al.   2007 ). A century ago, cod landed from the North Sea 
was usually 1 – 1.5   m long whereas today it is only about 
50   cm. This means that although cod used to live to an age 
of 8 or 10 years, today it is caught at less than three years 
of age; for example in 2007, 87% of the catch in numbers 
were aged two years or younger. As cod only spawns at the 
age of three years, this fi shing pattern is inhibiting the 
population from maintaining itself and delaying recovery 
(ICES  2008 ). 

 The bluefi n tuna ( Thunnus thynnus ) generally escaped 
human hunting activity until the twentieth century owing 
to its rapidity and superior strength, which made its capture 
diffi cult. By the 1920s superior hook - and - line technology 
was available and brought tuna within the reach of fi sher-
men. Even more importantly, harpoon guns and purse -
 seining methods, eventually implemented with hydraulic 
winches, were developed in the 1930s and rapidly increased 
catches to thousands of individuals per year. By 1960, 
however, tuna catches were falling and ceased to be of 
commercial importance after the mid - 1960s. Climate 
change and prey abundance seem unlikely causes for the 
sudden decline, and it seems now likely that the commercial 
extinction of bluefi n tuna from the North Sea was caused 
by the heavy onslaught by humans in the mid - twentieth 
century (MacKenzie  &  Myers  2007 ). 

 In the southern North Sea, the haddock ( Melanogram-
mus aeglefi nus ) fi shery was of substantial size in the six-
teenth and fi rst half of the seventeenth centuries. The 
fi shery declined in the later seventeenth into the eighteenth 
century, but by the 1770s the fi shery was on the increase 
again. We have evidence of an abundant haddock fi shery 
by German and Danish hand liners in the German Bight 
and along the Jutland coast in the late eighteenth century 
and fi rst half of the nineteenth century. Statistics show 
substantial catches by 1875 declining rapidly in the last 
quarter of the century to nil around 1910. It would seem 
that the southern North Sea haddock stocks were rendered 
commercially extinct by the intensive German and Fan ø  -
 Hjerting fi sheries of the late nineteenth century. Today, 
haddock is prevalent mainly in the northernmost part of 
the North Sea and in the Skagerrak (Holm  2005 ), whereas 
its former widespread presence in the southern part of the 
North Sea was not generally recognized by marine science 
until its regional history was revealed. 

 Major changes to the inshore habitats of the North Sea 
and thus to marine wildlife occurred in the Middle Ages. 
Hunting and fi shing took its toll on the rich wildlife of the 

inshore areas of the Wadden Sea, a large intertidal zone off 
the coasts of the Netherlands, Germany, and Denmark. 
Dikes, traps, and other inshore coastal uses changed the 
wide mud fl ats. By the late nineteenth century industrial 
and chemical pollution began to build up in the sea. 
However, the major change to the ecosystem is likely to 
have come from direct effects of removals of animals by 
fi shing and hunting (Beusekom  2005 ). Some marine species 
have been extirpated from the Wadden Sea such as pelicans 
( Pelicanus crispus ), which disappeared about 2,000 years 
ago (Prummel  &  Heinrich  2005 ), the Atlantic gray whale 
( Escherichtius robustus ), which went extinct not only from 
the nearshore habitats of the North Sea but as a species 
sometime in the late medieval period (Mead  &  Mitchell 
 1984 ), and the great auk ( Pinguinus impennis ), which dis-
appeared from the North Sea by the medieval period before 
extinction from the North Atlantic by the nineteenth 
century (Meldgaard  1988 ). Several species have been so 
much reduced in numbers that they are considered region-
ally extinct or at least so rare that they have lost their 
ecosystem importance, and their previous commercial 
importance to the human economy. Sturgeon ( Acipenser 
sturio ) was previously caught in vast quantities and mar-
keted in the hundreds, for instance at the Hamburg fi sh 
auction. By 1900, however, the fi shery declined rapidly 
both because of river and inshore pollution and fi sheries. 
As late as the 1930s sturgeon was still caught regularly in 
the northern Danish part of the Wadden Sea but is now 
extremely rare (Holm  2005 ). 

 A general survey of extirpations in the Wadden Sea 
concluded that major impacts occurred by the turn of the 
twentieth century, well before the introduction of modern 
industrial fi shing technologies to this region. The major 
causes for species decline and indeed extirpations were 
associated with removals and habitat destruction whereas 
factors such as pollution, eutrophication, and climate 
change have been late and minor factors so far (Lotze  et al.  
 2005 ).  

   1.3.3    Baltic Sea 

 One of the early research questions of HMAP was posed 
by fi sheries scientists about Baltic cod (MacKenzie  et al.  
 2002 ). In the absence of historical records before 1966, 
they wondered if the record high cod stock in the Baltic 
Sea in the late 1970s to early 1980s was a unique occur-
rence or likely to occur at regular intervals. The question 
was unequivocally answered by the work of the Baltic team. 

 Through the recovery of historical data back to 1925 we 
know now that abundant cod stocks corresponded to a 
favorable combination of four key drivers in the late 1970s: 
incursions of saline water to the brackish Baltic and hydro-
graphic conditions allowing successful reproduction, low 
marine mammal predation, high productivity environment 
fuelled by nutrient loading, and reduced fi shing pressure. 
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A similar situation did not occur at any other time in the 
twentieth century. The cod biomass in the 1920s – 1940s 
was likely restricted by high abundance of marine mammals 
and low ecosystem productivity; and in the 1950s – 1960s 
by high fi shing pressure. Periods of deteriorated hydro-
graphic conditions occurred throughout the twentieth 
century and were most pronounced in the past 20 years, 
thereby restricting cod recruitment (Eero  et al .  2008 ). 

 Today, cod rarely ventures into the very brackish north-
ern Baltic waters between Stockholm and the Gulf of Riga. 
In the late sixteenth and early seventeenth centuries the 
presence of a large cod fi shery off southwest Finland indi-
cates that cod abundance must have been very large. The 
abundance is all the more remarkable because the popula-
tion of top predators such as seals would have been much 
larger than today (MacKenzie  &  Myers  2007 ). Climate 
clearly impacted fi sh distribution but there are some sur-
prises which underline that some fi sh are quite resilient to 
change. Archaeological evidence of fi sh fauna in the Atlan-
tic warm period ( ca . 7000 – 3900 B.C.) shows many fi sh 
species in waters around Denmark that we would today 
expect to fi nd in warmer waters. Indeed, comparison with 
contemporary data from surveys and commercial landings 
shows that many of these species are now re - appearing as 
temperatures rise. However, cod was very abundant in the 
Stone Age, even though temperatures were 2 – 4    ° C warmer 
than late twentieth century temperatures. This fi nding sug-
gests that commercially important cod populations can be 
maintained in the North Sea – Baltic region, even as tem-
peratures rise due to global warming, provided that fi shing 
mortalities are reduced (Enghoff  et al .  2007 ). 

 During the Little Ice Age of the late seventeenth century, 
coldwater marine fi sh (herring, fl ounder ( Platichthys fl esus ), 
and eelpout ( Zoarces viviparous )) were of major importance 
in the Baltic Sea fi sheries and the fi shing season for the 
major pelagic fi sh was substantially later in the year com-
pared with the present, much warmer conditions (Gaumiga 
 et al.   2007 ). Similarly, catches of herring and other coastal 
fi sh (for example perch ( Perca fl uviatilis ) and ide ( Leuciscus 
idus )) near Estonia in the mid -  and late nineteenth century 
varied, probably owing to climatic fl uctuations, when 
fi shing effort and methods were stable (Kraikovski  et al.  
 2008 ). A major hydrographic event increased the salinity 
of the Limfjord in 1825; the saltwater intrusion destroyed 
the habitat for the freshwater whitefi sh ( Coregonus lavare-
tus ), but created conditions for saltwater species such as 
plaice ( Pleuronectes platessa ) (B. Poulsen  et al.   2007 ). 

 Overall, fi shing pressure was quite low in the inner parts 
of the Baltic. During the late seventeenth century, removals 
of fi sh biomass from the Gulf of Riga were at least 200 
times less than at the end of the twentieth century, and 
most fi sheries concentrated on the rivers. Migratory fi sh 
species, such as sturgeon, Atlantic salmon, brown trout, 
whitefi sh, vimba bream, smelt, eel, and lamprey were the 
most important commercial fi sh in the area, because they 

were abundant, had high commercial value, and were easily 
available. Over time, however, the main fi shing areas 
moved downstream and to the sea. Owing to intensive 
fi shing, populations of many migratory species, fi rst of all 
sturgeon and Atlantic salmon, considerably declined and 
lost their commercial signifi cance. Marine fi sh, especially 
Baltic herring, gained increased importance in the nine-
teenth century (Kraikovski  et al.   2008 ).  

   1.3.4    Grand Banks, Gulf of Maine, 
and Scotian Shelf 

 Although the fi sheries in the Northeast Atlantic developed 
later than in Northern Europe, they were no less intense in 
the past few centuries. The Grand Banks fi shery for north-
ern cod is a well - known example of the effects of sustained 
high fi shing pressure ending in a sudden collapse of the 
stock (Myers  et al.   1997 ). The HMAP research focused on 
correcting the historical landings statistics and showed that 
the combined efforts of British and French fi shermen on 
the Grand Banks off Newfoundland yielded between 
204,000 and 275,000 metric tonnes of cod in the years 
1769 – 1774 (Starkey  &  Haines  2001 ), or two to three times 
higher than previous estimates, and at a level that was only 
eclipsed by the late nineteenth century when catches were 
on the order of 300,000 tonnes (Cadigan  &  Hutchings 
 2001 ). This level proved unsustainable and catches were 
only half as much in the 1940s. This fi nding underscores 
that  –  as happened in the North Sea herring fi shery  –  
extractions using pre - industrial technology could be similar 
to or indeed above modern levels. When the fi shery fi nally 
collapsed in 1992, landings had reached a decadal peak of 
268,000 tonnes only four years earlier. 

 Because of the open nature of the Grand Banks fi shery, 
the data will always be incomplete. To understand the 
dynamics of the fi sheries fully, we need to know how many 
people and boats participated in a particular fi shery. The 
focus in the later stages of HMAP has therefore been on 
the Gulf of Maine and Scotian Shelf fi sheries closer to the 
American mainland that were largely conducted by local 
vessels through the nineteenth and twentieth centuries. 
Luckily, these fi sheries are exceptionally well documented 
thanks to a bounty that required fi shing captains to keep 
and hand in their logbooks through the period 1852 – 1866. 
Thousands of these logbooks have been digitized and ana-
lyzed for content by a team at the University of New 
Hampshire. 

 The fi shermen consistently removed 200,000 tonnes of 
live fi sh per year through the 1850s. For example, in 8.5 
months during 1855, the hand - lining fi shermen in 43 
schooners from Beverly, Massachusetts, caught a little over 
8,000 tonnes of cod on the Scotian Shelf, whereas in 15 
months during 1999 – 2000 a total of just 7,200 tonnes of 
cod was extracted from the same waters by the entire 
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Canadian mechanized fi shing fl eet and fell short of the full 
Total Allowable Catch by 11%, a comparison that points 
to a profound change in cod abundance on the Scotian Shelf 
over the past 150 years (Fig.  1.4 ) (Rosenberg  et al .  2005 ).   

 Abundant as fi sh were, the fi shermen perceived reduc-
tions in stock sizes suffi cient to change to fi shing grounds 
further at sea. By the end of the 1850s catches had declined 
suffi ciently for many ships to undertake the longer voyage 
to the Gulf of St. Lawrence and the Grand Banks. Similar 
processes of moving from fi shing ground to fi shing ground 
in a relentless effort to earn marginal benefi t are well -
 known for modern fi sheries and well - documented for many 
historical fi sheries, perhaps best of all for the mid - nine-
teenth century fi shery off the Labrador coast (Myers  2001 ). 
This is a fi shing strategy that is known as serial depletion 
and may be recognized again and again in historical records 
from all over the world. 

 Declining catches were offset by new technology. French 
fi shermen introduced tub trawls to the Scotian Shelf fi shery, 
and soon the Americans no longer used the traditional 
hand lines with two to four hooks per man but upwards 
of 400 – 500 hooks per crewman. Thus the catchment area 
of one boat increased immensely. Unfortunately, although 
catches went up in the short run, in a matter of a few 
years the fi sh stock was showing clear depletion signals, 
being caught at a smaller size and catch per unit effort of 
the fi shermen declining. In the 1850s, based on the fi shing 
effort, the adult cod biomass may be estimated to have 
been of the order of 1.26   million tonnes. The comparable 
estimate was of 50,000 tonnes in the 1990s (Rosenberg 
 et al.   2005 ). The reduction in abundance is obvious and 
even starker than the decline of the cod and ling in the 
North Sea. 

 The American waters of the nineteenth century were 
incredibly rich and are today impoverished to a degree that 
present - day managers would not realize without historical 
research. It would be naive to suggest that restoration 
targets may simply be based on historical values. If an eco-
system regime shift has occurred, the ecosystem may never 
be able to rebuild to past abundance levels. However, anal-
ysis of the age structure of modern cod populations indi-
cates that conservation measures in recent years have 
helped to rebuild a stock of older and better spawners, 
resembling the stock of the 1860s (Alexander  et al.   2009 ). 

 An even more short - lived success than cod was the Atlan-
tic halibut fi shery, which became severely depleted owing 
to a rapidly developing taste for the halibut fi ns among 
American consumers from the 1840 to 1880s. This fi shery 
has never regained its former strengths (Grasso  2008 ).  

   1.3.5    Southeast Australia 

 The Australian southeast shelf region was the fi rst HMAP 
case study to be completed and the fi rst case study to apply 
catch rate standardization methods rigorously, single 
species population models, and the Ecopath ecosystem 
modeling approach to historical data. Compared with other 
HMAP case studies, the Australian southeast shelf data set 
is of particularly high quality. It is comparatively short in 
duration, beginning only in 1915 with some years missing, 
but it was collected in a systematic manner since the begin-
ning of the fi shery and has data for a considerable number 
of species. The fi shery was initially set up by the govern-
ment and records kept to convince private enterprise of the 
profi tability of the industry. 

 What the evidence allows us to see are the effects of a 
trawl fi shery on a pristine marine ecosystem, or as untouched 
by humans as was ever documented (Klaer  2005 ). Indige-
nous fi shing in the Sydney region was mainly concentrated 
on the snapper, which lives in nearshore waters, and the 
indigenous fi shery may have impacted the population. 
European settlers in Sydney added problems of pollution 
and disturbance. However, the southeast Australian shelf 
and slope marine animal populations may largely be con-
sidered to have been in a pristine state until the Australian 
government began fi sheries experiments with a single 
trawler at the turn of the century. The main impact and the 
start of historical documentation came with the arrival of 
three British trawlers, purchased to begin commercial fi sh-
eries for a state company by May 1915. The operation was 
privatized in 1923 and peaked with 17 steam trawlers in 
1929. Danish seine vessels were brought in through the 
1930s but during World War II activities almost came to a 
halt. Catches were resumed after the war. The fi shery was 
primarily in shelf waters between 50 and 200   m depth. It 
targeted tiger fl athead ( Neoplatycephalus richardsoni ), 
jackass morwong ( Nemadactylus macropterus ), and redfi sh 
( Centroberyx affi nis ) until the 1970s. 
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     Fig. 1.4 
   Reduction of cod biomass, Scotian Shelf  –  estimated and historical. 
 Source: Rosenberg  et al .  (2005) . Reproduced with permission of ESA.   
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redfi sh, and morwong) decreased by 73% from 1915 to 
1961, whereas the biomass density of invertebrates at the 
same time decreased by only 6% (Klaer  2004 ). In other 
words, the effect of the southeast Australian trawl fi shery 
was a fi shing down the food web, as described by Pauly 
 et al.   (1998a) , resulting in fewer of the large fi sh, while 
the small fi sh, plankton, and crustaceans remained. 

 Klaer ’ s analysis is unique both for the pristine nature 
of the ecosystem before documented trawling and because 
of the amount of data available throughout the fi shery. 
By the time that conservation measures and restrictions 
on fi shing effort were taken, the ecosystem had ceased 
to look anything like it had before, and a fi shery manage-
ment system that was informed only by recent data would 
have no knowledge of what had been lost, nor indeed 
of what might be if the system were allowed to rebuild 
by holding back on fi shing effort. Until this study was 
made, no such information was available to managers.  

   1.3.6    Southwest Africa 

 Human activities were studied in the Benguela Current 
ecosystem (Griffi ths  et al.   2005 ). Like the southeast Aus-
tralian fi sheries, the main human impact occurred rela-
tively recently, but is unfortunately less well documented. 
The aboriginal epoch until 1652 was characterized by 
low levels of mainly intertidal exploitation, whereas the 
pre - industrial epoch to about 1910 saw intense exploita-
tion of few large, accessible species. The introduction of 
mechanized technology marked the beginning of the 
industrial epoch which had a huge increase in landings. 
Catches were stabilized in the post - industrial period after 
1975, although there have been increasing impacts of 
non - fi sheries on the system. Total extractions in the past 
200 years were calculated at more than 50   million tonnes 
of biomass, with annual removals above one million 
tonnes in the 1960s. Subsequently landings have declined 
by over 50%. The short, sharp impact of fi sheries in the 
twentieth century led to severe reduction of populations 
of whales, seals, and pelagic and demersal fi sh, which are 
now all showing signs of recovery thanks to declining 
fi shing pressure and implementation of new management 
schemes. Inshore stocks, particularly abalone, rock lobster, 
and inshore linefi sh, remain severely depressed and are 
exposed to intense fi shery and gathering for human 
subsistence.  

   1.3.7    Caribbean 

 Far from being a pristine ecosystem, the Caribbean was 
intensively fi shed already before the arrival of the Europe-
ans, and subsequent removals happened on a massive scale 
through the seventeenth and eighteenth centuries. Twenti-
eth - century fi shing pressure has continued a trajectory of 
fi shing down the food web. 
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     Fig. 1.5 
   Ecosystem effects of early trawling. Commercial catch rates by species 
on the southeast Australian continental shelf. Contribution per species 
to the total commercial catch per unit effort by year.  Source: Klaer 
 (2001) , Fig. 10. Reproduced with permission.   

 The unique collection of 65,000 individual haul records, 
vessel logbooks, and landings data were used by Neil Klaer 
to develop relative indices of abundance for the major com-
mercial fi sh species, to estimate the biomass of those species, 
and to examine ecosystem changes in the southeast Austral-
ian shelf over the period since the start of commercial 
fi shing (Fig.  1.5 ). The results showed an overall decline in 
yields per haul over the history of steam trawling. Although 
initially the ships experienced larger catches as the men got 
acquainted with the new fi shing grounds, the catch per 
hour trawled during 1937 – 43 was much lower than that of 
1920 – 23. The fi shing fl eet moved further afi eld and into 
deeper waters as catch rates declined. In the early years, 
Botany Bay off Sydney yielded excellent catches of fi sh 
 “ very large and bursting with roe ”  and fi shermen even 
talked of the  “ Botany Glut ”  from September to early 
December. However, by 1926 the glut failed to occur and 
by the 1930s the Botany Bay ground was no longer visited 
for commercial operations. As described for the Labrador 
coast, the Sydney fi shermen began a mining operation that 
took them further up and down the coast and to deeper 
grounds. As the fl athead was fi shed out, new, previously 
discarded fi sh began to be landed for the market. World 
War II gave a temporary reprieve for the stocks and the 
available biomass increased slightly, but catches quickly 
reduced the available biomass further.   

 Despite the substantial changes in the relative biomass 
of the main commercial species from 1915 to 1961, there 
were no great changes to relative biomass at lower trophic 
levels (megabenthos and lower). The biomass density of all 
large fi sh (fl athead, latchet, other large fi sh, leatherjacket, 
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 The Caribbean HMAP team has continued Jeremy Jack-
son ’ s pioneering work by documenting historical distribu-
tions of large marine vertebrates. In the absence of 
quantitative evidence for many species, the team analyzed 
a total of 271 descriptions from 1492 to the present, to 
demonstrate consistent patterns of decreased abundance 
and increased rarity through time. By assigning quantitative 
values to qualitative sightings of species, the team was able 
to build a comprehensive and statistically signifi cant picture 
of decrease in abundance and increase in rarity in mega-
fauna since the European settlement. The green turtle 
population, which had an abundance of 15.5   million to 
116   million at the time of Columbus, is considered highly 
endangered today as only two nesting beaches with more 
than 100 nesting females now remain, whereas at least 23 
nesting beaches have been eliminated. Similarly, 32 hawks-
bill turtle nesting beaches have been lost (McClenachan  et 
al.   2006 ). The decline of the monk seal followed a clear 
path: exploitation fi rst reduced the range of the popula-
tion, which was estimated at 0.23 – 0.68 million around 
1500. At the beginning of the twentieth century, monk 
seals occupied only 30% of their former range. Hunting 
in the two remaining breeding areas fi nally killed off the 
monk seal from Caribbean waters by 1952. The range of 
the American crocodile and the West Indian manatee was 
reduced in the eastern Caribbean before European settle-
ment. Manatees were largely eliminated from the Lesser 
Antilles by 1700, and all but eliminated from all island 
sites by 1900. The decline of crocodiles was similar, except 
that they seem never to have been present in the Lesser 
Antilles. Estimates of abundance show probable declines 
of at least 90% for each species. The removal of large 
animals will have had signifi cant consequences for food 
webs and the resilience of the marine system. Because 
hawksbill turtles consume primarily sponge matter, Bjorn-
dal  &  Jackson  (2003)  suggest that large numbers of hawks-
bill turtles could have maintained high coral cover and 
sponge species diversity, with a concurrent increase in total 
benthic invertebrate diversity. 

 Other scientifi c achievements so far include an assess-
ment of the degree of population change, ecological con-
sequences of population change, and the historical 
distribution of large marine animals  –  including green 
turtles, hawksbill turtles, and monk seals  –  across the entire 
Caribbean basin and Gulf of Mexico (McClenachan  et al.  
 2006 ). The team has documented and quantifi ed changed 
Caribbean food webs as a whole (Bascompte  et al.   2005 ). 
The Caribbean studies have brought out the potential effect 
of early non - mechanized fi shing technologies on coral reef 
animals. Early declines in Jamaican coral reef fauna were a 
function of less than half a million people using simple gear. 
The research makes evident that sustainable levels of fi shing 
in Jamaica are no more than 10 – 20% of current catch, or 
equivalent of a level of extractions already reached 100 
years ago (Jackson  1997 ; Hardt  2008 ).  

   1.3.8    White and Barents Seas 

 The question of the impact of climate variability on fi sh 
populations is in the foreground of the work of the HMAP 
team working on the White and Barents Seas led by Julia 
Lajus. The climate effects are especially pronounced in high 
latitudes because many fi sh species occur there at the border 
of their distribution range. Moreover, during several cen-
turies these effects were not masked by the human impact 
on ecosystems, which in the Russian north was minimal up 
to mid - twentieth century owing to very slow growth of the 
human population in the area and the late start of industrial 
development. Although fi shing effort did increase steadily 
during this period, extractions were too low to infl uence 
fi sh populations signifi cantly. Therefore historical data on 
fi sheries provided a convenient research tool to trace the 
natural dynamics of populations, allowing reconstruction 
of effects of climate going back several centuries. 

 The team has analyzed landings records from monastic 
and governmental sources from the seventeenth to the twen-
tieth centuries. The records of the Solovetsky Monastery, 
the largest monastery in the White and Barents Sea area, 
which controlled sea and river fi sheries of the high north, 
proved to be especially rich. These records are possibly 
unique because in many cases they contain not only the 
number but also the weight of caught fi sh: Atlantic salmon, 
Atlantic cod, and halibut. Atlantic salmon was one of the 
most valuable products of the local economy. They were 
fi shed mostly in the lower parts of rivers, using weirs that 
were not changed technologically over the centuries (Fig. 
 1.6 ). This makes fi shing effort commensurable over time and 
allows comparison of historical catch data of the seventeenth 
and eighteenth centuries (published in D. Lajus  et al.   2007a ) 
with offi cial statistical data available since the last quarter of 
the nineteenth century.   

 Analysis of historical and statistical data from four dif-
ferent localities around the White and Barents Seas for the 
seventeenth and eighteenth centuries shows a positive cor-
relation of catches with ambient temperature (D. Lajus 
 et al.   2005 ). The conclusion was drawn that before the 
middle of the twentieth century the population dynamics 
of salmon was mostly driven by natural factors (D. Lajus 
 et al.   2008a ). 

 Signs of climate - related dynamics were observed also for 
other fi sh, such as cod, halibut, and herring, although cor-
relation did not approach statistical signifi cance (D. Lajus 
 et al.   2005, 2007b ). In particular, the White Sea herring 
fi shery, of economic importance since the eighteenth 
century, showed considerable short - term fl uctuations of 
catches both because of social and natural factors and their 
interaction, which may confound climate effects (D. Lajus 
 et al.   2007b ). Climate effects were also pronounced on 
Arctic marine mammals such as white whales, Greenlandic 
seals, narwhals, and others, which considerably changed 
their distribution patterns migrating to more southern 
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     Fig. 1.6 
   Weir for catching Atlantic salmon at Kitsa River 
(tributary of Varzuga River). From the album 
 “ Risunki k issledovaniiu rybnykh i zverinykh 
promyslov na Belom i Ledovitom moriakh ” , St. 
Petersburg, 1863.  

regions than usual in cold periods 1800 – 1809 and 1877 –
 1903, and again in 1970 – 80 (D. Lajus  et al.   2008b ). 

 For marine mammals, anthropogenic pressure became a 
signifi cant factor earlier than for fi sh. Hunting impacted the 
general dynamics of the population of the eastern walrus 
from at least the seventeenth century and may explain 
changes in its distribution range over several centuries. 
However, the walrus population was able to sustain itself 
as long as remote islands such as Franz Josef Land were not 
discovered by humans. Improvements of navigation and 
hunting techniques in the late nineteenth century resulted 
in a considerable decrease in the walrus population by the 
middle of the twentieth century. For fi sh, particularly 
Atlantic salmon, clear stress signals related to human activi-
ties such as overfi shing and development of forestry with 
timber - rafting became apparent only by the end of the 
nineteenth century (Alekseeva  &  Lajus  2009 ). 

 Conducting fi shing operations in such remote areas with 
severe climate conditions was especially diffi cult for humans 
in the pre - industrial age, causing clear interaction between 
natural and human factors. Fisheries productivity varied 
because of climate conditions, and, in particular, the price 
of salmon was negatively correlated with the level of catches 
and population abundance (J. A. Lajus  et al.   2001 ). For 
herring, the long - term trend was a positive relation between 
catch size and human population in the area, likely refl ect-
ing an increase of fi shing effort, emphasizing the importance 
of detailed historical analysis when reconstructing long -
 term trends of population abundance (D. Lajus  et al .  2007b ).  

   1.3.9    World  w haling 

 Whaling was one of the most profi table extractive indus-
tries ever undertaken, and it was likely the one activity that 
impacted life in the oceans more than any other single pre -

 industrial activity. Relative to the fi sheries it is extremely 
well documented and well researched (Fig.  1.7 ). Yet we still 
do not know how many whales there used to be in the 
ocean and where. Whereas historical fi sheries research has 
really only developed in the past decade, the ecological 
history of whaling has been pursued for management pur-
poses for many years. Since its origin in 1946 the Interna-
tional Whaling Commission has had a keen interest in 
estimating historical population sizes based on catch records 
in order to identify a conservation target for the rebuilding 
of whale populations. The approach taken by the HMAP 
team is to estimate historical abundance using population 
models based on the evidence of historical logbooks and 
catch records, and using present - day abundance estimates.   

 A global overview of the history of whaling identifi ed 
120 whaling operations grouped into 14 methodology -
 defi ned eras (Reeves  &  Smith  2006 ). Maps of the spatial 
and temporal extent of whaling in the nineteenth century 
allow resource managers to identify areas where popula-
tions have and have not recovered to their pre - whaling 
distribution, and to identify formerly occupied areas where 
whales are now essentially absent. Where recovery has been 
less than complete, human activities may need to be better 
managed to allow further recovery. Spatial distribution 
should become a more important element in assessing pop-
ulation recovery, in addition to the more usual measure 
based on current population size as a fraction of historical, 
or pre - whaling, population size. 

 The catch history of North Atlantic humpback ( Meg-
aptera novaeangliae ) whaling was estimated by the HMAP 
team (Smith  &  Reeves  2006 ), and used in a stock assess-
ment sponsored by the International Whaling Commission 
to estimate that current abundance is 37% to 70% of the 
historical abundance, which itself was 22,000 – 26,000. A 
previously unknown humpback whale feeding ground was 
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     Fig. 1.7 
   Logbook for the ship  Abigail  of New Bedford, 
Benjamin Clark, master. The logbook was kept by 
Holder Wilcox during the November 19, 1831 – June 
12, 1835 whaling voyage to the North and South 
Atlantic and South Pacific Oceans. The logbook 
begins five days after the start of the voyage. 
 Courtesy of New Bedford Whaling Museum.   

identifi ed based on nineteenth century whaling logbooks 
(Reeves  et al.   2004 ), and the logbook data were used to 
help direct the Census Patterns and Processes of the Eco-
systems of the Northern Mid - Atlantic (MAR - ECO) project 
(see Chapter  6 ). In the mid - nineteenth century some hump-
back whales migrating from breeding to feeding areas 
remained at mid - summer in oceanic habitats near the mid -
 Atlantic Ridge. Today humpbacks have only been known 
in summer months on coastal feeding grounds around the 
North Atlantic. Similarly, textbook assumptions on the dis-
tribution and abundance of North Pacifi c right whales 
( Eubalaena japonica ) have been corrected (Josephson  et al.  
 2008 ). The causes of failure of the North Pacifi c right whale 
to recover both numerically and spatially after the severe 
depletion of the 1840s continue to be a mystery. 

 Working as part of the HMAP New Zealand project, the 
team described the historical distribution and landings of 
southern right whales ( Eubalaena australis ) through analy-
sis of over 150 whaling logbooks and other landings 
records. With 95% statistical confi dence, population mod-
eling shows that southern right whales numbered between 
22,000 and 32,000 in the early 1800s, declining rapidly 
once whaling began. By 1925, perhaps as few as 25 repro-
ductive females survived. Today the population has recov-
ered to some 1,000 animals around sub - Antarctic islands 
south of New Zealand (Jackson  et al.   2009 ). 

 Because of the strong need to establish past population 
sizes to inform conservation policy, the HMAP team is 
working closely with scientists who have proposed another 
possible modeling approach to working on historical land-
ings data. This is the Whales Before Whaling project headed 
by Steven Palumbi at Stanford University. Palumbi ’ s project 

aims to measure the amount of genetic diversity of current 
populations and use knowledge of DNA mutation rates to 
estimate how many individuals a population must sustain 
over time to accumulate the measured diversity. Based on 
this method, Palumbi estimates that the pre - contact popula-
tion size of the eastern Pacifi c gray whales ( Eschrichtius 
robustus ) was three to fi ve times larger than the population 
size calculated by historical data. The HMAP team has 
therefore scrutinized the available landings and total remov-
als and, in cooperation with the US National Marine Fish-
eries Service and the International Whaling Commission ’ s 
Scientifi c Committee, is working to address this apparent 
inconsistency between historical whale removals, apparent 
population increases measured over the latter half of 
the twentieth century, and the genetic variability model 
(T. Smith, personal communication). 

 We now know more about the human drivers behind 
the whaling operations. In particular the project focused on 
how the enormously profi table so - called Yankee whaling 
changed from 1780 to 1924. The team has documented the 
nature of the changes in vessels, rigging, destinations, and 
catches over the lifespan of this fi shery. They suggest that 
questions of the effect of whaling on the whale populations 
must be asked at regional rather than global levels, and that 
indeed regional depletion, even extirpation, was a frequent 
occurrence (see, for example, Josephson  et al.   2008 ; 
Jackson  et al.   2009 ). For example, contrary to Whitehead 
 (2002) , they show strong depletion of sperm whale abun-
dance in the Pacifi c and raise the question why such deple-
tion apparently did not occur in the Atlantic (Smith  et al.  
 in press ). They also suggest that global economic analyses 
that do not account for these regional changes (see, for 
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example, Davis  et al.   1997 ) greatly oversimplify the dynam-
ics of this fi shery and are misleading about the causes of its 
decline.  

   1.3.10    Megamollusks 

 Shellfi sh have been heavily collected and used for meat and 
ornaments through history. Although some shells will be 
traded, most will be discarded. Shell middens have been 
known since the nineteenth century as excellent archaeo-
logical sources of information on coastal - dwelling peoples. 
Through the nineteenth and twentieth centuries, the oyster 
reefs of the US Atlantic and Pacifi c coasts were severely 
impacted by fi shing (Kirby  2004 ) as were North European 
oyster banks (Holm  2005 ). 

 Thanks to the initiative of Andrzej Antczak of Vene-
zuela, we now have a global series of studies of human –
 megamollusk interactions. Generally, mollusk populations 
are quite exposed to human impact as they may be collected 
close to the shoreline. The southwest African HMAP 
project showed that human gathering of inshore shellfi sh 
may reach a level where it threatens certain inshore species. 
In Papua New Guinea the exploitation of the giant clam 
(family Tridacnidae), which seems to have been at sustain-
able levels through a long period of history, has in recent 
decades necessitated a ban on collecting for export (Kinch 
 2008 ). Similarly, although ecological impacts such as 
declining size may be detected for the pre - Hispanic exploi-
tation of queen conch ( Strombus gigas ) beds off Venezuela 
(Fig.  1.8 ), the exploitation was much less harmful to the 
mollusk population than the short - term modern fi shery 
between 1950 and the 1980s (Antczak  et al.   2008 ). 

However, few human populations have been so dependent 
on mollusks for food to cause local or species extinctions 
(Bailey  &  Milner  2008 ).   

 The study of megamollusks is particularly rewarding for 
our understanding of human values and trade. The queen 
conch was heavily targeted between about 1100 and 1500 
at the offshore islands of Los Roques, Venezuela, and both 
the meat and shells were brought to the mainland for con-
sumption and redistribution. Ceremonial activity on the 
islands and the use of the queen conch as a symbol on the 
mainland indicate that the mollusk had achieved a central 
importance to north - central pre - Hispanic peoples in Amer-
indian Venezuela (Antczak and Antczak  2008 ).  

   1.3.11    Emerging  p rojects 

 Two HMAP projects have not yet arrived at publication 
stage because they were only begun fairly recently: the New 
Zealand and the Southeast Asia projects. The Maori were 
experienced sailors and hunters, and on their arrival to 
New Zealand the Europeans encountered nothing like a 
pristine ecosystem. The Taking Stock project is therefore 
confronted with understanding fully the impact of pre -
 European, pre - industrial technologies on what was, until 
the arrival of the Maoris around 1300, a pristine marine 
and terrestrial ecosystem. The project will conclude by the 
end of 2010, but it is clear that the distributions and popu-
lation sizes of seabirds, fur seals, and sea - lions were con-
siderably impacted relative to pre - Maori conditions already 
by 1800. Fur seals, for instance, had been extirpated from 
North Island and only colonies at the southern tip of South 
Island awaited the arrival of European hunters to be ren-

     Fig. 1.8 
   Pre - Hispanic mega - middens of queen conch 
( Strombus gigas ) on La Pelona Island, Los Roques 
Archipelago, Venezuela, A.D. 1200 – 1500.  Copyright 
Magdalena and Andrzej Antczak.   
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dered extinct. The Southeast Asia project covers a vast area 
and focuses on indigenous and American historical whaling 
in the Philippines, Taiwanese offshore tuna fi shery, and 
shark fi shing in Indonesia. All HMAP Asia research projects 
are now at an advanced stage, and a monograph (represent-
ing the main output of the project) is being prepared for 
publication by the end of 2010.   

   1.4    Conclusions 

 What is the big picture emerging from these regional and 
species projects? What is the scale of change between now 
at the completion of the Census and, say, 100 years, or 
between now and the origin of large - scale pre - industrial 
fi sheries? When were the decisive moments? What were the 
main drivers? These are questions that we are grappling 
with now as the Census is coming to an end. Already we 
know some of the answers but many more will emerge as 
we have an overview of the vast amount of information 
that has been uncovered. 

   ●      The HMAP project has resolved the problem of the 
baseline. We now know that everywhere we look 
there is potential to know much more about the past 
and that we need to inform ourselves of the past 
both to enrich our understanding of the present and 
to inform our future preferences and decisions. The 
HMAP project is the beginning of the historical 
discovery of ocean and human interaction. Even after 
10 years we have far from exhausted the archives 
and archaeology of the sea. We have made signifi cant 
discoveries both of the importance of the sea to 
human life and of the impact of humans on the sea. 
Historical baselines should be an important element 
of future conservation plans. In some ecosystems, 
stocks will rebuild if given a chance. In other 
systems, regime shifts may have forever changed the 
food web so that past abundances of top predators 
will have a slim chance of rebuilding. Yet, 
environmental history has a very real role to play for 
future ocean policy by preserving the memory of 
what once lived in our seas. New management 
policies can be developed to promote recovery and 
prevent further declines of species and ecosystems.  

   ●      The distribution and abundance of marine animal 
populations change dramatically over time. The effects 
of climate variability during the Little Ice Age on 
marine mammals as well as fi sh stocks are clearly 
documented by the White and Barents Seas project 
and the Baltic Sea project, whereas the North Sea 
documents the effects of the past 20 years of warmer 
surface water for the introduction of southern species. 
Historical data will inform us of past patterns of 
distribution of species such as demonstrated for North 

Atlantic humpback whales and North Pacifi c right 
whales, and indeed for the southern North Sea 
haddock.  

   ●      We now know that major extractions occurred more 
than 2,000 years ago in the Mediterranean and Black 
Seas, we know the basic outline of the origins of 
commercial fi sheries in Northern Europe, and we have 
a good sense of developments in many regions around 
the globe during the past 500 years ranging from the 
Caribbean to the White Sea, from southeast Australia 
to South Africa. Pre - industrial technologies were 
suffi cient to put marine animal populations under 
severe stress, and indeed by the late nineteenth century 
extractions in Europe, North America, and the 
Caribbean had reached levels that would be equivalent 
to today ’ s Total Allowable Catches. The effects of 
large - scale removals in the seventeenth century North 
Sea herring fi shery and the eighteenth century Grand 
Banks cod fi shery may have been signifi cant.  

   ●      Regime shifts may have occurred as a result of some 
pre - industrial fi sheries such as the Caribbean, whereas 
the effects of industrial gear were striking in the 
southeast Australian case when a pristine ecosystem 
changed dramatically after 30 years of trawling. 
Collapses of stocks and serial depletion are widespread 
phenomena, even before the industrial era, but in most 
cases populations have been able to rebuild.  

   ●      Overall it seems that the removals of large marine 
animals have reduced abundance by an order of 
magnitude; a recent review concluded that 256 
exploited populations declined 89% from historical 
abundance levels on average (range: 11 – 100%) (Lotze 
 &  Worm 2009  ). The detailed historical evidence for 
cod, ling, and bluefi n tuna corroborate this general 
picture. Smaller animals have been less impacted and 
indeed may have replenished as larger predators have 
been removed.  

   ●      Human impacts on coastal environments have been 
similar across the globe, even in quite different 
ecosystems (Lotze  et al.   2006 ). Although few 
exploitable marine species have gone extinct, there is 
concern that entire marine ecosystems have been 
depleted beyond recovery. Major impact on sensitive 
ecosystems such as the Wadden Sea may have 
happened before 1900, and there is therefore a need 
for deep historical assessment of ecosystem change.    

 We know now that we can push back the chronological 
limits of our knowledge. 

 More importantly perhaps, we now have the basis from 
which to start raising new questions: what more can we 
know about the drivers of change from the human perspec-
tive, can we extrapolate from the local or regional to the 
global, what about the continents or large countries that 
did not have an HMAP team such as much of South America 
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and Africa, what about India and China? Can we unlock 
the sources to some of the large industrial fi sheries in the 
deep seas that have become such important fi sheries areas 
in recent decades for already endangered species such as 
orange roughy and Patagonian toothfi sh? 

 All these are challenging but certainly not impossible 
questions. They are questions that will not only be raised 
but answered in coming years as research continues beyond 
the HMAP project. Data rescue and digitization will 
provide vastly increased libraries of the kind we already 
know and that have served us well. We are beginning to 
understand the main drivers of change from the human 
perspective such as changing patterns of consumption, 
technology, price differentials, politics, and cultural prefer-
ences. We now know enough to begin to understand the 
importance of marine products for human consumption, 
and we have a much better basis from which to assess the 
main drivers of human marine exploitation. In the aca-
demic realm the historical turn of marine ecology is now 
a given, and the ecological challenge to traditional histori-
cal models cannot be neglected. In the future, new tech-
niques and methodologies may be used to move what may 
now seem the unknowable into the realm of the knowable. 
If knowing the basics of marine ecological history seemed 
impossible some 10 – 15 years ago, we stand a good chance 
that in the next 10 – 15 years there will be several major 
breakthroughs. Scientifi c advances in fi elds such as genetics 
and stable isotope analysis have already impacted what we 
know and much more is to come. Advanced computer 
animations and geographic information systems (GIS) will 
be fully used to show changes in abundances, distributions 
over time, and how they could look in the future (under 
recovery situations), and we shall see new quantitative 
approaches for modeling changes in biodiversity, species ’  
abundance, and distribution. 

 Perhaps new methodologies will enable us to lift the veil 
on what the pristine sea looked like before human contact. 
So far nearly all the information accessible to us relates to 
early human records of contact. Certainly we shall know 
much more about the implications of the ice ages for 
 “ trapped ”  species. Advances of molecular biology and 
ocean biogeography will tell us of the separation of species 
and subsequent development. Sediment cores will be 
unlocked as a library of past DNA of what used to be swim-
ming in the water column above. All of this will underline 
what was one of the fi rst steps of the HMAP project, the 
need to train the next generation of researchers in interdis-
ciplinary skills.  
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   2.1    Introduction 

 The nearshore region is defi ned here as the area from the 
high intertidal down to 20   m water depth, which is the focus 
of the Census of Marine Life Natural Geography in Shore 
Areas (NaGISA) project ( www.nagisa.coml.org , Fig.  2.1  and 
Box  2.1 ). The overarching goal of NaGISA is to produce 
nearshore biodiversity baselines with global distribution 
from which new scientifi c questions and hypothesis testing 
can arise, long - term monitoring can be designed, and man-
agement plans can be implemented. One of NaGISA ’ s goals 
is to create accurate biodiversity estimates by producing 
species lists for nearshore sites around the world. Previous 
overall marine biodiversity estimates, which include the 
nearshore, range from 178,000 to more than 10   million 
species (Sala  &  Knowlton  2006 ). To narrow this large range 
and obtain specifi c assessments for the nearshore, more 
species lists from more nearshore regions of the world are 
needed such as those produced during the NaGISA project. 

One example of the use of NaGISA baseline data is to 
examine latitudinal trends in biodiversity. Thus far, there 
have been few truly global nearshore biodiversity compari-
sons attempted because of the lack of comparable data (e.g. 
Witman  et al.   2004 ; Kerswell  2006 ). NaGISA contributes to 
our ability to make latitudinal and other spatial comparisons 
by establishing a standardized sampling protocol ensuring 
comparability of datasets and by greatly increasing the data 
coverage over a large latitudinal and longitudinal range. 
NaGISA also has initiated a growing network of scientists 
that will continue to accumulate data in the years to come. 
This project and its goals are particularly timely because of 
the changes in nearshore biodiversity that are resulting from 
increasing anthropogenic impacts and the changing climate.     

 NaGISA is a Japanese word that translates into the 
 “ area where the sea meets the land ” . Specifi cally, the 
goal of NaGISA is to assess nearshore biodiversity in 
rocky macroalgal and soft - bottom seagrass areas from 
the high intertidal to a water depth of 20   m. Within 
NaGISA these nearshore habitat types were chosen for 
two reasons. First, these habitats are known to have high 
biodiversity because of the three - dimensional structure 
provided by the macrophytes. Even in nearshore areas 
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     Fig. 2.1 

   Global map showing the NaGISA regions with associated sites that have been sampled.  

    NaGISA began from the coastal component of Diversitas 
International of the Western Pacific Asia (DIWPA; diwpa.
ecology.kyoto - u.ac.jp). DIWPA is an international program 
that aims to promote and facilitate biodiversity research 
in the Western Pacific region. This program, supported 
by UNESCO, the International Union of Biological Sci-
ences ( www.iubs.org ), and other international organiza-
tions, aimed to increase international biodiversity studies 
and thus created the International Biodiversity Observation 

Year (IBOY;  www.nrel.colostate.edu/projects/iboy/index2.
html ). The target of the IBOY program was a matrix of 
selected taxa in major coastal ecosystems including tem-
perate, subtropical, and tropical regions. The Census of 
Marine Life selected this program as one of its field 
projects under the name NaGISA, and extended spatial 
and taxonomic coverage so that spatial patterns of coastal 
marine biodiversity in all global coastal regions could be 
analyzed.  

   N  a  GISA  Genesis 

  Box 2.1 
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where soft sediments dominate, small macrophyte oases 
have a higher biodiversity than the surrounding soft sedi-
ments (Dunton  &  Schonberg  2000 ). Second, these habitats 
are fairly globally distributed, in contrast to other habitats 
like nearshore coral reefs that are typically restricted to 
warmer waters. 

 One of NaGISA ’ s largest legacies is the development of 
a standardized sampling protocol for nearshore rocky mac-
roalgal and seagrass habitats (Rigby  et al.   2007 ). This pro-
tocol ensures comparability among all NaGISA data to 
make an evaluation of large - scale to global nearshore bio-
diversity patterns possible. In addition to data comparabil-
ity, a major hurdle for many nearshore biodiversity surveys 
is a lack of taxonomic information for many groups beyond 
conspicuous macrofauna and fl ora, especially for many 
smaller organisms that make up much of the existing bio-
diversity. NaGISA ’ s network of scientists includes local 
taxonomists as well as taxonomic training to ensure accu-
rate and reliable identifi cations for all major taxonomic 
groups. However, given the comprehensive coverage result-
ing from NaGISA collections, a lack of taxonomic expertise 
still exists for many of the smaller and less charismatic 
organisms and in many regions of the world. 

 For organizational purposes, NaGISA divided the 
world ’ s shorelines into eight regions: Western Pacifi c, 
Eastern Pacifi c, South American Seas, Caribbean Seas, 
Indian Ocean, Atlantic Ocean, European Seas, and Polar 

Seas (Fig.  2.1 ). As of May 2010, the NaGISA project has 
sampled 253 sites, of which 179 were macroalgal sites, 
71 were seagrass sites, and one each was a rhodolith site, 
a sandy beach, and a mudfl at (Table  2.1 ). NaGISA also 
organizes the world ’ s coastline into 20 - degree bins and 
has data coverage (at least one sampling site per bin) in 
about 45% of these nearshore bins so far. Also, of the 
253 sites, 64 sampled so far have been sampled more 
than once and many are on their way to becoming long -
 term monitoring sites. This initial census (2000 – 2010) 
provided a baseline dataset for long - term monitoring and 
the information needed to answer fundamental ecological 
questions about spatial patterns in nearshore biodiversity. 
Building on this growing baseline, NaGISA data will even-
tually help identify the drivers that structure these near-
shore communities on local, regional to global scales. Apart 
from its scientifi c value, the strength of NaGISA is that 
it involves local interests and stakeholders, from local com-
munity groups to elementary, high school, and university 
students. This allows stakeholders to become vested in 
the nearshore and build an on - the - ground force that uses 
NaGISA data to solve local management problems. 
NaGISA data are part of the OBIS database (Ocean Bio-
geographic Information System;  www.iobis.org ) and are 
thus publicly available. As of May 2010, NaGISA contrib-
uted over 47,700 records towards OBIS distributional maps 
with a total of over 3,100 taxa.    

  Table 2.1 

  Sites sampled by  N  a  GISA  by region and habitat type. A total of 253 sites have been sampled during  N  a  GISA  activities in macroalgal and seagrass habitats. Other 
habitat types include rhodolith beds, mudfl ats, and sandy beaches.   Data as of May 25, 2010.   

   Region  

   Sampling effort     Site habitat types  

   Point data sites 
(single sampling)  

   Monitoring sites 
(multiple samplings)     Macroalgal     Seagrass     Other  

  Atlantic Ocean (AO)    8    5    5    7    1  

  Caribbean Sea (CS)    59    22    45    35    1  

  Eastern Pacific (EPAC)    45    13    51    6    1  

  European Seas (ES)    5    4    8    1    0  

  Indian Ocean (IO)    32    7    34    5    0  

  Polar Seas (PS)    8    11    19    0    0  

  South American Seas 
(SAS)  

  4    2    4    2    0  

  Western Pacific (WPAC)    28    0    13    15    0  

  Total    189    64    179    71    3  
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   2.2    The Status of Regional 
Nearshore Biodiversity 
Knowledge 

 The nearshore region is highly accessible and, as such, has 
historically received much taxonomic and ecological atten-
tion from scientists and naturalists. As with other ocean 
biomes, taxonomic and biodiversity knowledge differs 
depending on geographic region and taxonomic group. 
Even with this varying knowledge base, nearshore fi eld 
guides and scientifi c publications exist for most regions of 
the world. It is therefore surprising that before NaGISA, 
very few regional estimates for nearshore biodiversity 
existed and information regarding biodiversity patterns on 
the regional scale was scarce. The following is a brief high-
light that describes the status of nearshore biodiversity 
knowledge in each of the eight NaGISA regions (Fig.  2.1 ). 

   2.2.1    Eastern Pacific ( EPAC ) 

 NaGISA sites sampled in the Eastern Pacifi c region span 
from approximately 61 °    N (south – central Alaska) to 24 °    N 
(Baja Mexico). Fifty - eight sites have been established in 
various locations along the coasts of the United States 
(Alaska and California), Canada (British Columbia), and 
Mexico (Baja) (Table  2.1 ). Of these sites, 13 have been 
sampled more than once and are becoming established 
monitoring sites. Some sites in Alaska were established 
with the assistance of local native communities, and some 
sites in both Alaska and California are being maintained 
with the assistance of various high school and university 
classes. 

 Although much research has been done in this relatively 
well - known region, there are no estimates for overall near-
shore biodiversity. Nonetheless, some latitudinal descrip-
tions of this region do exist. Early work demonstrated that 
benthic processes, such as competition and predation, 
caused a north – south gradient of decreasing recruitment of 
intertidal sessile invertebrates from Oregon to California 
(Connolly  &  Roughgarden  1998 ). Along the Pacifi c coast 
of North America biogeographical and oceanographic dis-
continuities separate rocky intertidal communities into 13 
distinct spatial groups (Blanchette  et al.   2008 ). In general, 
they found strong correlations between species similarity 
and both geographical position and sea surface tempera-
ture. Supporting this view is the observed latitudinal gradi-
ent in the recruitment of intertidal invertebrates for this 
region (Connolly  et al.   2001 ). Interestingly, in this same 
region, Schoch  et al.   (2006)  suggested that wave run - up 
was the most signifi cant physical parameter that affected 
community structure. NaGISA has added much knowledge 
to this region by starting the fi rst extensive nearshore moni-
toring in Alaska and by adding to existing datasets, which 

will allow for a more complete longitudinal comparison 
along the Northwestern American coast.  

   2.2.2    Western Pacific ( WPAC ) 

 NaGISA sites in the Western Pacifi c region span from 
approximately 43 °    N (Eastern Hokkaido, Japan) to 8 °    S 
(Indonesia). Twenty - eight sites have been established in 
various locations in Japan, Vietnam, Philippines, Thailand, 
Malaysia, and Indonesia (Table  2.1 ). Although so far none 
of these sites has been sampled more than once, current 
WPAC efforts are trying to establish several monitoring 
sites. 

 Although much research has been done in this region, 
particularly in Japan, there are no nearshore biodiversity 
estimates. Nonetheless, some latitudinal descriptions do 
exist along some major ocean current regimes. Along the 
northern Japanese coast, the subarctic, southerly fl owing 
Oyashio current is characterized by high biomass, large 
individuals, and low biodiversity. In contrast, the warm, 
northerly fl owing Kuroshio current along the southern 
Japanese coast is characterized by high biodiversity but 
low biomass (Nishimura  1974 ). The high biodiversity in 
the Kuroshio region occurs because this current transports 
species living in the high diversity Coral Triangle around 
the Philippines, Indonesia, and Malaysia to the northern 
subtropical and temperate regions of the western Pacifi c. 
The high biodiversity in the south Asian coastal area has 
sparked much research, including important taxonomic 
work. NaGISA has contributed to some of these publica-
tions, such as fi eld guides on echinoderms (Yasin  et al.  
 2008 ), hermit crabs (Rahayu  &  Wahyudi  2008 ), and 
seagrasses (Susetiono  2007 ).  

   2.2.3    European Seas ( ES ) 

 NaGISA sites sampled within the European Seas region 
span from approximately 55 °    N (Poland) to 35 °    N (Crete). 
Sampling sites have been established in the North Sea, the 
Baltic Sea, the East Atlantic Ocean, the Northwest Mediter-
ranean, the Northern and Southern Adriatic Sea, and the 
Aegean Sea, with collaborators from Italy, the United 
Kingdom, Portugal, Greece, and Poland. A total of nine 
sites have been sampled, four of which have been sampled 
more than once (Table  2.1 ). 

 Although the biodiversity of individual regions within 
the European Seas has been the focus of intense research 
(Frid  et al.   2003 ), an exhaustive analysis of biodiversity 
estimates, patterns, and trends is lacking. One pattern 
that has been noted is the replacement of large canopy 
algae that dominate at higher latitudes with seagrasses 
that become dominant in the Mediterranean, where relict 
kelp populations persist only in the Strait of Messina and 
in the Sicily Channel (L ü ning  1990 ). NaGISA information 
in the ES is allowing researchers to explore nearshore 
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further south (Trott  2009 ). In addition, there are distinct 
biogeographic regions in the Northwest Atlantic, including 
the Polar, Acadian, Virginian, and Carolinian Provinces, 
with distinct regional diversity patterns (Pollock  1998 ).  

   2.2.6    South American Seas ( SAS ) 

 The South American Seas sites extend from a latitude of 
2 °    S (Ecuador) to 42 °    S (Argentina) and include the coun-
tries of Argentina, Ecuador, and Brazil. A total of six sites 
have been sampled, with both Argentinean sites being 
sampled twice (Table  2.1 ). All sites in the SAS region were 
sampled with the assistance of local university students. 

 Although much local knowledge exists within various 
countries in this region, good nearshore biodiversity esti-
mates and discussions of latitudinal trends are scarce. In 
Brazil, 540 taxa were described associated with seagrass 
beds, mostly polychaetes, fi sh, amphipods, decapods, mol-
lusks, foraminiferans, macroalgae, and diatoms (Couto 
 et al.   2003 ). Other areas, such as the fjords in southern 
Chile, have received little attention so far, and recently 
explorations have discovered 50 new species associated 
with them (Haussermann  &  Forsterra  2009 ). In Chile, 
several marine invertebrate taxa were found to decrease in 
biodiversity with increasing latitude between 18 °  and 40 –
 45 °    S, and then increase further south, probably because of 
the presence of sub - Antarctic fauna (Gallardo  1987 ; Clarke 
 &  Crame  1997 ; Fernandez  et al.   2000 ). NaGISA is con-
tributing to the overall biodiversity effort in the SAS region 
by attempting to establish well - distributed NaGISA sites 
that will greatly enhance communication among countries 
so that larger - scale comparisons can be made.  

   2.2.7    Caribbean Sea ( CS ) 

 The Caribbean Sea sites span from approximately 10 °    N 
(Venezuela) to 30 °    N (Florida). Although latitudinally this 
is the shortest NaGISA region, it has an impressive total 
of 81 sites from the countries of Cuba, Trinidad and 
Tobago, Venezuela, Colombia, and the United States 
(Florida). Of the 81 sites, 22 have been sampled more 
than once (Table  2.1 ). Many of the sites in Venezuela have 
involved university students in their sampling, and the 
Florida site was initiated by a high school group, which 
has also gone on to help other high school groups with 
NaGISA sampling around the world, including Greece, 
Zanzibar, and Egypt. 

 It should be noted that for the Caribbean Seas, NaGISA 
is the fi rst attempt to establish a monitoring program that 
does not target coral systems. This is particularly important 
for this region because the massive changes that have 
occurred in coral reefs over the past several decades 
(Gardner  et al.   2003 ), including an 80% drop in live coral 
cover in 25 years (Wilkinson  2004 ), have prompted an 
increase in hard substrate availability, which in turn might 

processes more thoroughly than before. For example, 
NaGISA data have helped to show that rare species may 
become more abundant when the environment is variable 
(Benedetti - Cecchi  et al.   2008 ).  

   2.2.4    Indian Ocean ( IO ) 

 The Indian Ocean NaGISA sites range latitudinally from 
28 °    N (Egypt) to 34 °    S (South Africa) and are found in 
Kenya, Tanzania, Mozambique, India, Egypt, and South 
Africa. Of the 39 sites that have been sampled, seven have 
been sampled more than once and are on their way to 
becoming monitoring sites. Two of the sites in Tanzania 
were established and are being monitored with the assist-
ance of high school students, both local and from the 
United States. 

 As a result of several landmark expeditions (see, for 
example, Ekman  1953 ) and later research, taxonomic 
knowledge of the Indian Ocean region has been expanding. 
However, although biodiversity estimates do exist for 
certain groups in particular areas, latitudinal biodiversity 
descriptions for this region are lacking. The southern region 
of the African continent is particularly high in coastal bio-
diversity, with estimates of over 12,000 species from south-
ern Mozambique in the Indian Ocean to northern Namibia 
in the east Atlantic, representing 6% of all coastal marine 
species known worldwide (Branch  et al.   1994 ; Gibbons 
 et al.   1999 ; Adnan Awad  et al.   2002 ; Griffi ths  2005 ). Other 
coastal regions of the IO are largely unknown, such as the 
island marine fauna in India, which have been estimated to 
be approximately 75% unknown (Venkataraman  &  Wafar 
 2005 ). In the IO region, NaGISA efforts are focusing to 
contribute specifi cally to areas of currently little existing 
information such as India.  

   2.2.5    Atlantic Ocean ( AO ) 

 The Atlantic Ocean region was sampled at 13 sites ranging 
from approximately 47 °    N (Canada) to 13 °    N (Senegal). 
These sites have been located along the coasts of Canada, 
the United States (Maine to Connecticut), and Senegal. 
Sites in Canada and the United States have largely involved 
elementary, high school, and university students for their 
sampling. Of the AO sites, fi ve have been sampled multiple 
times and are considered monitoring sites (Table  2.1 ). In 
2010, at least 12 additional sites will be established and 
monitored in collaboration with summer science camps 
from Connecticut to Maine in the Unites States. 

 In the AO region, it is generally recognized that biodiver-
sity increases with decreasing latitude when comparing 
boreal with tropical regions (Udvardy  1969 ). Various envi-
ronmental factors, such as local habitat heterogeneity can 
complicate this trend at the local scale. For example, NaGISA 
sampling has helped to show that Cobscook Bay at the US/
Canada border, contrary to the general trend, has substan-
tially higher macroinvertebrate species diversity than areas 
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were off of the United States McMurdo Station and one 
was off of the Uruguayan Artigas Research Base at the 
Antarctic Peninsula. Of the sites around McMurdo Station, 
three have been sampled more than once (Table  2.1 ). 

 Biodiversity estimates are scarce for both polar regions 
for most taxa (see also Chapters  10  and  11 ). However, for 
macroalgae it is estimated that there are as many as 120 
macroalgal species in the Antarctic (Wiencke  &  Clayton 
 2002 ) and slightly more in the Arctic (Wilce  1997 ) but with 
a much higher percentage of endemic species in the 
Antarctic. The polar regions also have little information 
available regarding latitudinal trends. Typically, Arctic 
nearshore systems are thought to be less diverse than north-
ern temperate systems (see, for example, Kuklinski  &  
Barnes  2008 ; Wlodarska - Kowalczuk  et al.   2009 ). In the 
Arctic nearshore, it seems that higher diversity is typically 
found at more southern locations compared with northern 
locations (see, for example, Kedra  &  Wlodarska - Kowalc-
zuk  2008 ). In the Antarctic, the Peninsula, which spans 
approximately six degrees of latitude from 62 °  to 68 °    S, 
shows a latitudinal macroalgal decline (Moe  &  DeLaca 
 1976 ). Extending this gradient further south to the Ross 
Sea (77 °  S), the southernmost location of open water, only 
two species of fl eshy macroalgae occur (Miller  &  Pearse 
 1991 ). This latitudinal decline is mainly driven by reduced 
light availability with increasing latitude due to strong sea-
sonality, low solar angle, and extended periods of ice cover.   

   2.3    Historical Knowledge of 
Global Nearshore 
Biodiversity 

   2.3.1    Biodiversity gradients 

 Latitudinal gradients of increasing species diversity from 
the poles to the tropics have often been touted as a funda-
mental concept in terrestrial ecology (Willig  et al.   2003 ). 
Many mechanisms have been proposed to explain this lati-
tudinal gradient, but changes in temperature have been 
targeted as the most plausible factor in terrestrial systems. 
The variation in ocean temperatures over the same dis-
tance, however, is signifi cantly smaller and the overall 
importance of temperature versus other physical factors has 
only begun to be discussed (Blanchette  et al.   2008 ). Other 
mechanisms driving latitudinal trends of rocky nearshore 
biodiversity are primarily large - scale oceanographic condi-
tions and local biological interactions, which can include 
nutrient content and, thus, primary productivity, local 
assemblages of herbivores and predators, the prevalence of 
larval stages with differing dispersal ranges, speciation 
rates, and so forth (Connolly  &  Roughgarden  1998 ; Roy 
 et al.   2000 ; Broitman  et al.   2001 ; Connolly  et al.   2001 ; 
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     Fig. 2.2 

    (A)  Total number of species per sampling site (48 sites) along the 
Southern Caribbean Coast (Colombia – Venezuela – Trinidad  &  Tobago) 
declines with decreasing longitude.  (B)  Index of taxonomic diversity 
 (Clarke  &  Warwick  2001 )  for the same 48 sites does not differ with 
longitude.  

result in a phase shift from coral - dominated communities 
to hard - bottom macroalgal communities. 

 With the exception of general fi eld guides and some 
specifi c scientifi c publications, no nearshore biodiversity 
estimates or biodiversity trends are known to exist. 
However, NaGISA is contributing to this knowledge, by 
producing the fi rst longitudinal comparison in the CS 
region, which has shown that diversity decreases from 
west to east (J.J. Cruz - Motta, personal communication; 
Fig.  2.2 ).    

   2.2.8    Polar Seas ( PS ) 

 The Polar Seas region includes both the Arctic and the 
Antarctic. There are 13 Arctic NaGISA sites that were 
sampled around 70 °    N, off the United States coast of Alaska. 
Eight of these sites have been sampled multiple times and 
are monitoring sites (Table  2.1 ). In the Antarctic, six sites 
have been sampled at 62 °    S and 78 °    S. Five of these sites 
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Rivadeneira  et al.   2002 ; Okuda  et al.   2004 ; Kelly  &  
Eernisse  2007 ). 

 Debate still surrounds the existence of nearshore lati-
tudinal biodiversity trends, especially on the global scale. 
The reason for this is the lack of studies actually completed 
at the global scale. It is time intensive and costly to sample 
sites globally and literature reviews are diffi cult to compare 
owing to the various biases associated with using different 
sampling protocols. Even with these constraints, there are 
two excellent examples of global studies. In one study, 
fi eld sampling found that shallow subtidal boulder com-
munities tended to have higher species numbers at equato-
rial sites compared with sites closer to the poles (Fig.  2.3 ) 
(Witman  et al.   2004 ). In contrast, a study based on a 
literature search of nearshore algal genera found that more 
biodiversity hot spots occurred in temperate regions com-
pared with tropical or polar (Kerswell  2006 ). Although 
both studies are ground - breaking as they were the fi rst to 
attempt global comparisons, it should be noted that they 
are limited in that one was completed on a specifi c habitat 
(subtidal rock walls in 12 biogeographic regions, totaling 
49 local sites) and the other focused on one taxonomic 
group (macroalgae). NaGISA is assisting to broaden the 
knowledge of global biodiversity by increasing the number 
and distribution of sites, increasing the range of habitats 
(including intertidal and subtidal rocky shores and seagrass 
beds), and increasing the number of taxa examined. Based 
on NaGISA ’ s main target taxa, global latitudinal compari-
sons will be possible for macroalgae, seagrasses, mollusks, 
echinoderms, polychaetes, and decapods, in addition to 
comparisons of overall community composition in rocky 
shores and seagrass systems.    
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     Fig. 2.3 

   Regional species richness as a function of latitude.  Reproduced with 
permission from Witman  et al.   (2004) . Copyright 2004 National 
Academy of Sciences, USA.   

   2.3.2    Biogeographic breaks 

 We cannot discuss biodiversity gradients without mention-
ing biogeographic breaks. Biogeographic breaks are impor-
tant because biodiversity gradients do not always change 
continuously but sometimes are abrupt owing to these 
breaks. Breaks can be driven by the dynamic interaction of 
two or more distinct water masses. This creates active tran-
sition zones where species mingle across their respective 
boundaries, for example, the biogeographic provinces asso-
ciated with cold -  and warm - water masses. These transition 
zones include species pools from both systems, often 
resulting in a high level of biodiversity at the breaks. 

 Biogeographic breaks are worldwide. For example, in 
the east Pacifi c, a well - studied biogeographic break is Point 
Conception in California. Offshore of Point Conception, 
the continental shelf is broad and the south - fl owing 
California Current is defl ected offshore (Brink  &  Muench 
 1986 ; Browne  1994 ). Point Conception is a  “ transition 
zone ”  between the warm Californian Province and the 
cooler water regime of the Oregonian Province, resulting 
in different fi sh, invertebrate, and algal communities on 
either side of this break (Horn  &  Allen  1978 , Murray  &  
Littler  1981 ; Murray  &  Bray  1993 ). Similarly, in the 
eastern Atlantic along the western African coast, the coastal 
waters of Mauritania and Senegal and adjacent areas form 
a transition zone between a more temperate northern 
zone and a warmer tropical zone farther south. Despite 
variations in local conditions, biodiversity patterns of 
fi shes, invertebrates, and particularly macroalgae refl ect 
this change within a relatively narrow 400 – 500   km band 
(Lawson  &  John  1987 ). For Eastern South African mac-
roalgae, a biogeographic break occurs at St. Lucia, 135   km 
south of the Mozambique border. Here, there is a transition 
from a tropical Indian Ocean fl ora to a temperate South 
African fl ora. As another example, a biogeographic break 
is found in the Gulf of Maine at Penobscot Bay, Maine, 
where the Maine coastal current splits to fl ow southwest 
from eastern Maine. One of the resulting branches travels 
east and the other continues in a southwestern direction. 
The communities above and below this break are statisti-
cally distinct, but not within either of the two regions (Trott 
 2007 ; see also Chapter  3 ). The already mentioned bound-
ary of the subtropical, warm Kuroshio current and the 
subpolar, cold Oyashio current forms an important biogeo-
graphic break along the eastern coast of Japan, infl uencing 
patterns of diversity and biomass. There are other biogeo-
graphic breaks around the world; these are just a few to 
highlight their importance to biodiversity. 

 Some biogeographic breaks are still under investigation 
and highlight the need for more biodiversity studies. For 
example, in the Aleutian Archipelago in Alaska, a biogeo-
graphic break may exist that drives the presence of the 
canopy - forming kelp from only  Eualaria fi stulosa  to the 
west to primarily  Nereocystis luetkeana  to the east (Miller 
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 &  Estes  1989 ). However, more oceanographic and biologi-
cal data are needed to identify the exact location and 
drivers of this possible break (Ladd  et al.   2005 ). NaGISA 
is assisting in this discussion by establishing sites along the 
Aleutian Archipelago.  

   2.3.3    Nearshore biodiversity 
hot spots 

 A biodiversity hot spot is a biogeographic location that con-
tains an unusually high number of species. Hot spots may 
occur along a coastline where habitats are homogeneous 
but for some reason a particular location has high biodiver-
sity. A hot spot also may occur at a site where habitat type is 
different than the surrounding environment, as commonly 
seen in deeper waters at seamounts surrounded by soft sedi-
ment. There are many reasons why species diversity may be 
higher in certain locations and these reasons are often site 
specifi c. Reasons may include change in substrate, water 
mass, topography, nutrient intrusions, or geologic history. 

 An example of a NaGISA site that is a hot spot because 
of a substrate change is in the Arctic Beaufort Sea (in the 
PS region). Here, the typically soft - bottom seafl oor con-
tains a low - diversity fauna, with only about 30 infaunal 
species, mainly polychaetes and amphipods (Feder  &  
Schamel  1976 ; Carey  &  Ruff  1977 ; Carey  et al.   1984 ). In 
this region, local biodiversity hot spots occur where boul-
ders provide colonizable hard substrate for macroalgae and 
sessile epibenthic macrofauna, which attract other organ-
isms including more than 150 species of macroalgae, inver-
tebrates, and fi sh (Dunton  et al.   1982 ). 

 Hot spots also can be created by oceanographic condi-
tions, such as in the Gulf of Maine (Buzeta  et al.   2003 ; 
Trott  &  Larsen  2003 ). The NaGISA site in Cobscook Bay 
has the highest species richness of macroinvertebrates of 
any bay similar in size and habitat characteristics in the Gulf 
of Maine, with approximately 800 known species repre-
senting all major phyla (Trott  2004 ). The high biodiversity 
of Cobscook Bay appears to result from wave exposure and 
the extraordinary tides this system experiences (Campbell 
 2004 ). Additional hot spots were also identifi ed in the 
Bay of Fundy where NaGISA assisted the Department of 
Fisheries and Oceans Canada in an effort to determine 
Ecologically and Biologically Signifi cant Areas (EBSA), 
which resulted in the identifi cation of fi ve EBSA ’ s in the 
Quoddy Region (Buzeta  &  Singh  2008 ).   

   2.4    Closing 
Information Gaps 

 The fi eld of taxonomy, traditionally based primarily on 
morphology, has expanded in recent years to include molec-
ular information (Blaxter  2003 ; Hebert  et al.   2003 ). This 
has not only enhanced our understanding of evolutionary 
relationships but also our knowledge of biodiversity and 
species distributions ranging from algae to fi shes (Saunders 
 2005, 2008 ; Blum  et al.   2008 ; Pfeiler  et al.   2008 ; Thacker 
 2009 ). Nonetheless, our ability to identify organisms in 
some areas and for some taxa is still limited, leaving gaps 
in taxonomic knowledge as well as for particular regions 
of the world ’ s coasts (see Box  2.2 ). Many developing coun-

    NaGISA conducts workshops to train new taxonomists. 

   •      This assists in the taxonomy of lesser known groups 
or in areas where taxonomists are rare.  

   •      Workshops have included the taxonomy of 
macroalgae, polychaetes, amphipods, ascideans, 
decapods, gastropods, echinoderms, harpacticoid 
copepods, stomatopods, tanaids, and nematodes.    

 NaGISA creates public ownership for coastal marine 
diversity. 

   •      NaGISA researchers give public lectures and involve 
children ’ s camps, school groups, university classes, 
local and native communities, and interested local 

naturalists in site selection processes and sampling 
activities.  

   •      The most prominent example of this is the NaGISA 
High School Initiative established at Niceville High 
School in northwestern Florida. They have been 
sampling annually since 2003 and have visited other 
schools and countries to encourage the involvement of 
other schools. Niceville students helped Kizimkazi 
High School in Zanzibar start their NaGISA efforts in 
2007, as well as the Heraklion School of the Arts in 
Crete, Greece in 2009. The Niceville team visited 
Sharm el Sheikh College in Egypt in early 2010 for 
sampling activities in the Red Sea.     

   N  a  GISA  Contributions to the Effort of Closing Taxonomic Gaps 

  Box 2.2 
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     Fig. 2.4 

   Global map showing current major biodiversity gaps (defined as missing information for most taxonomic groups) in NaGISA - focused habitats. These gaps 
are based on estimates by NaGISA researchers.  

tries and remote regions lack fi nancial support, technology, 
and taxonomic information for their fauna and fl ora. This 
is particularly true for smaller, less charismatic organisms 
of no economic importance. Access to these remote regions 
is diffi cult due to logistical and fi nancial constraints, leaving 
gaps in data coverage. Each of the eight NaGISA regions 
contains areas that have not been suffi ciently explored (Fig. 
 2.4 ). The western coast of Alaska in the Eastern Pacifi c 
region, the western African coast in the Atlantic region, all 
of the Arctic coastline except where research stations allow 
access, the eastern Antarctic coast, and remote islands in 
the Indian Ocean are just a few examples.      

   2.5    Na GISA  ’ s Major 
Findings 

 Although the nearshore region is probably among the most -
 studied parts of the ocean because of its accessibility and 
obvious interest to humans as a resource, the lack of infor-
mation on biodiversity and its large - scale and long - term 
patterns in more than a handful of locations is particularly 
surprising. Also surprising is the lack of integrated informa-
tion so that regional and global trends and patterns can be 
discussed. NaGISA is the fi rst project to undertake the 

ambitious step to create such large - scale baselines with the 
establishment of standardized protocols and a growing 
global network of nearshore researchers. With over 250 
sites located around the world, and still growing, and 28 
different countries involved, NaGISA is the largest - ever 
attempt to address truly global - scale biodiversity issues. 

 The central idea of the NaGISA standardized sampling 
protocol is a fully nested design. Replicate samples along 
various tidal heights are collected at each site, and multiple 
sites are sampled within regions of specifi c latitude and 
longitude. This hierarchical design of the protocol with 
replicate samples within a site, which is then nested within 
latitude or longitude, allows a statistically appropriate and 
powerful method to analyze biodiversity patterns across 
several spatial and temporal scales (Benedetti - Cecchi  2007 ). 
Not only can biodiversity patterns be analyzed on local, 
regional, and up to global scales, but it can also be deter-
mined at which of these scales most variability occurs. 

 NaGISA ’ s protocols include various independent sam-
pling levels, from cover estimates to actual collections and 
detailed taxonomic identifi cation of all organisms. This 
design allows fl exibility in sampling effort, so where the full 
sampling effort is not possible due to logistical or fi nancial 
constraints, parts of the protocols can be used to create 
important local information that can be compared with 
large - scale NaGISA data. For example, cover estimates can 
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be done relatively quickly, and students, agencies, or local 
people can be trained to do so with high scientifi c accuracy. 
This opens opportunities to perform long - term monitoring 
at specifi c sites and/or the expansion of quantitative near-
shore coverage with the inclusion of added manpower from 
local stakeholders. NaGISA ’ s regionally organized network 
of nearshore researchers allows local scientists across the 
world to participate in this effort and thus make the fi nal 
product larger than the sum of its individual parts. 

 NaGISA ’ s specifi c scientifi c fi ndings from its fi eld surveys 
include inventories of marine fl ora and fauna, data on their 
abundance and biomass, new species records, species range 
extensions, habitat range extensions, biodiversity hot spots, 
and explanations of nearshore ecological processes and 
biodiversity drivers. All fi ndings can now be analyzed on 
regional as well as global scales. 

 Several new species were found and subsequently 
described during the NaGISA inventories. These new 
species discoveries included some small and inconspicuous 
species, like two cumaceans from the Gulf of Alaska 
( Cumella oculatus  and  C. alaskensis ; Gerken  2009 ). These 
cumaceans are not only new species but their discovery 
was surprising as the genus  Cumella  is typically tropical 
rather than boreal – Arctic. Cumaceans, as fi lter feeders and 
surface deposit feeders, are ecologically important in 
energy transfer within the benthic food web and on the 
Alaskan shelf as they are important food for grey whales. 
Other, more conspicuous new species discovered were the 
golden V kelp in the Aleutian Islands, Alaska ( Aureophycus 
aleuticus ; Kawai  et al.   2008 ). This kelp grows up to 3   m 
in length, and histological and genetic analyses show that 
it may not be closely related to other kelp species in the 
region. This opens interesting evolutionary and distribu-
tional questions about kelps in the North Pacifi c, where 
they form important habitats for associated biodiversity. 

 Another signifi cant NaGISA accomplishment has been 
the discovery of the anomalodesmatan bivalve  Pholadomya 
candida  living in a  Thalassia testudinum  seagrass bed at 
Santa Marta, Colombia. This bivalve species belongs to 
the ancient family Pholadomyidae, a group of burrowing 
bivalves living on Earth since at least the Early Carbonifer-
ous (330 million years  bp ), which reached a high degree of 
diversifi cation in Jurassic to Cretaceous times.  Pholadomya 
candida  had been collected alive only twice, with the last 
record in 1842, and, because living specimens had not been 
recorded for nearly 140 years, some authors considered the 
species extinct. The evolutionary implications of this re -
 discovery are remarkable. Comparative molecular sequenc-
ing of  P. candida  with other anomalodesmatan species and 
with representatives of other presumably related groups 
may provide clues of the evolution of the Anomalodesmata, 
as well as indications on the origin of the Myoida (D í az 
 et al.   2009 ). 

 Several new species distributional records and range 
extensions have been found during NaGISA sampling 

efforts. In the western Pacifi c, the solitary entoproct  Loxo-
somella  sp. was found in a seagrass sample from Akajima, 
Okinawa Prefecture, Japan. This is the fi rst record of this 
animal group from sandy seagrass habitats in this region. 
Another interesting discovery was made in the Eastern 
Pacifi c with the coralline alga  Phymatolithon calcareum . 
During NaGISA sampling, this species was found in its 
gametangial reproductive state (Konar  et al.   2006 ). 
Although this species is relatively common and globally 
distributed, it was previously found only once in this repro-
ductive state and that record was off the Atlantic coast of 
France (Mendoza  &  Cabioc ’ h  1998 ). In the well - studied 
Cobscook Bay of the Gulf of Maine in the Atlantic Ocean 
region, NaGISA surveys found tens of benthic faunal taxa 
previously unreported from the area, from such diverse 
groups as hydrozoans (for example  Clytia gracilis ), mol-
lusks (for example  Spisula solidissima ,  Astarte portlandica ), 
crustaceans (for example  Nebalia bipes ,  Metopella cari-
nata ), polychaete worms (for example  Aricidea albatrossae , 
 Euchone papillosa ), and bryozoans (for example  Haplota 
clavata ,  Cribrilina punctata ). Similarly, new species records 
for fi ve macroalgal species were found at NaGISA sites in 
the Arctic Beaufort Sea, including the brown algae  Sphace-
laria plumosa  and  S. arctica , and the red algae  Rhodomela 
tenuissima  and  Scagelia  cf  americana . Also at these sites, 
the common red alga  Phyllophora truncata  was often 
infested with what has been tentatively identifi ed as an 
endophytic alga  Chlorochytrium . 

 In addition to species - level discoveries, NaGISA also had 
some signifi cant discoveries of habitat extensions. A major 
range extension was the discovery of a rhodolith habitat in 
the Eastern Pacifi c region (Konar  et al.   2006 ). Rhodoliths 
are unattached calcareous red algae that form extensive 
beds, which provide habitat for many associated, some-
times commercially important species. Although rhodolith 
beds are widely distributed in temperate and tropical areas, 
the rhodolith bed discovery in Alaska ’ s Prince William 
Sound in the North Pacifi c Ocean represents a signifi cant 
northward extension of known rhodolith distribution. 
Also, in the Arctic Beaufort Sea, a new boulder fi eld provid-
ing substrate for a diverse community of macroalgae and 
invertebrates was mapped in Camden Bay through NaGISA 
efforts (Iken  &  Konar  2007 ). 

 Regional comparisons have already yielded new insights 
into biodiversity patterns. Longitudinal comparisons in the 
Caribbean Seas region have shown that there is a decrease 
in species numbers from west to east. At the same time, 
this gradient in species numbers is not similarly refl ected 
in the taxonomic structure of the communities (based on 
the index of taxonomic distinctiveness) as this is the   same 
along that longitudinal gradient (Fig.  2.2 ). The nested 
design of the NaGISA sampling protocol was used in the 
Gulf of Alaska in the EPAC region to analyze the contri-
butions of local versus regional scales of variability in 
nearshore communities (Konar  et al.   2009 ). Interestingly, 
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most variability was associated with the local scale and 
very little with regional scales. On the local scale, the 
depth gradient was the most important factor contributing 
to variability, which was also found when only echinoderm 
distribution was analyzed over the same spatial scales 
(Chenelot  et al.   2007 ). The number of species generally 
increases from the high intertidal to a depth of 1   m and 
then decreases with increasing subtidal depths. The large 
tidal range in the region effectively renders the 1   m depth 
stratum low intertidal and thus a suitable interface for a 
large variety of intertidal and subtidal organisms (Konar 
 et al.   2009 ). Seasonal comparisons in the South American 
region (Puerto Madryn, Argentina) found that local bio-
diversity varies throughout an annual cycle in close relation 
to the presence of an invasive brown algal species ( Undaria 
pinnatifi da ), which is sensitive to warm temperatures. 
During the austral winter,  U. pinnatifi da  invades the rocky 
substrates replacing the natural community, but also 
attracts another community of gastropods, polychaetes, sea 
urchins, and other invertebrates that feed on the algae. As 
the water temperature increases in the austral summer, 
 U. pinnatifi da  dies, and the natural community returns. 

 Along with reporting community patterns and biodiver-
sity trends, it also is important to explain why and how 
these trends and patterns exist. Some research has already 
examined drivers of community patterns and biodiversity 
trends at various spatial scales (Coleman  et al.   2006 ; 
Kuklinski  et al.   2006 ; Scrosati  &  Heaven  2007 ; Wulff 
 et al.   2009 ). NaGISA in the European Seas conducted 
an experimental study using a combination of long - term 
observations and fi eld manipulations to show that rare 
species take advantage of environmental variability, becom-
ing less rare in fl uctuating environments (Benedetti - Cecchi 
 et al.   2008 ). Hence, an increase in environmental variabil-
ity, such as that expected under climate change models, 
may lead to major shifts in species composition within 
assemblages, with the prediction that currently rare species 
may become more dominant with increasing levels of 
environmental heterogeneity.  

   2.6    Remaining Questions 

 Although NaGISA efforts are greatly contributing to the 
fi eld of nearshore biodiversity, many issues and questions 
remain. First and foremost, true estimates for global near-
shore biodiversity do not exist. The million dollar question 
of how many organisms live in nearshore waters, still 
cannot be answered. It appears that the more regions that 
are sampled and the more taxonomists that are involved, 
the more new species and range extensions are found. We 
may never know exactly how many species live in the 
nearshore, but we can and should continue working towards 
increasingly accurate estimates. 

 Another question that still remains open is why 
certain areas have higher biodiversity (or abundances or 
biomass) than other areas. The more we learn about 
biodiversity trends and the physical and biological 
attributes that contribute to biodiversity hot spots, the 
easier it will be to answer the question of why these 
hot spots exist. From the data currently available, it 
appears that many of the hot spots occur because of 
various site - specifi c parameters (that is, hard substrate 
in an otherwise soft substrate environment, local oceano-
graphic conditions). However, more information is 
needed to determine if and what biological and physical 
parameters will result in the existence of a hot spot 
and if large - scale generalizations of such relationships 
can be made. 

 Along with the questions, some problems also remain. 
One such problem that still exists in many regions is the 
surveying of remote and isolated areas. With the advances 
in remote sensing, these areas are becoming more accessible. 
The intertidal zone can be surveyed with remote sensing, 
using Ikonos satellite imaging ( www.satimagingcorp.com/
gallery-ikonos.html ), followed by hyperspectral imaging 
and ground - truthing (Larsen  et al.   2009 ). In some areas, 
like the northern part of the Eastern Pacifi c region, pro-
grams exist that have already mapped nearshore coasts, such 
as the ShoreZone project ( alaskafi sheries.noaa.gov/habitat/
shorezone/szintro.htm ), and these images are available 
online. In many areas, the subtidal areas can be mapped 
and information such as bottom type and depth can be 
acquired from multibeam sonar acoustic mapping. This can 
then be ground - truthed with benthic sampling. This type 
of information will make discovering new biodiversity hot 
spots and describing patterns and processes in the nearshore 
much easier. Nevertheless, although such mapping efforts 
can supply guidance and large - scale coverage, the need 
for local ground - truthing and traditional establishment of 
biodiversity remains. 

 Although there has been much advancement in the 
knowledge of nearshore biodiversity, education in develop-
ing countries must continue. It has become evident that 
there is a need for expert services and facilities to process 
fi eld samples effi ciently and completely. Some regions have 
this service, such as the Atlantic Ocean region through 
the Atlantic Reference Centre (Huntsman Marine Science 
Centre, New Brunswick, Canada), which is in charge of 
processing, quality control/assurance, and archiving all 
Atlantic Ocean regional samples. 

 Current NaGISA data will culminate in 2010 with 
assessing spatial (for example latitudinal or longitudinal) 
trends of overall community patterns in rocky macroalgal 
systems and seagrass beds, as well as of selected taxonomic 
groups. Because of the relatively good taxonomic expertise 
available in most regions of the world, NaGISA is focusing 
in this fi rst phase on patterns in macroalgae, polychaetes, 
gastropods, echinoderms, and decapods. However, there 
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are many other taxonomic groups that are yet unexplored, 
but are no less ecologically important. Not only do we 
know that biodiversity trends vary depending on the taxo-
nomic group examined, but these patterns may be quite 
different for the rarer groups than the more common taxa. 
Similarly we have learned that biodiversity trends often 
depend on the depth strata examined, but without better 
knowledge of small - scale biodiversity patterns, overall 
trends will be diffi cult to determine. There are many ques-
tions that remain unanswered here, such as what is the 
global latitudinal trend for cnidarians, sponges, or bryo-
zoans, and do these trends vary with depth.  

   2.7    Conclusions 

 NaGISA ’ s major legacies thus far can be summarized as the 
following. 

  1)     The creation of the fi rst standardized global baseline 
of coastal biodiversity in rocky shores and seagrass 
beds from the intertidal zone to water depths of up to 
20   m.  

  2)     The establishment of a standardized sampling protocol 
that is suitable to analyze biodiversity trends on 
multiple spatial and temporal scales.  

  3)     The improvement of benthic taxonomy.  
  4)     The network of scientists and new scientifi c capacity -

 building around the world, a network that is now 
working together to address major questions in 
nearshore biodiversity.  

  5)     The elucidation of the scales of temporal and spatial 
variability in nearshore habitats.  

  6)     The addition of knowledge on the interactive effects 
of multiple drivers, including human activities, on 
spatial patterns of marine coastal biodiversity at the 
global scale.  

  7)     The identifi cation of hot spots of marine coastal 
biodiversity that can be suggested for new Marine 
Protected Areas.    

 The NaGISA project has sampled many sites throughout 
the world, but the efforts are still dwarfed compared with 
the vastness of the world ’ s nearshore region. Some of the 
sampled sites have now been established for long - term 
monitoring. In all regions, there will and should be contin-
ued monitoring of selected NaGISA sites. This monitoring 
will be done by a combination of researchers, elementary, 
high school, and university students, local communities, 
and other stakeholders. NaGISA has particularly enhanced 
stakeholder  “ ownership ”  at many sites, similar to sponsor-
ship of roadside clean - up programs. Although information 
for truly global comparisons is still lacking in many areas 
and for certain taxonomic groups, patterns in biodiversity 
are beginning to emerge. More sites are continually being 

added and more taxonomists are being engaged. The 
momentum that NaGISA has started must continue if we 
are to get an increasingly accurate description of global 
diversity. 

 The NaGISA monitoring sites will assist with the iden-
tifi cation of inter - annual variability. This is crucial to be 
able to distinguish short - term variability from longer - term 
changes that may be driven by climatic changes or anthro-
pogenic pressures. Such long - term changes will become 
measurable over time from NaGISA sites that are part 
of the long - term monitoring. In addition, the NaGISA –
 History of Marine Animal Populations collaboration, the 
History of the Nearshore (HNS) project, is identifying 
changes in nearshore communities that have occurred 
over decadal scales. By comparing historical baselines 
with present - day data, regional changes within the various 
HNS studies may be detected. Changes revealed by 
comparisons of several Atlantic HNS regions could, for 
example, produce a Pan - Atlantic pattern and identify 
driving factors. 

 NaGISA has done much to not only advance the knowl-
edge and appreciation of nearshore biodiversity, but it has 
started a momentum through its outreach, networking, and 
capacity building. We may never be able to answer how 
many species live in the nearshore, but we will continue to 
produce a more accurate estimation and to explain why 
there are so many nearshore species and why they are 
distributed as they are.  
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  Chapter 3 

Biodiversity Knowledge and 
its Application in the Gulf of 
Maine Area  
  Lewis S.     Incze 1    ,    Peter     Lawton 2    ,    Sara L.     Ellis 1    ,    Nicholas H.     Wolff 1   

   1  Aquatic Systems Group, University of Southern Maine, Portland, Maine, USA   
   2  Fisheries and Oceans Canada, St. Andrews Biological Station, St. Andrews, New Brunswick, Canada        

    3.1    Introduction 

 The diversity of life at all levels, from ecosystems to genes, 
is part of our natural heritage, an inheritance molded by 
more than three billion years of evolutionary innovation, 
adaptation, and chance (Raup  1976 ; Knoll  2003 ; Falkowski 
 et al .  2008 ). By comparison with Earth ’ s long and complex 
history of biological, chemical, and geophysical change, 
modern humans are relative newcomers (Liu  et al .  2006 ), 
albeit with enormous capacity to alter the environment, its 
species composition, and functioning (Millennium Ecosys-
tem Assessment  2005 ). Despite our technological prowess, 
we depend on natural ecosystems for life support, eco-
nomic activity, and pleasure. What will happen as human 
populations occupy, use, and transform ever - increasing 
portions of the environment (Rockstr ö m  et al.   2009   )? The 
question has practical, as well as ethical and aesthetic, 
dimensions. Managing human activities in ways that pre-
serve the ability of ecosystems to provide goods, critical 
services, natural beauty, and wonder into the future is one 
of the great challenges we face as a society. 

 Many have advocated a comprehensive approach to the 
sustainable use of the marine environment, including the 
supporting role of the ecosystem in general, and the con-

servation of biodiversity specifi cally (Grumbine  1994 ; Pew 
Oceans Commission  2003 ; Ragnarsson  et al.   2003 ; Sinclair 
 &  Valdimarsson  2003 ; US Commission on Ocean Policy 
 2004 ; McLeod  et al.   2005 ; Rosenberg  &  McLeod  2005 ; 
Palumbi  et al.   2009 ). Ecosystem - based management (EBM) 
is an integrated approach that considers the entire ecosys-
tem, including humans, and circumscribes a broad set of 
objectives and principles designed to guide decision making 
whenever the environment might be impacted (Murawski 
 2007 ; McLeod  &  Leslie  2009 ). EBM is an evolving prac-
tice, and explicit incorporation of ecosystem considerations 
into management of human interactions has recently 
increased dramatically (McLeod  &  Leslie  2009 ; Rosenberg 
 et al.   2009 ). Conserving biodiversity as a cornerstone of 
EBM, however, is challenging because most biodiversity is 
still unknown, most species are comparatively rare, and the 
 “ importance ”  (function) of many non - dominant species is 
diffi cult to quantify and impossible to predict. Even if it can 
be shown that a species plays no signifi cant role today, its 
contribution to the future remains unknowable. This need 
not require evolutionary time scales for expression, because 
systems experiencing rapid change  –  whether by climate, 
major natural disturbance, or human disturbance  –  may 
suddenly favor a different set of genes or species (Yachi  &  
Loreau  1999 ; Bellwood  et al.   2006 ). Biodiversity is the 
reservoir of options that enables species (whose popula-
tions contain genetic diversity) and systems at all higher 
levels of organization to respond to changes over time, and 
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biodiversity is the encyclopedia of information about 
life itself. Thus, there are many reasons, practical and 
otherwise, to document, understand, and conserve it. 

 This chapter describes recent efforts by the Gulf of Maine 
Area (GoMA) project of the Census of Marine Life to 
improve our understanding of biodiversity in the Gulf of 
Maine Area (Fig.  3.1 ) and suggests ways this information can 
be used to support EBM in the marine environment. Most 
projects within the Census were focused on species discovery 
in remote and under - explored areas of the ocean (O ’ Dor  &  
Gallardo  2005 ). Early on, however, the Census recognized 
the need for an integrative study of biodiversity on an eco-
system - wide scale, covering a range of trophic levels (from 
microbes to mammals) and habitats (from shallow intertidal 
to deep offshore). The Gulf of Maine was selected as the 
ecosystem project because it is a well - studied, comparatively 
data - rich body of water with a long history of commercial 
exploitation and associated management needs. Its moder-
ate size and intermediate levels of biodiversity were other 
potential advantages in terms of tractability. Although there 
was a large body of knowledge about the region, there had 
not yet been any coordinated effort to summarize the Gulf  ’ s 
biodiversity in an accessible format (Foote  2003 ), or to con-
sider how biodiversity information could be used to improve 
management of a system of this size.    

   3.2    Environmental and 
Biogeographic Setting and 
History of Human Use 

 Biodiversity of the Gulf of Maine Area has been shaped 
over geologic time by geophysical and evolutionary proc-
esses, and, more recently, by anthropogenic pressures. 
During the Last Glacial Maximum ( ca . 20,000 years before 
present (B.P.)), ice sheets extended onto the eastern North 
American continental shelf south of 41 °    N latitude, scouring 
the bedrock and depositing moraines that shape the present -
 day submarine topography of the Gulf of Maine and the 
Scotian Shelf (Knott  &  Hoskins  1968 ). Maximum present -
 day depths exceed 250   m in Georges and Emerald Basins 
(Figs.  3.1 A and B), and the interior of the Gulf and the 
Scotian Shelf are generally deep except for a few large 
offshore banks and a narrow coastal fringe. The shoreline 
is diverse, consisting of extensive regions of tectonically 
deformed metamorphic rock, granites and other igneous 
intrusions, as well as sandy and gravelly shorelines of 
varying lengths. Salt marshes are mostly small and com-
paratively infrequent in rock - dominated sections of the 
coast, but are substantial in the aggregate and extensive 
along some sections of coast in the Bay of Fundy and in 
the southern Gulf (Gordon  et al.   1985 ; Jacobson  et al . 
 1987 ). Rocky sections are typically highly indented, with 

numerous bays, peninsulas, and islands providing a wide 
variety of habitat types. 

 The dominant circulation in the upper 100   m is south-
ward over the Scotian Shelf and counterclockwise around 
the Gulf of Maine, with most water exiting around the 
northern end of Georges Bank (Xue  et al.   2000 ; Smith  et al.  
 2001 ; Townsend  et al.   2006 ). The banks and shoals along 
the outer periphery of the Gulf of Maine restrict exchanges 
between the Gulf and the open Atlantic and lengthen the 
path and increase the residency time of water as it travels 
along the southern fl ank of Georges Bank, thus contribut-
ing to the temperature contrast between the interior of the 
Gulf and the more temperate region to the south (Fig. 
 3.1 C). Deeper water enters the Gulf from the upper slope 
through the Northeast Channel (sill depth approximately 
190   m) and may be of northern (Labrador Sea) or southern 
(Mid - Atlantic) origin (Greene  &  Pershing  2003   ). Sources 
of slope water infl uence the temperature, salinity, and 
nutrient ratios of water and are themselves under the infl u-
ence of larger - scale climate forcing (Greene  &  Pershing 
 2003, 2007   ; Townsend  et al.   2010 ). 

 Tidal ranges vary from less than 2   m along the Nova 
Scotia Atlantic coast and approximately 3   m in the southern 
Gulf of Maine to 16   m in the northeastern Bay of Fundy 
(Minas Basin), reputedly the largest tidal range in the world 
(Archer  &  Hubbard  2003 ; O ’ Reilly  et al.   2005 ). Where the 
tidal range is large, the difference between neap and spring 
tides exceeds the entire tidal range of locations in the 
southern Gulf (Dohler  1970 ). In the northern Gulf and 
over the crest of many of the offshore banks and shoals, 
turbulence created by strong tidal bottom friction contrib-
utes to unstratifi ed or only weakly stratifi ed conditions even 
during warm months of the year (Garrett  et al.   1978 ), 
whereas elsewhere there is strong seasonal stratifi cation 
induced by salinity and temperature (Fig.  3.1 C). 

 From a global perspective, the Gulf of Maine Area has 
relatively low diversity (Witman  et al.   2004 ), and is gen-
erally less diverse than waters farther south along the US 
east coast (Fautin  et al ., unpublished observations) and in 
the northeast Atlantic (Vermeij  et al.   2008 ). The intertidal 
and subtidal zone of the Cobscook/Passamaquoddy Bay 
region (US – Canadian border) may prove to be an excep-
tion (Larsen  2004 ; Trott  2004 ; Buzeta  &  Singh  2008 ). 
Cape Cod, which partly defi nes the western boundary of 
our study area (Fig.  3.1 A), is generally recognized as the 
transition between the southern Virginian and the north-
ern Acadian biogeographic provinces (Engle  &  Summers 
 1999 ; Wares  &  Cunningham  2001 ; Wares  2002 ). Some 
argue that the transition may be focused slightly south of 
the Cape in association with changes in water mass prop-
erties (Wares  2002 ; Jennings  et al.   2009 ), but many Vir-
ginian and Acadian species occur well north and south, 
respectively, of this transition (Fautin  et al. , unpublished 
observations). The modern biogeographic provinces are 
aligned with a steep latitudinal gradient in surface water 
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     Fig. 3.1 

 Gulf of Maine study area. 
  (A)  Major physiographic features and names. 
Isobaths in dark grey (200 – 4,000   m) show the 
continental slope, Northeast Channel, and major 
basins. EB, GB, JB, and WB are Emerald, Georges, 
Jordan, and Wilkinson basins, respectively. A 
portion of the 100   m isobath is shown in dark blue 
to illustrate the major banks and the inner Scotian 
Shelf (see next panel for details of inner Gulf). 
Canadian provinces (Nova Scotia, New Brunswick) 
and US states (Maine, New Hampshire, and 
Massachusetts) are abbreviated (NS, NB, ME, NH, 
and MA, respectively). The highlighted sector across 
the northern Gulf is the  “ Discovery Corridor ” , which 
roughly straddles the Canada – US border. The GoMA 
study area is bounded by the two red lines and the 
2,000   m isobath (later extended to 3,500 m), plus 
Bear Seamount, the most western of the New 
England Seamount chain and located between 2,000 
and 3,000 m.  (B)  Bottom topography of the Gulf of 
Maine showing the complex structure and generally 
deep bathymetry of the interior, as well as the 
principal channels into the system (data from US 
Geological Survey). Complex structures pose extra 
challenges to assessing and describing benthic 
diversity patterns and ecological functioning. 
 (C)  Climatological (1997 – 2008) satellite - derived 
(NOAA - AVHRR) sea surface temperatures (SST) for 
August, with schematic of the major surface 
circulation features.  (SST data from Andrew 
Thomas, University of Maine, Orono, Maine, USA; 
circulation based on Beardsley  et al .  (1997) ).   
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temperatures, with lower annual means and smaller annual 
ranges in the north. The transition has undergone large 
changes during the Holocene (a signifi cant northward 
expansion and retraction of warm - water biota; Pielou 
 1991 ) and is likely to be affected by expected global 
warming (Hayhoe  et al.   2007 ). The current regional 
warming trend of more than a decade is probably already 
affecting the distributions of some organisms (Fogarty 
 et al.   2008 ), although the trajectory of future temperature 
changes may be affected by accelerated melting of Arctic 
ice (H ä kkinen  2002 ; Smedsrud  et al.   2008 ) and variations 
in ocean circulation (Greene  &  Pershing  2003, 2007 ; 
Fogarty  et al.   2008 ; Townsend  et al.   2010 ). 

 Humans have affected biodiversity of coastal systems 
around the world, and the Gulf of Maine is no exception 
(Jackson  et al.   2001 ; Lotze  et al .  2006 ). There is evidence 
of human habitation along coastal Gulf of Maine as early 
as 8,500 to 6,000 years B.P. (Bourque  2001 ; Bourque  et 
al.   2008 ). Although some evidence suggests that prehistoric 
hunter - gatherers had negligible impacts on the coastal 
marine environment (Lotze  &  Milewski  2004 ), archaeo-
logical studies of faunal remains in middens have shown 
changes in the relative abundance of available prey species 
by 3,500 years B.P., indicating a decline in local cod ( Gadus 
morhua ) and changes in the food web (Bourque  et al.  
 2008 ). Europeans started coming to the Gulf of Maine 
regularly in the mid - 1500s to take advantage of rich natural 
resources, and colonized the area in the 1700s (Bourque  et 
al.   2008 ). They rapidly transformed the coastal environ-
ment by multiple  “ top - down ”  (exploitation),  “ bottom - up ”  
(nutrient loading), and  “ side - in ”  (habitat destruction, pol-
lution) impacts, causing widespread changes in abundance 
and diversity at all trophic levels, from primary producers 
to top predators (Lotze  &  Milewski  2004 ). On the Scotian 
Shelf, regional cod stocks were severely reduced by 1859 
(Rosenberg  et al.   2005 ), and by 1900 most large vertebrates 
in the productive southwestern region of the Bay of Fundy 
were severely overexploited, leading to the extinction of 
three species of mammals and six bird species (Lotze  &  
Milewski  2004 ). 

 In the early twentieth century, human pressures on the 
Gulf became more intense and far - reaching. Mechanized 
fi shing technologies beginning in the 1920s led to a rapid 
decline in numbers and body size of many species, especially 
coastal cod in the Gulf of Maine (Steneck  et al.   2004 ) and 
on Georges Bank (Sherman  1991 ). Starting in the middle 
of the twentieth century, commercial fi sh stocks experienced 
signifi cant reductions (Cohen  &  Langton  1992 ; Sinclair 
 1996 ) and many important stocks remain at low levels. In 
2007, cod landings in the entire Gulf of Maine were only 
5 – 6% of those in 1861 (Alexander  et al.   2009 ), and many 
historical fi shing grounds along the coast from Massachu-
setts to Maine and Nova Scotia are no longer very produc-
tive (Ames  2004 ; Frank  et al.   2005 ). The decline of large 
predatory fi sh has been used to explain cascading effects 

at lower trophic levels involving various combinations of 
macroinvertevbrates and their invertebrate and algal prey 
(Steneck  et al.   2004 ; Frank  et al.   2005 ). Fluctuating abun-
dances of sea urchins (caused by trophic cascades, direct 
fi shing on urchins, and disease) and kelp (caused by preda-
tion by urchins and other factors (see, for example, Schmidt 
 &  Scheibling  2006 )) have attracted particular attention 
because of the structuring role of kelp in shallow subtidal 
communities (Scheibling  et al.   2009 ). The naturally low 
diversity of the Gulf of Maine kelp ecosystem may have 
facilitated the rapidity of these changes (Steneck  et al.   2004 ). 

 Today, fi shing remains the anthropogenic activity with 
the greatest impact on the Gulf of Maine system through 
removals and trophic effects (Steneck  et al.   2004 ; Frank 
 et al.   2005 ; Lotze  et al .  2006 ), impacts on bottom biota 
and habitats (Auster  et al.   1996 ; Collie  et al.   1997, 2000 ; 
Watling  &  Norse  1998 ; Norse  &  Watling  1999 ; Myers 
and Worm  2003 ; Simpson  &  Watling  2006 ), and possible 
genetic effects. Modern means of harvesting as well as 
expanding human development along shorelines can be 
signifi cantly disruptive or destructive of habitat, and virtu-
ally all areas of the Gulf from the intertidal to deep basins 
have been affected to some extent by human activities. 
Over the past three decades such impacts have generated 
growing concern, and a long series of restrictions on par-
ticipation, gear, season and areas fi shed have been imple-
mented, with historical emphasis on  “ catch ”  management 
and an emerging consideration of habitats, species of 
special concern, and biodiversity (Auster  &  Shackell  2000 ; 
Murawski  et al.   2000 ; Lindholm  et al.   2004 ; Buzeta  &  
Singh  2008 ; Gavaris  2009 ).  

   3.3    Objective, Approaches, 
and Progress 

 The Gulf of Maine is an international body of water 
shared by Canada and the United States. The GoMA 
Project involved scientists from both countries and the 
area of study was defi ned as the Gulf of Maine proper 
(waters between Cape Cod, Massachusetts, and Cape 
Sable in southeastern Nova Scotia, and inside Georges 
Bank), Georges Bank, the Great South Channel, the 
western Scotian Shelf, the neighboring continental slope 
down to 3,500   m, and Bear Seamount (Fig.  3.1 A). It is 
diffi cult to know how to conceptualize biodiversity and 
its functioning in a physically and oceanographically 
complex ecosystem of this size, and when GoMA was 
initiated in 2003 there was little regional consensus on 
how to integrate biodiversity information into manage-
ment decision making. More fundamentally, what is the 
biodiversity of the Gulf of Maine Area? At an early 
meeting organized by the Census in Woods Hole, 
Massachusetts, in 1999, one of the region ’ s taxonomic 



Chapter 3 Biodiversity Knowledge and its Application in the Gulf of Maine Area 47

experts asked a much simpler question:  “ How many 
 named  species are there in the Gulf of Maine? ”  No 
one knew. 

 GoMA played a convening role in the region to consoli-
date and summarize existing data, identify gaps in knowl-
edge, and stimulate new research. In addition, the project 
is developing a framework that can be shared by managers 
and scientists, of how knowledge of regional marine biodi-
versity could be used in management. The purpose is not 
to make recommendations on how to manage, but to 
encourage thinking about how biodiversity information 
could be used outside its purely scientifi c realm. 

 GoMA ’ s objectives were the following: 

   ●      Synthesize current knowledge of biodiversity, including 
patterns of distribution, drivers of biodiversity patterns 
and change, and how biodiversity patterns affect 
function of the Gulf of Maine ecosystem.  

   ●      Assess the extent of unknown biodiversity.  
   ●      Lead and support development of information systems 

to increase access to data.  
   ●      Support selected fi eld projects and emerging research 

technologies.  
   ●      Work with the scientifi c community and federal 

agencies in the US and Canada to help develop a 
framework for incorporating biodiversity information 
into EBM.  

   ●      Make recommendations for future research and 
monitoring.  

   ●      Educate the public on the role and importance of 
marine biodiversity.    

 In examining progress made toward these objectives 
during the fi rst Census, we cover different aspects of how 
biodiversity is organized within the Gulf of Maine system, 
at diverse levels from the ecoregion to genes. We start with 
basic compositional features, proceed through considera-
tions of how structure and function must be understood at 
multiple scales, and conclude with some perspectives on 
generating and using biodiversity knowledge. 

   3.3.1    The known regional 
biodiversity 

 One of our responses to the unanswered question of how 
many named species there are in our region was to assemble 
a Gulf of Maine Register of Marine Species (GoMRMS) 
based on species either known to exist here (using a variety 
of sources) or expected in the region based on a larger 
Northwest Atlantic register. The goal of GoMRMS (not yet 
complete) is to provide references and electronic links to 
taxonomic histories, descriptions, ecological and distribu-
tional information, museum holdings, and relevant data-
bases, such as the Encyclopedia of Life (EOL;  www.eol.org ) 

and the Ocean Biogeographic Information System (OBIS, 
see Chapter  17 ;  www.iobis.org ). In addition to being a 
resource for researchers interested in particular species, a 
well - developed and maintained list enables biogeographic 
comparisons (see, for example, Brunel  et al.   (1998)  for the 
Gulf of St. Lawrence; the European Register of Marine 
Species for the North Sea), and can help answer the ques-
tion  “ What kind of system is this? ”  The answer to this 
question helps to identify the extent to which systems may 
be similar and can be compared, which is one way of 
gaining insights into natural processes and responses to 
management actions (Murawski  et al.   2010 ). 

 Currently, regional and global species registers are still 
works in progress that must be maintained with updated 
species entries, changing taxonomies, and documentation 
of sources, and they require a rigorous process of valida-
tion. As of November 2009, GoMRMS listed 3,141 species 
in the Gulf of Maine Area, with just under a third of the 
entries validated. To continue to build the register we have 
searched several databases to identify potential additions to 
the species already named in GoMRMS. Databases came 
from both countries and covered the shelf, interior basins, 
Northeast Channel, and the upper slope to 2,000   m. Data 
were from demersal trawl assessment surveys used for fi sh-
eries management, benthic surveys of infauna and epifauna, 
and planktonic collections from research and monitoring 
programs. In total, these data came from more than 11,000 
trawls, 4,000 benthic samples, and 39,000 plankton samples 
collected since 1961. Most of the demersal trawl and 
benthic data were from depths shallower than 400   m, 
whereas plankton samples included the slope sea. Macro-
faunal diversity of the slope and seamounts and microbial 
communities were evaluated by Expert Groups assembled 
for the purpose, and results are discussed later. 

 The database searches revealed location, date, and 
count data for 1,828 species: 1,403 from benthic/demersal 
samples (245 from near shore) and 559 from the net plank-
ton (almost all metazoan, with some redundancies due to 
species with biphasic life histories). Of these, 821 were not 
listed in GoMRMS, bringing the provisional new total to 
3,962 species. Signifi cantly, nearly half of the species in 
GoMRMS now have spatial information, and the provi-
sional additions provide guidance for prioritizing further 
work on the register. Other sources of information are 
being analyzed to assemble a better description of the 
system from work that has already been done, and new 
sampling programs for biodiversity studies are underway. 
In terms of species, large gains can be expected with 
increased effort directed at smaller organisms, and on all 
organisms in deep water environments. At all depths, 
however, closer looks reveal more species. 

 Recent subtidal sampling in Cobscook Bay, Maine, 
which has been studied for more than 160 years, produced 
13 species not previously on the historical checklist (Trott 
 2004 ) of this well - studied bay (amphipods, polychaetes, a 
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mysid, a mollusk, and a cumacean; P.F. Larsen, unpub-
lished observations). These are species that occur widely 
throughout the Gulf of Maine and were therefore not a 
surprise, but this example poses a challenge: when is a 
system adequately described, and what are pragmatic stand-
ards and approaches for doing this? In somewhat deeper 
(50 – 56   m) water and within 20   km of the coast in the south-
western Gulf of Maine, a study of a small sample area found 
70 genera of nematodes in 27 families from a total of 1,072 
individuals (Abebe  et al.   2004 ); eight of the genera had 
no previous representatives in GoMRMS. The nematode 
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     Fig. 3.2 

 Examples of Gulf of Maine fauna. 
  (A)  Rich suspension - feeding community dominated by sponges and sea 
anemones, discovered on a deep (188   m) bedrock ridge (dubbed  “ The 
Rock Garden ” ) in Jordan Basin in 2005 by Canadian researchers working in 
the Discovery Corridor. Subsequent cruises in 2006 and 2009 have 
provided additional information on the overall extent of these hard 
substratum features within the otherwise sediment - dominated basin. Most 
species have not yet been identified below family and/or genus level owing 
to the predominant use of video -  and still - imagery survey approaches 
(photograph: Department of Fisheries and Oceans, Bedford Institute of 
Oceanography, Dartmouth, Nova Scotia, Canada).  (B)  Winter skate 
( Leucoraja ocellata ) cruising past deep - sea corals,  Primnoa resedaeformis  
(sea corn) and  Paragorgia arborea  (bubble gum coral), in Northeast 
Channel (668   m) (photograph: ROPOS deep submergence vehicle, Canadian 
Scientific Submersible Facility, Sidney, British Columbia, Canada). 
 (C)  Humpback whale ( Megaptera novaeangliae ) feeding on a surface patch 
of krill ( Meganyctiphanes norvegica ) formed by interactions of krill with 
internal waves over a small offshore bank (photograph: H. McRae, New 
England Aquarium, Boston, Massachusetts, USA).  

diversity was considered to be quite high (Abebe  et al.  
 2004 ), and the number of local additions at the level of 
genus refl ects the scant number of previous investigations 
of small infaunal organisms. 

 Farther from the coast, researchers from the Canadian 
Department of Fisheries and Oceans, Canadian Atlantic 
region universities, and the Centre for Marine Biodiversity 
have been documenting new species records within the 
offshore portion of the Gulf of Maine Discovery Cor-
ridor (Figs.  3.1 A and  3.2 A; see also Section  3.3.3 ). A 
current student thesis project (A.E. Holmes, unpublished 
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observations) sampled three soft sediment sites at 200 –
 220   m depth in Jordan Basin during the fi rst Discovery 
Corridor mission in 2005, with three 0.5   m 2  replicates 
per site sieved through 0.5   mm mesh screens. Thirty - two 
of the 183 species in the samples were not in GoMRMS, 
including several in minor phyla. Some represent northerly 
or southerly range extensions, but others may be new 
observations for the region.   

 During the 2005 mission, and again in 2006, dense 
stands of large, habitat - forming corals were surveyed within 
the Northeast Channel Coral Conservation Area, which lies 
within the corridor. Although the diversity of coral species 
may be higher elsewhere (Cogswell  et al .  2009 ), this con-
servation area is the heart of the greatest known abundance 
of deep - sea corals in the region, particularly of  Primnoa 
resedaeformis  (sea corn) and  Paragorgia arborea  (bubble 
gum coral) (Fig.  3.2 B). Abundance and colony height of 
these two corals were greater at depths more than 500   m 
than had been reported from previous surveys in shallower 
waters (Watanabe  et al.   2009 ). Relationships between the 
size of a colony and the size of its attachment stone were 
typically stronger and less variable for  P. resedaeformis  than 
for  P. arborea , suggesting that factors such as topographic 
relief may play an additional role in regulating distributions 
of  P. arborea  (Watanabe  et al.   2009 ). 

 In deeper waters outside the Coral Conservation Area, 
but still within the corridor, two species of black corals, 
 Stauropathes arctica  and  Bathypathes patula , were recorded 
for the fi rst time in regional and Canadian waters, respec-
tively (K. MacIsaac, unpublished observations). Using the 
remotely operated vehicle ROPOS, small samples were col-
lected from coral colonies for genetic analyses to help future 
defi nition of coral populations and connectivity between 
corals in the corridor and elsewhere. Additional species that 
are potentially new to regional or Canadian waters include 
the amphipod crustaceans  Eusirus abyssi  and  Leucothoe 

spinicarpa , the holothurians  Psychropotes depressa  and 
 Benthodytes  cf.  sordida , the carnivorous chiton  Placiphore-
lla atlantica , and the bone - devouring pogonophoran worm 
 Osedax  (K. MacIsaac, unpublished observations). More new 
species may emerge as samples continue to be processed. 

 These closer looks at the environment reveal not only 
new additions to knowledge of what lives in the Gulf 
of Maine, but also habitat features that previous ocean -
 sounding data had overlooked, and organism densities that 
were sometimes surprising. None of these were extensive 
efforts. Thus, the nature, extent, and patchiness of biologi-
cal communities in the Gulf of Maine are all signifi cantly 
under - characterized. Indeed, even within this compara-
tively well - studied environment, the question  “ What lives 
here? ”  remains only partly answered, and an understanding 
of abundance and patterns of distribution much less so. 
With such a large heterogeneous area to examine more 
closely, and interest not only in composition but also 
structure and function, a strategy is needed to make the 
discovery process effi cient. More is said on this topic later. 

 The best example of a well - documented pattern of dis-
tribution and abundance at Gulf - wide scale is for the fi shes 
(Fig.  3.3 ), which have been sampled by fi shery - independent 
assessment surveys for more than 40 years. The average 
number of species per tow (sample diversity), averaged over 
all tows, is highest around the periphery of the Gulf and 
lowest in the deep basins, the Northeast Channel, and parts 
of the slope and Scotian Shelf. This is slightly affected by 
dominance patterns, as rarefaction curves show the highest 
 total  fi sh diversity on the upper slope and Georges Bank, 
followed by the coastal shelf between Cape Cod and Maine, 
and then other regions (L.S. Incze  &  N.H. Wolff, unpub-
lished observations). The basins, Northeast Channel, and 
shelf regions south and east of Nova Scotia group together 
and have much lower total diversity. Fishes have habitat 
preferences such that certain species and communities can 
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     Fig. 3.3 

 Species diversity of fish in the Gulf of Maine 
(average number of species per tow per 
10   km    ×    10   km cell), based on fall trawl surveys of 
the Northeast Fisheries Science Center (Woods 
Hole, Massachusetts), 1963 – 2008. Fall surveys 
took place between September and December (92% 
in October and November) and include 8,717 tows. 
Samples included 197 species of fish, with 15 
elasmobranchs. Species richness groupings are 
quintiles of the frequency distribution of the 
samples. There is no correlation between species 
richness and the number of tows per cell.  
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serve as proxies for seafl oor habitat distributions (Auster 
 et al.   2001 ; Auster  &  Lindholm  2005 ). The extensive fi sh 
data then become an information resource that can be 
linked with other biological and physical data to help char-
acterize diversity of the Gulf of Maine system at subre-
gional scales. Watling  &  Skinder  (2007)  showed this with 
invertebrate assemblages. The above patterns resulted from 
analysis of abundance/tow data that are now available from 
OBIS, and Ricard  et al .  (2010)  have shown that OBIS data 
provide a very similar view to that obtained by more 
detailed analysis using comprehensive source databases 
from the surveys.   

 The continental slope and seamounts have not been 
studied as much or in the same way as the shelf, and so 
the status of biodiversity knowledge for this sub - region 
has been assessed separately by an ongoing Expert Group 
contributing to the Gulf of Maine Census (N.E. Kelly 
 et al. , unpublished observations). Information has been 
assembled for benthic (infauna and epibenthic macro -  and 
megafauna), demersal, mesopelagic, and bathypelagic 
taxa, comprising mostly adult stages, although a few larval 
fi sh were included. Sources of information include peer -
 reviewed literature, US and Canadian technical reports, 
OBIS, online museum collections and databases, and data 
provided by group members. Data extend west of GoMA, 
to 71.3 °    W, and from 150 to 3,500   m depth (Fig.  3.4 ). 
Although there have been studies on several of the western 
seamounts, only Bear Seamount was included in these 
analyses. So far, 899 species have been identifi ed from 
the slope (mostly above 2,000   m) and 633 are associated 
with Bear Seamount; 240 were found in both locations. 
Bray - Curtis similarity (Clarke  &  Warwick  2001 ) between 
the slope and the GoMRMS species list is a little over 
30%, and between Bear Seamount and GoMRMS is 
approximately 10%. A map of species numbers (Fig.  3.4 ) 
illustrates that many of the high values are associated 
with the seamount and major canyons. These values are 

not corrected for effort or sampling method, so at this 
time they refl ect the pattern of biodiversity knowledge, 
rather than intrinsic diversity patterns.   

 The smallest but most numerous and diverse organisms 
in the Gulf of Maine, as elsewhere, belong to a group of 
unicellular, prokaryotic, and eukaryotic organisms known 
collectively as marine microbes. The group includes viruses, 
bacteria, archaea, phytoplankton (for example diatoms), 
fl agellates, ciliates, and other protists. We know most about 
the eukaryotic microalgae ( “ phytoplankton ” : 696 names in 
193 genera), and much less about the other groups. Hetero-
trophic and mixotrophic protists include some familiar 
groups (the Dinophyceae) as well as others that are rarely 
identifi ed below the level of genus (amoeboid organisms 
and ciliates). For the bacteria and viruses, the basic unit of 
diversity, the species, is probably inadequate and several 
approaches have been considered to express diversity in 
these groups (see Cohan  2002 ; Pedr ó s - Ali ó   2006 ). A 
Microbial Expert Group assembled for GoMA (W.K.W. Li 
 et al ., unpublished observations) estimated the diversity of 
prokaryotes and phytoplankton in operational taxonomic 
units (OTUs) for the purpose of placing GoMA in a global 
context. The calculation is based on scaling arguments 
using the total number of individuals in the community (for 
instance, the bacterioplankton) and the number of individu-
als comprising the most abundant members of the com-
munity (the corresponding group for GoMA is the SAR11 
cluster  Candidatus  Pelagibacter; for methods see Curtis 
 et al.   (2002) ; Morris  et al.   (2002) ). Population sizes were 
estimated from the depth - dependent average of cell densi-
ties from a time series on the Scotian Shelf and neighboring 
slope (an extension of work published earlier by Li and 
Harrison  (2001) ) times the volume at depth in GoMA 
derived from a hypsometric analysis (L.S. Incze  &  N.H. 
Wolff, unpublished observations). The calculations indi-
cate, as a very rough approximation, that GoMA could 
have between 10 5  and 10 6  taxa of prokaryotes and between 
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     Fig. 3.4 

 Species diversity knowledge for the slope, canyons, 
and Bear Seamount, depicted as number of species 
per 0.2 degree square. Red lines mark eastern and 
western ends of the GoMA study area to 2,000 m. 
Species counts are divided into quintiles and have 
not been corrected for effort or sampling method. 
Black arrow points to the grid over Bear Seamount 
where the highest species count (494) was 
recorded.  Data compiled by N.E. Kelly, Centre for 
Marine Biodiversity, Dartmouth, Nova Scotia, 
Canada.   
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10 3  and 10 4  taxa of phytoplankton (because the assessment 
techniques used autofl uorescence as a discriminator, the 
phytoplankton estimate includes the cyanobacteria). More 
specifi cally, the taxonomic richness of bacterioplankton in 
our study area is estimated to be 4    ×    10 5  OTUs. This is 20% 
of the maximum global estimate of bacterioplankton diver-
sity (2    ×    10 6  OTUs; Curtis  et al.   2002 ), which suggests a 
very diverse microbial community in Gulf of Maine Area. 

 The taxonomic distribution of biodiversity knowledge 
in the Gulf of Maine Area is summarized in Table  3.1 , 
alongside a recent estimate of the global known marine 
biodiversity (Bouchet  2006 ). The table includes GoMRMS 
and the provisional additions from the survey databases, 
but does not include the above slope and seamount assess-
ment because it has not been completed. The estimated 
diversity (OTUs) of the bacteria calculated above cannot be 
compared with the species estimate given by Bouchet 
 (2006) . How do the general patterns of named diversity in 
the Gulf of Maine Area compare with the global pattern, 
aside from the huge differences in numbers of species? 
Relatively speciose groups in both lists include the cnidar-
ians, annelids, crustaceans, mollusks, bryozoans, and echi-
noderms, refl ecting relatively high species richness in these 
groups in general, as well as conspicuousness, human 
interest, and relative ease of sampling and description by 
methods that have been established for many years. Among 
other speciose groups globally, the named marine algae and 
fi sh comprise a higher proportion of named species in the 
Gulf of Maine Area compared with the global list, and for 
the Gulf the proportion is lower for urochordates, Porifera, 
platyhelminthes, and nematodes. For the Porifera, the 
diversity has not been elucidated but may be comparatively 
low, whereas for the nematodes, a lack of signifi cant effort 
on the group must be a major factor. These are general 
refl ections on the state of knowledge for the Gulf as a 
whole. Valuable comparisons of species occurrence, distri-
bution, and abundance across the Atlantic and north and 
south along the North American coast can be made within 
well - studied groups to study past and ongoing ecological 
changes (Vermeij  et al .  2008 ).   

 To convey how much is known and unknown about 
diversity in the Gulf of Maine Area, we used a length - based 
approach for all adult stages of biota from viruses to the 
largest whales (Fig.  3.5 ). This is a coarse and subjective 
approximation because animal size (length) can vary greatly 
within a phylum and it was not practical to try to perfect 
this estimate by assigning  “ best approximate sizes ”  to all 
the named species! The smoothed line indicating the known 
(named) taxa approximates species numbers for groups of 
organisms contained within size groupings of 10  x      ±    10 0.5   x   
m, where  x  is a whole number from  − 8 to  + 1. OTUs are 
used for viruses, bacteria, and archaea because there is no 
agreement on what constitutes species for these organisms. 
Trends and relative numbers are the important features 
being depicted (Fig.  3.5 ).  “ Monitored ”  species are those for 
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     Fig. 3.5 

 Biodiversity size spectrum. 
  (A ) Length - based schematic of Gulf of Maine biodiversity, showing 
the approximate size distribution of named species (solid line; blue 
shading is for emphasis), and a suggestion of the possible extent of 
the unknown biodiversity (broken line). For the prokarya and viruses, 
diversity is expressed as operational taxonomic units (OTUs), because 
there is no agreement on what makes a species in these groups. The 
shape of the curve of  “ unknowns ”  from meiofauna to viruses, and the 
maximum number of OTUs are unknown. The orange shape and orange 
squares are for monitored species, including harmful algae and coliform 
bacteria. Meiofauna is shown because it contains many unknown 
species, but there are other ecological and taxonomic groups that could 
be listed (see text).  (B)  Enlarged view of the lower right portion of the 
size - diversity curve, illustrating where most  “ monitored ”  (orange) and 
 “ managed ”  species (diagonal stripes) occur. Coliform bacteria, which 
are managed through effluent waste regulations, are not shown (see 
upper panel).  

which we have some information on abundance over space 
and time (for example unmanaged species caught in fi sher-
ies assessment surveys, seabird abundances at long - term 
study sites); and  “ managed ”  species are those with manage-
ment plans such as commercial fi sh, crustaceans and mol-
lusks, cetaceans, and threatened or endangered species. At 
the far right end of the size spectrum, virtually all species 
are known, at least by name.  “ Unknowns ”  are dealt with 
in the next section. The schematic illustrates the point that 
the organisms of most concern to humans, whether for 
practical, aesthetic, ethical, or spiritual reasons, are a small 
fraction of the diversity in the system, and are supported 
by that diversity in ways that are only partly known.    

   3.3.2    Extent of unknown 
biodiversity 

 In general, we know less about the diversity of organisms 
as they get smaller, have softer bodies, inhabit more remote 



  Table 3.1 

  Comparison of the number of named species in the Gulf of Maine area with global estimates of marine species. Gulf of Maine totals are based on the Gulf of Maine 
Register of Marine Species and provisional additions from other sources   (see section  3.3.1  for details on provisional additions to GoMRMS)  . 

   Taxon  
   GoMA species 
(this paper)  a    

   Global species 
(Bouchet  2006 )  

  Bacteria    1  b      4,800  

  Cyanophyta/
Cyanobacteria  

  9    1,000  

  Ciliophora    1    ?  

  Radiolaria        550  

  Foraminifera    2    10,000  

  Fungi        500  

  Chlorophyta    98    2,500  

  Bacillariophyta    224    5,000  

  Phaeophyta    154    1,600  

  Rhodophyta    148    6,200  

  Dinomastigota    60    4,000  

  Other protoctista    3    750  

  Plantae          

  Porifera    31    5,500  

  Placozoa          

  Cnidaria    186    9,795  

  Ctenophora    5    166  

  Platyhelminthes    72    15,000  

  Dicyemida/
Rhombozoa  

      82  

  Orthonectida        24  

  Nemertea    35    1180 – 1230  

  Rotifera    4    50  

  Gastrotricha        390 – 400  

  Kinorhyncha        130  

  Nematoda    28    12,000  

  Nematomorpha    2    5  

    a    Total includes named species in GoMRMS plus provisional additions (see text).  
   b    A new estimate for bacterioplankton OTUs in the Gulf of Maine is 4    ×    10 5  (W.K.W. Li  et al ., unpublished observations), but this is not directly comparable with 
species (see text).  
   c    These taxa are not included in Bouchet  (2006) .  
   d    For taxa with a range of estimates, the average was used.   

   Taxon  
   GoMA species 
(this paper)  a    

   Global species 
(Bouchet  2006 )  

  Acanthocephala    27    600  

  Entoprocta        165 – 170  

  Gnathostomulida        97  

  Priapulida        8  

  Loricifera        18  

  Cycliophora        1  

  Sipuncula    12    144  

  Echiura    3    176  

  Annelida    489    12,000  

  Pogonophora        148  

  Tardigrada        212  

  Crustacea    762    44,950  

  Chelicerata 
(non - arachnid)  

  21    2,267  

  Mollusca    504    52,525  

  Phoronida    1    10  

  Bryozoa/Ectoprocta    119    5,700  

  Brachiopoda    1    550  

  Echinodermata    110    7,000  

  Chaetognatha    12    121  

  Hemichordata    5    106  

  Urochordata    44    4,900  

  Cephalochordata        32  

  Pisces    578    16,475  

  Reptilia    2     –   c    

  Aves    182     –   c    

  Mammalia    27    110  

  Total    3,962  a      229,175  d    



Chapter 3 Biodiversity Knowledge and its Application in the Gulf of Maine Area 53

(deeper and offshore) places, and live within, rather than 
on, the bottom. Although the number of unknown species 
is impossible to estimate accurately, the more essential 
point is to illustrate where knowledge is most defi cient. 
From this perspective, we can consider how these defi cien-
cies affect our understanding of local communities and 
marine ecosystem processes, and what strategies might be 
used to understand better and conserve viable and func-
tional populations of these poorly known and unknown 
parts of the ecosystem. 

 Recent studies have revealed a stunning level of diversity 
among marine prokaryotes (Sogin  et al.   2006 ) and protists 
(Massana  &  Pedr ó s - Ali ó   2008 ), but many questions remain 
about how best to characterize it (Cohan  2002 ; Pedr ó s - Ali ó  
 2006 ; Not  et al.   2009 ). The bacterial diversity was esti-
mated in the section above with the  “ knowns ”  because 
there was a reasonable and interesting basis for making the 
calculation. We plot it as an  “ unknown ”  (Fig.  3.5 ), however, 
because OTUs do not necessarily correspond with phylo-
genetic relationships, and because the estimation is still very 
preliminary. The diversity of viruses was assumed to scale 
with abundance, and we have used a multiplier of ten 
(W.K.W. Li  et al ., unpublished observations). 

 In the Gulf of Maine Area, we know that benthic and 
pelagic heterotrophic protists are seldom identifi ed to 
species level despite the unquestioned importance of the 
 “ microbial loop ”   –  the series of interactions among viruses, 
bacteria, archaea, and protists responsible for the large 
amount of cycling of organic matter and elements that 
occur in the water column (Sherr  &  Sherr  2000 ; Steele  et 
al.   2007 ). A study by Savin  et al .  (2004)  and subsequent 
work by the International Census of Marine Microbes 
comparing molecular methods with taxonomic assessments 
of microeukaryotic diversity in the Bay of Fundy show that 
the extent of diversity is not close to being understood. We 
know, too, that the soft - bottom infauna from all depths, 
and especially the meiofauna (Hicks  1985 ), are severely 
under - sampled and under - studied for their diversity, com-
munity composition, species – habitat relationships, and 
function. The nematodes provide an example within our 
area. One of the most diverse of marine animal phyla 
( ca . 12,000 named species estimated worldwide (Bouchet 
 2006 )) and the most abundant of meiofaunal organisms 
(Chen  et al.   1999 ), GoMRMS lists only 42 species. By 
contrast, the European Register of Marine Species (ERMS) 
lists over 1,800 (over a wider geographic and environmen-
tal range, but surely also incomplete). The addition of eight 
nematode genera to GoMRMS from a very small sample 
area (Abebe  et al .  2004 ; Section  3.3.1 ) makes it reasonable 
to estimate that hundreds of nematode species, perhaps 
more than a thousand, have yet to be identifi ed in the Gulf 
of Maine Area. 

 Small infaunal crustaceans (mostly harpacticoid cope-
pods) and polychaetes are also abundant and diverse 
members of infaunal communities (Li  et al.   1997 ; 

Vanaverbeke  et al.   1997 ). The polychaetes are better rep-
resented in the provisional list for the GoMA (411 of the 
455 annelid species are polychaetes), but may be locally as 
diverse as the nematodes (De Bov é e  et al.   1996   ; Gobin  &  
Warwick  2006 ). By comparison, only nine harpacticoid 
species are currently identifi ed among the Crustacea listed 
in Table  3.1 , and the diversity of this group in coastal, shelf, 
and slope waters from elsewhere (Baguley  et al.   2006 ) sug-
gests that a signifi cant number of species living in the area 
have yet to be confi rmed. It is likely that platyhelminth 
worms, another highly diverse marine phylum with only 73 
named species in GoMRMS, are also signifi cantly under -
 counted among the GoMA animal phyla. Recent fi eld work 
demonstrated that it is still easy to add to the list of named 
species in our region (see earlier discussion), hinting at the 
size of the gap to be fi lled. With few exceptions, GoMRMS 
and the above discussion refer only to free - living forms (see 
discussion of symbionts by Bouchet  (2006) ). 

 Collectively, we estimate that the list of invertebrates yet 
to be identifi ed must number in the thousands and extend 
from nearshore to the outer limits of our study area. 
Although these numbers are dominated by smaller organ-
isms, the larger macrofauna and megafauna of the slope, 
canyons, and seamounts, including some fi shes and cepha-
lopods, are also incompletely known owing to their less 
accessible nature and the lack of widespread sampling 
across these regions so far. Research cruises conducted 
during the past decade have identifi ed species new to 
science as well as additional specimens thought to be new 
species (Moore  et al.   2003, 2004 ; Cairns  2007 ; Watling 
 2007 ; Hartel  et al.   2008 ). Genetic studies will almost cer-
tainly add to the assessment of species composition. In 
addition to confi rming suspected species splits (based 
on subtle characteristics, such as behavior, reproduction, 
habitat, morphotype, or physiology), genetics can also 
reveal cryptic species where single species were once 
thought to exist. The potential for cryptic species among 
 “ familiar ”  organisms is well illustrated by algae, which have 
simple morphologies, high rates of convergence, and phe-
notypic variation in varying environmental conditions, and 
for which there is often a lack of authoritative understand-
ing of the complete life history (Saunders  2008 ). Increas-
ingly, molecular tools are being used to resolve cryptic algal 
species (Saunders  2005, 2008 ; Kucera  &  Saunders  2008 ). 
Far from being mere taxonomic  “ splitting ” , such revela-
tions are important to our understanding of the biological 
and ecological processes operating in the Gulf of Maine 
Area ecosystem.  

   3.3.3    Resolving structure and 
function 

 In the preceding sections we focused on which species are 
present in the Gulf of Maine Area. However, organisms 
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exist in a context; they interact with each other and with 
their chemical and physical environment, and the resulting 
patterns of species distributions, abundances, vital rates, 
and behaviors affect the properties and functioning of an 
ecosystem. An over - arching series of questions, then, is (1) 
how are species distributed (including patterns of abun-
dance and community composition), (2) what determines 
these patterns (including their temporal variations), and (3) 
how do the patterns affect the ecosystem? At small scales 
(meters to tens of meters) and in shallow water, patterns 
of biodiversity can be observed directly and intensively, but 
at larger scales (hundreds of meters to hundreds of kilo-
meters) and in deeper water, observations are more diffi cult 
to make and there usually are trade - offs between intensive 
and extensive data collection. To understand biodiversity 
at the level of an ecosystem, new strategies and technolo-
gies are needed to obtain, analyze, and interpret data 
at multiple scales. We examine research at a few size 
scales in our area that bear on achieving ecosystem - level 
understanding. 

 Microbes  –  viruses, bacteria, archaea, and unicellular 
eukaryotic autotrophs, mixotrophs, and heterotrophs  –  are 
the most numerous and diverse organisms in the sea, and 
they constitute the largest reservoir of biomass (Kirchman 
 2008 ). Even among microbial groups with extensive mor-
phology to support traditional methods of classifi cation, 
molecular techniques have indicated far greater species 
diversity than previously thought (Savin  et al .  2004 ). 
Because microbes play fundamental roles in primary fi xa-
tion of carbon, recycling of elements, and gene transfer 
(some leading to disease), their dynamics are unquestion-
ably relevant to the ecology of multicellular organisms and 
the Gulf of Maine ecosystem. However, ecosystem proc-
esses are usually considered at a high level of biological 
organization, often in the context of the major players, with 
a much reduced emphasis on diversity at the lower levels 
where speciation processes are more important. Thus a 
question arises about microbial diversity: to what extent is 
it linked to patterns and processes evident at the ecosystem 
level? At this early stage of discovery, microbial lessons may 
not be easily transferred to an understanding of diversity 
in multicellular organisms and the multifarious trophic 
dependencies. Nonetheless, the Gulf of Maine Area has a 
rich history of research on marine microbes, and it is 
impossible to predict what insights to local processes might 
come from continuing work. Given modern techniques for 
high throughput analysis (Stepanauskas  &  Sieracki  2007 ), 
one foreseeable application is that microbial diversity might 
prove to be a sensitive, integrative signal of environmental 
change, owing to the great dispersive capacity of microbial 
populations. 

 Biological activity is patchily distributed in space and 
time and is often driven by hydrodynamic effects on the 
distribution of small particles. These effects are often tied 
to interactions between water movement and bottom depth, 
thus, banks, ridges, and other areas of steep topographic 

change are frequently biological  “ hot spots ”  that attract 
attention and study because of the concentration of biomass 
and interactions, and the putative importance of these 
centers of activity to biological production over a larger 
area (Yen  et al.   2004 ; Cott é   &  Simard  2005 ; Stevick  et al.  
 2008 ). Small and isolated features offer other advantages 
for study because the signals of interest can be distinguished 
from the surrounding background, one can examine the 
whole system and not just part of it, and the feature may 
be less frequently disturbed by humans than areas closer to 
the coast (although distance does not offer the protection 
it once did). In the Gulf of Maine Area, many such features 
have been implicated as hot spots, often because they are 
frequented by upper trophic level predators such as sea-
birds (Huettmann  &  Diamond  2006 ) and cetaceans (Kenney 
 &  Winn  1986 ). One challenge when examining structure 
and processes and calculating the ecological functioning of 
these features is to distinguish unique aspects from those 
that can be generalized. Studies of Cashes Ledge in the 
central Gulf of Maine illustrate this point: the top of 
the ledge system is shallow enough that it protrudes into 
the internal wave fi eld, causing large fl uctuations in energy 
and temperature, and mixing nutrients into the surface 
layer (Witman  et al .  1993 ). Although the degree of mixing 
is unusual, the biological community includes mature kelp 
beds and large predatory fi sh reminiscent of what coastal 
hard substrate communities probably looked like many 
decades ago (Steneck  et al.   2004 ). The vertical zonation, 
although made somewhat unique by the shallow top and 
unusually steep sides, provides a mesocosm for studying 
communities from a range of depths within a relatively 
small area. Studies at another site, a small offshore bank 
named Platts Bank in the southwestern Gulf, show that the 
depth of the bank interacts with the internal wave fi eld to 
cause surface patches of krill and sometimes other plank-
ton, attracting whales and birds to a small crest region 
where they feed intensively while the krill and other small 
prey are abundant (Stevick  et al.   2008 ; Fig.  3.2 C). A multi -
 year investigation of the bank shows that it is often inactive, 
however, the difference perhaps being in the vertical move-
ments and abundance of krill in this portion of the Gulf of 
Maine. It appears that the bank is nonetheless frequently 
visited by whales, especially humpback whales ( Megaptera 
novaeangliae ) which may be moving among a network of 
potential feeding sites and switching between krill and fi sh 
as their primary prey. We do not know what this network 
looks like, which makes it diffi cult to speculate on the 
ecosystem dynamics supporting the summer population of 
this species. Signifi cantly, little else on Platts Bank has been 
studied, although there is commercial and recreational 
fi shing on it. 

 The Stellwagen Bank National Marine Sanctuary in the 
southwest corner of the Gulf of Maine is a little over 
2,100   km 2  (6% the size of Georges Bank) and presents 
a very heterogeneous environment with well - mapped 
mud, sand, gravel, and boulder habitats in a bank and basin 
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topography from 19 to more than 60   m depth. The sanctu-
ary is heavily used by sea life and by people, and has been 
an important fi shing area for more than 400 years (Claesson 
 &  Rosenberg  2009 ). It does not have a high level of protec-
tion by sanctuary standards, but its status as a sanctuary has 
attracted considerable research on fi shes (Auster  et al.   2001, 
2006 ; Auster  2002 ), benthic communities (Blake  et al.  
 1993 ; Cahoon  et al.   1993 ), plankton and hydrography 
(Clark  et al.   2006 ), seabirds (Pittmann  &  Huettmann  2006   ), 
and marine mammals (Pittmann  et al.   2006 ). A sliver of the 
bank and a large section of the seafl oor northeast of the 
sanctuary have been protected from bottom fi shing gear for 
several years, and the combined areas offer opportunities 
for study of altered and, in some areas and to some extent, 
recovering communities. To do this requires expanded, 
non - intrusive sampling techniques that operate with high 
resolution and high location accuracy over signifi cant sam-
pling tracks. Although several vehicles have been under 
development, a towed habitat camera system (HabCam) 
developed at the Woods Hole Oceanographic Institution 
resolves over signifi cant distances the patterns of organism -
 organism relationships (abundance, species, and distance), 
organism – substrate relationships, and other oceanographic 
parameters, and affords population assessments for resolved 
species (Fig.  3.6 A; York  2009 ). A signifi cant development is 
that much of the data processing is automated, including a 
growing proportion of the acquired images. These types of 
systems will make quantitative assessments of the bottom 
and epibenthic communities possible, a large step forward 
in sampling, understanding, and monitoring the seafl oor. 
Analysis of demersal fi sh assemblages on Stellwagen Bank as 
sampled by the trawl surveys has shown surprisingly good 
concordance between predicted ecological associations for 
certain fi sh with the bottom type, and the mapped benthic 
substrates. The surprise is that the patterns would be 
resolved by trawl assessments within the mixture of habitats 
on Stellwagen Bank, and the promise is that we can start to 
draw the two types of datasets together.   

 Detailed sampling, which HabCam and similar devel-
opments make possible, must be nested within a larger 
geo graphy of habitat space determined by oceanography 
and other broad - scale biological datasets (see, for example, 
Watling  et al.   1978 ; Watling  &  Skinder  2007 ). One ques-
tion is the degree to which factors such as location in the 
Gulf (for example, distance from the Northeast Channel 
and Scotian Shelf infl ows), water mass and hydrographic 
characteristics, chlorophyll production, temperature prop-
erties, depth, substrate, and substrate spatial heterogeneity 
affect benthic community types and processes. As one of the 
synthesis projects of the Census, Canadian and US scientists 
are working with Australian researchers to apply a Random 
Forests statistical analysis (a bootstrapped randomized tree 
statistical method: Breiman  (2001) ; see Peters  et al .  (2007)  
and Knudby  et al .  (2010)  for recent application examples) 
to shelf - scale biological and physical datasets from the 
temperate Gulf of Maine and two tropical/subtropical 
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 Automated imaging of biological patterns, from sub - meter to tens of 
kilometers.  (A)  Mosaic imagery of benthic habitat from two towed 
transects taken by HabCam (towed habitat camera system) on 
Stellwagen Bank. Serrations mark the corners of individual 1   m 2  images 
that have been automatically adjusted for light, color, and elevation and 
then stitched together  (photographs courtesy of S. Gallager, Woods Hole 
Oceanographic Institution, Woods Hole, Massachusetts, USA, and The 
HabCam Group ® ) .  (B)  Synoptic view of schooling herring ( Clupea 

harengus ) on the northern edge of Georges Bank, sampled during a 75   s 
scan (full sweep of red circle) by OAWRS (Ocean Acoustic Waveguide 
Remote Sensing), 3.4   h after sunset on September 29, 2006. School 
densities are  − 45 (blue) to  − 33   dB (red)  (data from N.C. Makris, 
Massachusetts Institute of Technology, Cambridge, Massachusetts, 
USA) . This is one of a sequence of images showing the formation and 
movement of herring toward the bank (Makris  et al .  2009 ).  
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systems, the Gulf of Mexico and the Great Barrier Reef. The 
statistical analysis involves a modifi cation to Random 
Forests that collates numerous split values and change in 
deviance information for each physical variable and species 
(Pitcher  et al.  unpublished observations). The results are 
presented as cumulative distributions of splits, weighted by 
deviance, averaged over multiple species within selected 
levels of aggregation. Species come from the spatial datasets 
on fi shes and benthic invertebrates that we presented in the 
section on the  “ known biodiversity ” . The results represent 
patterns of biological change along gradients for each physi-
cal variable. The outputs also summarize the overall predic-
tion performance of physical surrogates and identify the 
physical variables that contribute most to the prediction. 
The statistical techniques being developed in this work will 
contribute to understanding the importance of physical 
drivers in the marine environment and should allow a fi rst -
 order prediction of macrofaunal benthic and demersal fi sh 
biodiversity and community patterns based on seabed and 
environmental characterizations. This would provide an 
intermediate level of spatial resolution that could facilitate 
design of the next higher - resolution stage of sampling and 
evaluation, and eventual monitoring. 

 Although much of the above information has focused on 
resolving benthic and demersal community structure at sub -
 meter to 100 - m scales, another technological development 
has provided unprecedented views of pelagic fi sh (Makris 
 et al.   2006, 2009 ). In this case, low - frequency, long - range 
acoustic sampling was used to provide a synoptic assess-
ment of the behavior, density distribution, and scale of 
herring schools as they emerge from depth off the northern 
fl ank of Georges Bank (Fig.  3.6 B), and move onto the bank 
for spawning. The large - scale view (tens of kilometers) 
afforded by this technique was coupled to traditional 
transect acoustic sampling and biological (net) sampling to 
supply biological detail, but the large, synoptic dataset 
described, as no other method could, the magnitude, coor-
dinated nature, and timing of the event. Further develop-
ment and testing could make these approaches applicable 
to geophysically more complicated environments, opening 
up opportunities for researchers to measure and understand 
behavior of some sound - scattering pelagic organisms in 
other settings. 

 A recent Canadian research initiative aims to contribute 
to our understanding of intermediate scales of biodiversity 
structure within the northern Gulf of Maine by creating a 
focus area for long - term research. In 2004, the Canadian 
Department of Fisheries and Oceans, with several Cana-
dian academic institutions, launched the Discovery Corri-
dor Initiative. This  “ corridor ”  in the sea begins in the 
intertidal zone at the US – Canadian border (Passama-
quoddy Bay) and extends across the banks and basins of 
the northern Gulf of Maine to the base of the continental 
slope (Fig.  3.1 A). There have been three offshore research 
missions so far that have used surface - deployed video, 

digital photography, and benthic grab - sampling tools, as 
well as a deep - submergence vehicle to sample benthic hab-
itats in water depths from 60 to 2,500   m (Figs.  3.2 A and 
B). The corridor concept has recently been embraced by a 
new national marine biodiversity research program (the 
Canadian Healthy Oceans Network) that will establish 
similar corridors in the Arctic and Pacifi c oceans, based 
in part on the model developed in the Gulf of Maine. 
Passama quoddy Bay and the adjacent Cobscook Bay are 
also the site of joint US – Canadian studies for Natural 
Geography in Shore Areas (NaGISA) and History of the 
Near Shore (HNS). The corridor concept is strategically 
useful  –  it is large enough to enable a complementary 
range of spatially resolved sampling and experimental 
designs to be undertaken, taking advantage of both com-
mercial fi sheries management questions and conservation 
planning needs (for example, the North East Channel 
Coral Conservation Area), to inform EBM approaches. A 
corridor from the shore to the deep sea also captures 
public imagination and becomes a vehicle for education. 

 In this brief review of some of the ongoing research into 
the structure of biological communities in the Gulf of 
Maine Area, we should point out that some important 
ecological functions in our current ecosystem state are per-
formed by species whose distributions we know quite well. 
Examples include the copepod  Calanus fi nmarchicus  as a 
food source for some planktivorous fi sh and whales; the 
important role that certain planktivorous fi sh, such as 
herring ( Clupea harengus ) and sand lance ( Ammodytes 
americanus ), play in the food web of large predators such 
as tunas and whales; the importance of mud - fl at amphipods 
( Corophium volutator ) to the diet of benthic fi sh (McCurdy 
 et al.   2005 ) and migrating seabirds (Hamilton  et al.   2006 ); 
and the effect of kelp in structuring nearshore benthic com-
munities (Steneck  at al.   2004 ). Although their distributions 
and ecological roles are generally well known, there are few 
ecoysystem - level assessments of their impacts. There are 
other  “ well - known ”  and important species that we know 
have large trophic roles, but we understand relatively little 
about them in terms of population patterns. These include 
organisms such as krill (especially the abundant  Meganyc-
tiphanes norvegica ), gelatinous zooplankton, and squids. 
These are diffi cult to sample, but as important consumers 
and prey, their distribution, abundance, behavior, and 
dynamics are also an important part of understanding 
regional biodiversity. Finally, interesting and important 
perspectives can be gained by examining historical data and 
considering shifting baselines in the Gulf (Lotze  &  Milewski 
 2004 ; Steneck  et al.   2004 ; Rosenberg  et al.   2005 ; Bourque 
 et al.   2008 ; Alexander  et al.   2009 ; Claesson  &  Rosenberg 
 2009 ). These provide insights into previous states of the 
system, the magnitude and nature of previous impacts, and 
factors determining the current state of the system. These 
can be a basis for discussing trade - offs and setting goals for 
the future.  
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   3.3.4    A framework for 
representing biodiversity 
in EBM applications 

 In the preceding overview of sources of scientifi c informa-
tion that contribute to our present - day knowledge of 
regional biodiversity, we presented examples that span a 
range of spatial and temporal scales, and also a wide array 
of species and environments. This refl ects the bewildering 
complex of details and uncertainties that need to be incor-
porated into an understanding of biodiversity patterns and 
processes at a large (GoMA) scale, and incorporated into 
decision making on human usage of the oceans. To ensure 
development of a realistic and useful concept of how bio-
diversity knowledge can be used in public policy and man-
agement, GoMA has worked with other groups and projects 
that emphasized stakeholder involvement, planning and 
implementation. These included US and Canadian fi sheries 
agencies, which are working on implementing ecosystem 
approaches to fi sheries management (Ecosystem Assess-
ment Program  2009 ; Gavaris  2009 ) or integrated manage-
ment approaches (O ’ Boyle  &  Jamieson  2006 ; O ’ Boyle  &  
Worcester  2009 ), as well as academic, industry, non - federal 
management, and conservation groups. 

 In the search for ways to capture the complexity of bio-
diversity organization within an ecoregion, and in relation 
to the development of indicators and monitoring programs 
to assess status and trends of regional biodiversity, various 
hierarchical frameworks have been proposed. One approach 
stems from an adaptation of earlier conceptual frameworks 
on ecosystem structure and function put forward by Noss 
 (1990)  and articulated around then - available techniques 
for monitoring terrestrial biodiversity. Recently, Cogan and 
Noji  (2007)  refi ned Noss ’ s schema for application toward 
marine biodiversity research and monitoring. Cogan  et al.  
 (2009)  also found use in this approach in helping to codify 
how marine habitat mapping could be logically connected 
to EBM principles and implementation. 

 As Noss  (1990)  did for terrestrial applications, these 
later marine frameworks (Cogan and Noji  2007 ; Cogan  et 
al.   2009 ) deconstructed biodiversity organization into three 
principal elements, each of which is further represented 
through a hierarchical (nominally spatially referenced) 
structure ranging from the ecoregion to genetic levels. 

  Compositional  diversity elements represent the identity 
and variety of biodiversity at different levels within the 
system from biogeographic provinces and ecoregions to 
genes. Commonly used biodiversity metrics for species 
composition are inventory diversities (alpha, gamma, 
epsilon; Whittaker  1977 ; Stoms  &  Estes  1993 ). 

  Structural  diversity elements are concerned with the 
physical organization or pattern within the system, from 
ecoregion -  to habitat - scales, including both biotic and abiotic 
variables that modulate patterns. Common biodiversity 

metrics that help defi ne structure are differentiation diversi-
ties (beta, delta) that characterize the amount of change in 
species composition between different structural features in 
the environment (Whittaker  1977 ; Stoms  &  Estes  1993 ). At 
the ecoregion level, structural diversity may be thought of 
in relation to the arrangement of physiographic regions and 
landscapes that contribute to the internal makeup of the 
ecoregion. At fi ner scales, we must grapple with ways to 
understand and represent the dynamics of graininess of 
biotic and abiotic processes. 

 In these monitoring frameworks,  functional  diversity 
 elements  are those abiotic and biotic factors (or processes) 
that are infl uential in either maintaining characteristic bio-
diversity features within the system, or which contribute to 
changes. These range from genetic processes to regional 
natural and anthropogenic forcing variables that operate at 
various spatial, ecological and evolutionary scales. It is 
important to distinguish here that the term functional 
diversity  elements  relates to  processes  and is thus different 
from functional diversity as a  property  within a system, such 
as the depth of membership or number of feeding guilds, 
or an aggregate set of functions and services. 

 We have found this hierarchical view, organized around 
compositional, structural, and functional diversity elements 
(which we term a CSF template), to be useful in deriving 
overviews of the status of biodiversity knowledge, but alone 
it does not fully encompass features of biodiversity organi-
zation that need to be taken into account in developing a 
comprehensive view of the regional biodiversity science/
management framework. As shown in Section  3.3.2  (Fig. 
 3.5 ), only a very minor component of the regional biodi-
versity is routinely monitored, and much of it is completely 
unknown. Indeed, organism size and the number of known 
and potentially unknown species (or OTUs) fundamentally 
infl uence how the science community approaches research 
on different ecosystem  “ compartments ” . Much of the exist-
ing work on the microbial system, for example, emphasizes 
functional diversity as a way of characterizing composition, 
especially at the prokaryote level. 

 Cogan  et al.   (2009)  considered the CSF template to be 
a good fi t into marine habitat mapping applications articu-
lated within adaptive EBM approaches. We agree with this 
assertion, but advocate that an additional overarching con-
ceptual model that integrates the complexity and spatial 
extent of different structural features in the system may 
help clarify the connections and transfer of knowledge 
between research and management applications. The 
system can be considered as a nested set of spatial domains 
that range from fi ne - scale micro - habitat features infl uenc-
ing occupancy, to seascapes, and at the broad - scale the 
ecoregion itself. Oceanographically modulated processes, 
such as bentho - pelagic coupling, and transport and mixing, 
promote connectivity across these spatial domains and 
represent an important consideration for spatial manage-
ment under EBM. Layered on top of this spatial matrix 
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of habitats, organisms, and linkages is temporal variability, 
including year - to - year variations (natural and human) and 
secular change (climate and community trajectories). Con-
ceptually, it can be argued that although discovery - based 
research is interested in investigation across the full range 
of these spatial domains, monitoring and spatial planning 
largely remain focused on periodic assessments and deci-
sion making above a certain minimum domain size and at 
lower levels of complexity. 

 Marine conservation has traditionally focused on indi-
vidual species or populations. More recently, there has 
been a shift of emphasis toward managing specifi c marine 
habitat spaces, species assemblages, and hot spots of biodi-
versity (Buzeta  &  Singh  2008 ). Marine protected areas, 
long - term ecological research sites, and other types of 
natural heritage sites have been established as a means for 
conserving biodiversity, and they can serve as important 
experimental and control areas for long - term studies 
(Lubchenco  et al.   2003 ; Satie  et al.   2003 ; Cook  &  Auster 
 2006, 2007 ; Palumbi  et al .  2009 ) and as a means to educate 
the public. Within the Gulf of Maine there are more than 
200 coastal and marine protected areas, comprising parks, 
sanctuaries, research reserves, critical habitat areas, and 
restricted fi shing areas (Baumann  et al.   1998 ; Recchia  et al.  
 2001 ). These have been created for numerous purposes, by 
many types of organizations. Most allow considerable 
usage. Signifi cantly, from the perspective of EBM, most of 
these were not developed with consideration as to how they 
provide for conservation of biodiversity and function at the 
higher level of the ecosystem.   

   3.4    Perspectives on 
Generating and Using 
Biodiversity Information 

 Large ecosystems consist of mixtures of habitats and 
communities that exist at various sizes and patterns of 
distribution. Organisms within these communities exhibit 
great differences in size, abundance, mobility, life expect-
ancy, and recruitment patterns, and they participate in 
a wide variety of ecological interactions. A single species 
may act differently in different environments or over 
time. These variations tend to focus scientifi c investiga-
tions in specifi c ways, perhaps emphasizing structure, or 
composition, or function of a particular community or 
habitat. Often, and for pragmatic reasons, a study must 
focus on a small subset of species, conditions, and time. 
In science, many questions are of potential interest, but 
there will always be compartments of knowledge that 
are hard to connect to one another, or to connect directly 
to management needs. A challenge to establishing a 
regional scale of understanding and management is to 

integrate across the types of knowledge that tend to be 
generated for different groups of organisms and spatial 
and temporal scales of processes. It is diffi cult to do 
this well after the fact, suggesting that a conceptual 
framework is needed to help identify needs and oppor-
tunities. But beware: a framework should stimulate rather 
than dictate. 

 The challenge of understanding so much information at 
multiple scales in a spatially and temporally heterogeneous 
environment is daunting. The three principal components 
of the framework that we have discussed (CSF template) 
provide a means by which to gauge and communicate the 
relative completeness of our inventory and understanding 
of biodiversity organization within a regional ecosystem. 
Our references to knowledge along the size spectrum of 
organisms and to spatial hierarchies and function are meant 
to illustrate gaps in knowledge as well as ways that we 
might connect biodiversity information and processes to 
EBM at the scale of a regional ecosystem. A framework, 
discussed and improved over time, can help draw the long 
connections between scientifi c investigations, which typi-
cally focus on details, and EBM, which must operate at 
longer, larger, average, and less certain scales. In assembling 
the fi rst list of species already known to exist in the Gulf 
of Maine, it became clear that even that basic information 
was not very accessible, and so much more is needed to 
advance research and support application. To make progress 
in this coupled research – application framework, biodiver-
sity informatics must be developed as a component of 
ocean observing and analysis (O ’ Dor  et al.   2010 ; Ricard 
 et al .  2010 ).  

   3.5    Future Directions 

 Exploration of the oceans is essential to our understanding 
and conservation of biodiversity, but such an undertaking 
will take many years and is expensive. How do we conduct 
investigations and monitoring so that scientifi c and societal 
objectives can both be met, and the efforts and benefi ts 
sustained? The ecological questions are multi - scaled, multi -
 layered, and complex. The past focus on dominant organ-
isms must somehow accommodate the larger and growing 
list of rarer species; the individual and collective role of 
rarer species must be incorporated into the immediate and 
longer - term perspective on ecosystem function and adapta-
tion; community - wide patterns and dynamics need to be 
understood; and the relation between biodiversity, ecosys-
tem functioning, and societal benefi ts must be elucidated. 

 Strategies might include a program to evaluate rigor-
ously multi - scale relationships between community types, 
organism abundances, habitat types, and broader patterns 
of distribution. For example, how do patterns vary within 
and between basins around the Scotian Shelf and Gulf of 
Maine? In what ways are they the same or different, and 
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how interdependent are the basins in terms of population 
dynamics? What methods would be needed to answer these 
questions? What about the same questions applied to banks, 
ridges, and outcroppings? What are the relationships 
between shallower and deeper parts of the region; among 
the coastal sections from Nova Scotia to Massachusetts; 
and between the coast and the interior of the Gulf? How 
do community types and functional groups relate to eco-
system function in these various environments, and how 
are these related to services that society depends on? Nested 
within this are some of the more small - scale questions 
about the specifi c biodiversity patterns and processes within 
communities, including their dynamics, responses to and 
recovery from disturbance, and what is needed to conserve 
them. Monitoring for function and identifying indicators 
must become part of integrated ocean observing, assess-
ment, and education. We need the ability to detect change, 
distinguish between natural and anthropogenic forcing, and 
respond in an informed way, which includes precautionary 
steps, previous experience (from here and elsewhere), and 
assessed risk. 

 To gain a better understanding of how ecosystem func-
tion and adaptability may be linked to biodiversity, we need 
the means to conduct experimental investigations at a range 
of scales. Consolidating some regional research capacities 
within  “ defi ned ocean spaces ”  where ecological structure 
and function can be assessed across different temporal and 
spatial scales, along with evaluation of comprehensive data 
integration and modeling techniques, could represent a key 
step toward testing and implementing EBM approaches 
across the region. 

 Understanding the inextricable links between human 
interactions and the natural system is the basis of eco-
system management. Because EBM regulates human 
activities, public literacy at local, regional, national, and 
international levels is fundamental to its implementation 
(Novacek  2008 ). Biologist Rachel Carson ’ s popular books 
of the mid - twentieth century,  The Sea Around Us  (Carson 
 1951 ) and  Silent Spring  (Carson  1962 ), helped create a 
societal shift toward support of the environmental policies 
of the 1960s and 1970s. Scientists must convey to the 
public and policy - makers the connection between biodi-
versity and the sustainability of goods and services pro-
vided by ecosystems. To build an ecosystem - literate public, 
one must fi rst acknowledge that there is truly no  “ general 
public ” , but collections of individuals with varying back-
grounds, interests, and values. Now, more than ever in 
human history, societies supported by marine ecosystems 
 –  in the Gulf of Maine region and around the world  –  
are made up of direct and indirect stakeholders with 
different socio - cultural values, economic concerns, and 
perceived connections to the natural world. Recognizing 
this human diversity is essential to building public support 
for research and acceptance of indicated management 
actions.  
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    4.1    Introduction 

 Coral reefs are often called the rainforests of the sea, but 
not because of their vastness. Being largely limited to 
warm shallow waters, their extent is surprisingly small 
 –  in total only 260,000 – 600,000   km 2 , or approximately 
5% that of rainforests, less than 0.1% of the earth ’ s surface, 
or 0.2% of the ocean ’ s surface (Reaka - Kudla  1997 )  –  and 
thus smaller in total land area than France. One might 
therefore think that assessing the diversity of coral reefs 
would be far easier than for some of the other realms, 
geographic regions, and taxonomic groups that make up 
the 14 fi eld projects of the Census of Marine Life that 
concern ocean life today. Yet coral reefs are the most 
diverse marine habitat per unit area, and perhaps the 
most diverse marine habitat overall  –  the deep sea being 
the only other contender, in part because of its huge 
area. As with rainforests, most of this diversity is not 
found in the organisms that create the three - dimensional 
structure of reefs  –  there are, in fact, fewer than 1,000 

species of stony corals (scleractinians) that build reefs 
(Cairns  1999 ). Rather, the multitude of small organisms 
living with corals  –  the equivalent of the insects in the 
forest  –  are responsible for the staggering numbers of 
species associated with reefs. 

 Coral reefs share another, more dubious, characteristic 
with tropical rainforests, namely their vulnerability to 
human impacts, both global (associated with CO 2  emis-
sions) and local (poor water quality, destructive and over-
fi shing, invasive species). Although today concerns about 
the future of coral reefs dominate the news and the litera-
ture (see, for example, Bellwood  et al.   2004 ), alarm about 
the state of coral reefs was slow in coming (Knowlton 
 2006 ). The fi rst modern concerns arose in the late 1960s 
because of mass mortalities associated with population 
explosions of the crown - of - thorns sea star,  Acanthaster 
planci , in the Pacifi c (Chesher  1969 ). The collapse of coral 
reefs in the Caribbean, caused by diseases (both of branch-
ing corals and the keystone urchin herbivore  Diadema 
antillarum ) coupled with overfi shing, further added to the 
alarm (Hughes  1994 ), with paleontological analyses indi-
cating that these levels of mortality had no precedents in 
the past several thousand years (Pandolfi   2002 ). More 
recently, surprisingly high losses to Pacifi c reefs, where 
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most coral reef diversity is found, have been documented 
(Bruno  &  Selig  2007 ). The dangers associated with rising 
temperatures have been recognized since the El Ni ñ o 
warming event of 1983 bleached and killed many eastern 
Pacifi c corals (Glynn  1993 ), and more recently the perhaps 
even graver threat of ocean acidifi cation has come to the 
fore (Kleypas  et al.   2006 ; De ’ ath  et al.   2009 ). In late 2007 
and mid - 2008, two sobering reports appeared: one declared 
that one - third of all corals were at risk of extinction (Car-
penter  et al.   2008 ), making them the most endangered 
group of animals on the planet, and the other predicted 
that based on current trends in greenhouse gas emissions, 
coral reefs would cease to exist meaningfully by 2050 
(Hoegh - Guldberg  et al.   2007 ). As recently as October 
2009, the Center for Biological Diversity petitioned the 
United States Government to list 83 species of corals under 
the Endangered Species Act owing to ocean warming and 
acidifi cation. 

 Given these dire prognoses, it is surprising that relatively 
little attention has been paid to threats to coral reef diver-
sity itself. Terrestrial conservation biologists often invoke 
the specter of a sixth mass extinction, originally based on 
loss of tropical rain forest to agriculture and livestock, 
with the disruptive effects of warming gaining more atten-
tion of late. However, marine scientists in general, and 
coral reefs scientists specifi cally, have been curiously less 
vocal when it comes to overall biodiversity loss. With a 
few exceptions (for example, the analysis of reef hot spots 
by Roberts  et al .  2002 ), most scientifi c studies have focused 
instead on the loss of fi shes, corals, and the ecosystem 
services that they provide. Indeed, even Roberts  et al.  
based their biodiversity analysis on just four groups: fi shes, 
corals, snails, and lobsters. The lack of serious attention 
to overall biodiversity loss stems not only from the assump-
tion that extinction is less common in the ocean (McKinney 
 1998 ), but also from the sheer magnitude of the unknown 
diversity associated with coral reefs, which makes it dif-
fi cult to assess its loss. People in general, and conservation 
groups in particular, tend to focus on what can be more 
easily measured. 

 Thus a central purpose of the Census of Coral Reef 
Ecosystems (CReefs) project has been to make the unmeas-
ured measurable, and thus to make the unknown if not 
known at least knowable. In this chapter we summarize 
what we knew about coral reef diversity when we started, 
what the Census has contributed to our understanding, 
and what the fi ndings suggest for the future of coral reef 
diversity, both as a topic of scientifi c study and as a 
heritage that may or may not be with us when this century 
draws to a close. A second and equally important goal 
is to chart the path that will make assessing coral reef 
diversity, and marine diversity generally, both locally and 
globally, a realistic endeavor, one that will contribute 
both to basic diversity science and coral reef and ocean 
management.  

   4.2    Background: The 
 “ Known ”  before the Census 

 Although the Census began in 2000, CReefs was not 
launched until 2005. At that time, there were two key 
studies that attempted to estimate the global diversity of 
coral reefs. The fi rst (Reaka - Kudla  1997 ) extrapolated from 
the diversity of tropical rainforests. The second (Small 
 et al.   1998 ) extrapolated from the diversity of a large 
tropical aquarium. Extrapolation is of course the only way 
to make such an estimate: the key issues are the reliability 
of the assumptions underpinning the extrapolation and 
the scale of the extrapolation. Thus we explain the logic 
underlying these two analyses in some detail (Fig.  4.1 ), 
because it is important to understand their limits.   

   4.2.1    Estimates from rainforest 
diversity 

 To estimate the likely total number of coral reef species, 
Reaka - Kudla  (1997)  started with three estimates of rainfor-
est diversity: 1,305,000, 2,000,000, and 20,000,000 
species. Then, assuming that forests and reefs have the same 
species – area relations ( S     =     cA  .25 ), she used the forest esti-
mates to calculate the constant  c  for each of the three forest 
diversity estimates, and then calculated a total coral reef 
diversity assuming reefs occupy 5% of the area of tropical 
forests. From this she arrived at a reef estimate of approxi-
mately 618,000 – 9,477,000 species. Of course, the esti-
mates of rainforest diversity are just that  –  estimates, and 
rough ones  –  and we know very little about how the diver-
sity of a square kilometer of forest compares with that of 
a square kilometer of reef, or how heterogeneous that 
diversity is with distance.  

   4.2.2    Estimates from 
a mesocosm 

 Small  et al.   (1998)  took an entirely different approach 
to estimate the likely number of coral reef organisms. 
They identifi ed to species or morphospecies the non -
 bacterial/archaeal occupants of a coral reef mesocosm that 
was largely created by two collections totaling 5   m 2  of 
reef from a single locality in the Bahamas. The analysis 
occurred seven years after the last addition to the meso-
cosm, and the number obtained was 532 species. Using 
the same species – area relation as Reaka - Kudla and an 
estimate of Caribbean reef area of 23,000   km 2 , they esti-
mated a minimum total Caribbean reef diversity of approxi-
mately 138,000 species. Assuming that they missed 30% 
of the species in the mesocosm tank and that 20% did 
not survive, the fi gures increased to approximately 180,000 
and 216,000 Caribbean reef species, respectively. Finally, 
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the estimates of total area occupied by reefs vary by a factor 
of two, the total number of species on reefs is not surpris-
ingly a highly uncertain fi gure. For this reason, most analy-
ses of reef diversity have focused on patterns (with respect 
to latitude, longitude, depth, etc.; see, for example, Mora 
 et al.   2003 ) rather than actual numbers.  

   4.2.3    Estimates of 
the undescribed 

 Reaka - Kudla  (1997)  took a published estimate of the total 
number of described species of 1,868,000, calculated that 
approximately 15% of all described species are marine 
based on taxon - by - taxon reviews, and used another analysis 
indicating that approximately 80% of all marine species 
are coastal, to arrive at an estimate of 219,000 described 
coastal species. She then used the percentage of coasts 
that are tropical (24%) and a species – area calculation 
(estimated number of species  S     =     cA z  ; see Fig.  4.1  legend), 
with the assumption that tropical coasts are twice as diverse 
as other coasts) to get an estimate of 195,000 described 
tropical coastal species. Finally, she used the proportion 
of tropical coasts that are reefs (6%), and the assumption 
that reefs are twice as diverse per unit area as other 
tropical coastal habitats, to arrive at a fi gure of 93,000 
described coral reef species. By these calculations the pro-
portion of coral reef species that remains to be described 
ranges from 85% to 99%. 

 Such attempts to estimate reef diversity based on exist-
ing data have continued over the lifetime of the Census. In 
2005, as part of the Census effort, Reaka - Kudla  (2005)  
updated and refi ned her analysis using similar methods. She 
estimated that there were approximately 95,000 described 
coral reef species, representing 35% of all marine species. 
Her summary estimate of total coral reef species was 1 
million to 3 million (based on global estimated totals of all 
species of 10 million, 14 million, and 20 million), with 
approximately 30,000 being found in the Caribbean, 
and only about 5% described. Combining Reaka - Kudla ’ s 
approach with Chapman ’ s  (2009)  recent estimate of 11 
million species globally would suggest a fi gure of less than 
2 million for all coral reef species. Bouchet  (2006)  reviewed 
a variety of methods for estimating global diversity: extrap-
olation from samples, from known faunas and regions, 
from ecological criteria (species – area relations), and from 
taxonomists ’  estimates of ratios of known species to 
unknown species. The estimate that he found most credible 
was based on brachyuran crabs. With currently 212 species 
from Europe representing 4% of the world ’ s total of 5,200 
crab species and a total of 29,713 European marine species 
in all taxa overall, a global estimate of 728,809 marine 
species results. If one accepts that there are really 250 
European brachyuran crabs, 10,000 brachyuran crabs glo-
bally, and 35,000 – 40,000 marine species in all taxa in 

Top down (Reaka-Kudla 1997)

Number of coral reef (cr)
species (Scr) = constant * (area of coral reefs).25

(Acr = 600,000 km2)

Calculate constant (c) from
rain forest (rf) diversity estimates:

e.g. for Srf = 2,000,000
(Arf = 11,900,000 km2)

c = 2,000,000 / (11,900,000).25

c = 34,052

Scr = c * (Acr).25 = 947,721 species

Scr = Saq * 12 = 2,593,624 species

Caribbean = one-twelfth of world reef diversity

Assume 20% died post-collection

Assume 30% missed

692 species actually present

Number of species counted
in aquarium = 532

Bottom up (Small et al. 1998)

Scr–car = 216,135 species on coral reefs of Caribbean

Saq = 830 species originally present in aquarium

Aaq = 5 m2

Acr–car = 23,000 km2

Scr–car  = c(Acr–car).25

Saq = c(Aaq).25 therefore
Scr–car = Saq *(Acr–car).25 /(Aaq).25

     Fig. 4.1 

 Steps used for estimating coral reef biodiversity based on extrapolation 
from rainforests (Reaka - Kudla  1997 ) and a mesocosm (Small  et al.  
 1998 ).  S , number of species;  A , area;  c , constant in species – area 
equations; cr, coral reefs; rf, rain forests; aq, aquarium; cr - car, 
Caribbean coral reefs.  

assuming that Caribbean reefs have one - twelfth of all reef 
species, they calculated total reef diversity fi gures of 
approximately 1,656,000, 2,163,000, and 2,594,000 
species, respectively. If the less conservative estimate of 
total reef area in the world that Reaka - Kudla  (1997)  used 
(600,000   km 2 ) is applied to these calculations, the fi gure 
for reefs overall rises to approximately 3.2 million species. 

 Although it is gratifying, and indeed somewhat surpris-
ing, that these two different approaches yield estimates that 
overlap, the many untested assumptions that went into the 
calculations make them  “ guestimates ”  at best (though they 
remain extraordinarily valuable efforts). After all, if even 



Part II Oceans Present – Geographic Realms68

Europe, then one arrives at a global estimate of approxi-
mately 1.4 million to 1.6 million marine species. If coral 
reefs contain 35% of the marine total, then the total number 
of coral reef species is about 490,000 – 560,000. 

 We thus have estimates of coral reef diversity that range 
from approximately 500,000 to nearly 10 million. Yet even 
the smallest of these numbers greatly exceeds the numbers 
of species recorded for individual tropical locations. For 
example, Paulay  (2003)  reported 5,640 marine species 
from the Mariana Islands, Wehrtmann  et al.   (2009)    reported 
6,778 marine species from the Atlantic and Pacifi c coasts 
of Costa Rica, and Bouchet  et al.   (2002)  reported 2,738 
species of marine mollusks from the west coast of New 
Caledonia. There is essentially no bridge between coarse 
global analyses and intensive local biodiversity assessments 
for most coral reef organisms. Moreover, most of these 
geographically focused studies have used traditional (that 
is primarily morphological) criteria for recognizing species. 

 One way to examine the limits of such compilations is 
to look at a handful of species in detail. Just as CReefs was 
launched, Meyer  et al.   (2005)  published such an analysis, 
and it clearly indicated that the geographic scale for ende-
mism could be far fi ner for some marine organisms than 
traditionally assumed. In a study of the snail  Astralium  
 “  rhodostomum  ”  in the western Pacifi c and eastern Indian 
Ocean, they documented two deep clades (estimated age 
more than 30 million years), which together contained 
seven subclades (estimated ages 11 million to 20 million 
years). The subclades themselves comprised evolutionary 
signifi cant units (with estimated ages of 2 million to 7 
million years) that in total represented at least 30 divergent, 
geographically isolated units, some separated by as little as 
180   km. Given that marine organisms separated by the 
Isthmus of Panama (at least 3 million years ago) are typi-
cally reproductively isolated (Knowlton  et al.   1993 ; Lessios 
 2008 ) and that many of the evolutionary signifi cant units 
of  Astralium  also have differences in color pattern, it 
could be argued (depending on the species concept used 
(Knowlton  &  Weigt  1997 )) that all the clades/subclades, 
and perhaps most of the evolutionary signifi cant units merit 
recognition at the level of species. 

 The question for global estimates of reef diversity, of 
course, is how typical is the pattern documented by Meyer 
 et al.   (2005) ? As they note, many previous studies of 
phylogeography concern groups, like fi shes and sea 
urchins, that have relatively widely dispersing larvae, and 
in these groups fi ne - scaled endemism is rarer, although 
hardly unknown.  Astralium  has limited dispersal and other 
species with similar larval dispersal are very likely to have 
similar patterns. Moreover, limited dispersal is associated 
with small size (Strathmann  1985 ; Knowlton  &  Jackson 
 1993 ), and much of the diversity on reefs, as in other 
biological communities (May  1988 ), comprises small 
organisms. For example, Bouchet  et al.   (2002)  found that 
the most diverse size class of mollusks (25% of the species) 

was the 1.9 – 4.1   mm size class, with about one - third of 
all diversity of that size or smaller. It is not inconceivable 
that at least 30% of all reef species have patterns of 
endemism like  Astralium .   

   4.3    The Census of Coral 
Reef Ecosystems Approach 

 Because of the limits to previous analyses, a primary goal 
of the CReefs project has been to develop new methods 
needed to address the challenge of assessing the enormous 
diversity of coral reefs and begin to apply these methods. 
A comprehensive global assessment of the diversity of the 
world ’ s coral reefs, both healthy and in distress (that is, at 
least one - quarter and perhaps over one - third of the diver-
sity of the oceans overall) was clearly beyond the scope of 
a fi ve - year project, but developing the methods and ground -
 truthing them was not. The two key methodological com-
ponents upon which CReefs focused were molecular 
analyses and standardized sampling. 

   4.3.1    Molecular analyses 

 As can be seen from the above summary of previous efforts, 
the most signifi cant limitation has been the sparseness of 
available diversity data. It is diffi cult to extrapolate reliably 
from a few tiny samples, fundamentally because we do not 
know the rules for doing so. We cannot develop the rules 
because it is too expensive and labor intensive to analyze a 
greater number of samples and we lack adequate scientifi c 
expertise for many taxonomic groups. 

 Molecular methods can reduce these constraints. Instead 
of depending on taxonomic expertise for species identifi ca-
tion, or even sorting into operational taxonomic units of 
all collected material, one can identify organisms by their 
genes. This is the concept that underpins genetic barcoding 
(Hebert  et al.   2003 ), and sequencing of the mitochondrial 
cytochrome oxidase ( COI ) gene works well for many 
marine organisms, although some technical problems 
remain. For some groups, such as corals, the  COI  gene is 
not variable enough to be used at the species level (Shearer 
 &  Coffroth  2008 ), and for others, such as certain crusta-
ceans, there are problems with either amplifying the genes 
before sequencing (success rates are rarely above 80% 
overall (Plaisance  et al.   2009 )) or with pseudogenes (extra, 
non - functional and independently evolving copies in the 
nucleus; see, for example, Williams  &  Knowlton  (2001) ; 
Plaisance  et al.   (2009) ). Nevertheless, for taxonomically 
well - known groups it has great power and potential when 
applied carefully. 

 However, even when a gene like  COI  is effective and 
speeds up the process of sorting organisms to taxonomic 
groups considerably, it does not by itself provide a name. 
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For example, in CReefs analyses (described in more detail 
below) of crustaceans from the Northern Line Islands and 
Moorea (Plaisance  et al .  2009 ), not a single barcode 
sequence obtained matched any genetic sequence in 
GenBank at the species level (match of at least 95%), and 
most matched by only 80 – 84%; Puillandre  et al.   (2009)  
similarly found that only one of 24 neogastropod egg cases 
in the Philippines could be tentatively identifi ed to genus. 
Given the enormous scope of the unnamed, as reviewed 
above, this is likely to remain the case for the foreseeable 
future. Indeed, a mechanism for using standardized bar-
codes as names as they accumulate, though resisted in many 
traditional circles and certainly requiring planning for 
implementation, may well be the only viable solution when 
so much of biodiversity will remain unstudied by traditional 
approaches. 

 Moreover, even though barcoding represents a vast 
improvement in effi ciency compared with visual sorting 
and traditional identifi cation, it remains an intermediate 
step towards the goal of obtaining a truly effi cient biodi-
versity assessment methodology. This is because barcoding 
still involves removing and sampling or sub - sampling indi-
vidual organisms from collected material, a process that 
can be time - consuming and costly, especially for small 
organisms where most of the diversity lies. The next part 
of the journey towards having a truly effi cient method for 
assessing diversity involves a new and still evolving tech-
nology  –  next generation sequencing  –  which can be used 
to obtain large numbers of very short sequences from a 
sample. This technology has already transformed our 
ability to study microbial communities (see Chapter  12 ), 
and is probably the most signifi cant technological advance 
for DNA - based studies of diversity since the development 
of the polymerase chain reaction (PCR). 

 Although now routinely used in analyzing the genomes 
of single organisms and environmental samples ( “ environ-
mental genomics ” ) of microbes, using this method to study 
the diversity of multicellular life poses challenges. The 
essence of the problem is the following: if you throw a 
sample in a blender at one end and get out a list of DNA 
sequences at the other, to what extent does the list of 
sequences faithfully refl ect what went into the blender? 
Although this problem of representativeness affects all envi-
ronmental genomics, it is particularly severe for multicel-
lular organisms for several reasons. First, many multicellular 
organisms, including common members of coral reefs such 
as sponges and tunicates, produce an assortment of sub-
stances that interfere with critical reactions needed for 
amplifi cation of DNA. Second, even ignoring the very large 
organisms that can better be identifi ed in reef transects, 
multicellular life varies enormously in size, from clumps of 
algae or sponge of several cubic centimeters to tiny amphi-
pods and worms, so the amount of DNA from different 
organisms in a sample will vary correspondingly. Finally, 
some types of DNA amplify well with standard primers 

used to start the amplifi cation reaction, and others amplify 
poorly or not at all (for example, caridean shrimp in the 
studies of Plaisance  et al.   (2009) ). Thus because of the 
general problem of inhibition and the fact that some organ-
isms might be over -  or under - represented because of dif-
ferences in DNA amount or amplifi cability, there is no 
necessary relation between what goes into the blender and 
what comes out of the sequencer. 

 To tackle this problem, CReefs is engaged in experimen-
tal analyses to estimate the extent and patterns of bias 
associated with mass sequencing of coral reef community 
samples. For example, from a given sample one can remove 
all mobile organisms (which overall are less likely to 
produce inhibitory substances), remove one subsample 
from each for individual amplifi cation (to test for any taxo-
nomically based primer problems), remove another sub-
sample to mix with the collection of other similar - sized 
subsamples before amplifi cation (yielding a mixture where 
the amount of tissue is approximately equal for all individu-
als, to test for the effects of different amounts of DNA), 
and compare these two methods with results when the rest 
of the body parts, with their very different sizes, are mixed 
together before amplifi cation (as would be the case in any 
large - scale sampling protocol). Results so far suggest that 
genes that are optimal for species - level diagnosis (for 
example,  COI ) may not be ideal for getting a representative 
assessment of the community composition, so some com-
promise between sensitivity and comprehensiveness may be 
needed. However, if the extent and pattern of bias are 
known and relatively constant, it should be possible to 
compare across space and time, which is what is most 
needed.  

   4.3.2    Systematic sampling 

 The second component of the CReefs strategy is systematic 
sampling, with samples analyzed using the molecular tech-
niques described above, widely applied. Hand sampling by 
divers ranging over a reef remains the most effi cient way 
to fi nd species (both already known and new) when they 
are large enough to be seen (Fig.  4.2 ). However, the effort 
required to enumerate diversity properly can be daunting 
(May  2004 ), and divers vary enormously in their abilities 
in this regard, making it very diffi cult to compare work 
from different places and times involving different people. 
Two particular methods have been developed by CReefs: 
assessments of the organisms (especially crustaceans) living 
in heads of dead  Pocillopora  coral, and assessments of all 
marine organisms settling into autonomous reef monitoring 
structures (ARMS) placed on the reef for one to three years.   

 Using communities of invertebrates living in dead heads 
of the coral  Pocillopora  (Fig.  4.3 ) as proxies for reef 
diversity had the advantage that it could be implemented 
immediately, an important consideration given the short 
time - frame for CReefs from its founding to the close of the 
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     Fig. 4.2 

 Numbers of species (by higher - level taxon) obtained using different methods on the CReefs cruise to French Frigate Shoals, Northwestern Hawaiian Islands.  

(A) (B)     Fig. 4.3 

 Laetitia Plaisance at work on 
barcoding for CReefs project. 
 (A)  Preparing to break open 
dead head of  Pocillopora  coral to 
extract resident invertebrates. 
 (B)  Examining extracted DNA 
before sequencing. A, B, Juergen 
Freund  ©  FreundFactory.  
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Census. In addition, because these are natural habitats, 
interpretation is not confounded by concerns associated 
with artifi cial substrates. Assessment of  Pocillopora  heads 
can be replicated from the Red Sea to the Eastern Pacifi c 
(and with some adjustments, reef rubble in the Caribbean 
can also be compared). On the other hand, the sizes of dead 
coral heads can be only roughly standardized (for example, 
fi tting snuggly into standard buckets), their ages cannot be 
known with any precision (although one can collect heads 
that are old enough to be covered with fouling sessile 
organisms but young enough not to have been substantially 
bioeroded, to provide some standardization), and all col-
lections involving removal of reef require permits (which, 
for example, were denied for the initial CReefs cruise to 
the Northwestern Hawaiian Islands).   

 The second systematic sampling method, ARMS, has 
been developed as a standard method to mimic the struc-
tural complexity of coral reef habitats and attract coloniz-
ing invertebrates and algae. ARMS evolved from  “ artifi cial 
reef matrix structures ”  (note: this is different from  “ auton-
omous reef monitoring structures ” ), originally designed 
and tested in the eastern Caribbean to collect as much 
diversity as possible (Zimmerman  &  Martin  2004 ). Their 
original design involved several layers of concrete with dif-
ferent sized openings and a variety of microhabitats, includ-
ing a mesh basket containing coral rubble suspended from 
a PVC frame to allow different occupants to colonize the 
structure. It was determined that such structures were 
heavy, over - sampled sites, and that it was diffi cult, time -
 consuming, and costly to extract and process specimens. 

 Rather than attempting to collect and document all of 
the diversity of coral reefs, CReefs developed the current 
generation ARMS as a simple, cost - effective, standardized 
tool to assess spatial patterns and temporal trends of 

indices of cryptic diversity systematically on a global scale. 
After numerous design modifi cations and test deploy-
ments, CReefs settled on an ARMS design consisting of 
23   cm    ×    23   cm gray, type 1 PVC plates stacked in alter-
nating series of open and obstructed formats (created by 
  x   - shaped inserts dividing each space into four sectors), 
topped by plastic pond fi lter mesh and a fi nal plate, and 
attached to a base plate of 35   cm    ×    45   cm, which is then 
affi xed to the reef (Fig.  4.4 A). In December 2008, using 
some experimental ARMS deployed off Oahu, CReefs 
partners conducted a workshop to develop protocols 
for retrieval, sampling, and processing, including sample 
preservation and molecular analyses.   

 DNA barcode analyses were also conducted to charac-
terize crustacean biodiversity associated with ARMS in 
comparison to the dead  Pocillopora  heads from other sites 
in the Pacifi c. These results suggest that coupling ARMS 
with taxonomic and molecular analyses can be an effective 
method to assess and monitor understudied coral reef 
invertebrate biodiversity. In the long run, ARMS will be a 
much more powerful tool than assessment of dead  Pocil-
lopora  heads, because they can be deployed nearly any-
where (including non - reef sites), do not involve destructive 
sampling of natural habitats, are much easier to remove 
organisms from (especially true for sessile organisms), and 
can be highly standardized. Permits for deploying and sub-
sequently collecting ARMS are also in general easier to 
obtain than those for collection of live rubble. ARMS have 
the disadvantage of not being natural habitats (being made 
of PVC and lacking many small nooks and crannies), but 
early assessments suggest that the diversity captured is 
representative of the communities in which they are 
placed (Gustav Paulay, personal communication; see also 
Fig.  4.4 B). 

(A) (B)

     Fig. 4.4 

 Autonomous reef monitoring structures (ARMS) in Australia.  (A)  ARMS being installed on reef (Juergen Freund  ©  FreundFactory).  (B)  ARMS layer after 
removal from reef one year after deployment (Gustav Paulay, Florida Museum of Natural History).  
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     Fig. 4.5 

 Map of current and planned deployment sites for ARMS. See text for full listing of abbreviated names.  

 Over 400 ARMS have been widely deployed throughout 
the Pacifi c between 2006 and 2009, with smaller, yet 
increasing efforts in the Indian Ocean and the Caribbean 
(Fig.  4.5 ). They were successfully deployed throughout the 
Papah ā naumoku ā kea Marine National Monument (MNM) 
and Main Hawaiian Islands, the recently established Pacifi c 
Remote Islands MNM (Line Islands, Phoenix Islands, and 
Wake Atoll), American Samoa (including Rose Atoll MNM), 
Australia (the Great Barrier Reef  ’ s Lizard and Heron 
Islands, Ningaloo Reef), Brazil (Abrolhos Reef), Guam, 
Northern Mariana Islands (including Marianas Trench 
MNM), French Polynesia (Moorea), western Indian Ocean 
(Reunion, Europa, and Glorieuses Islands), Panama, Papua 
New Guinea (Kimbe Bay), and Florida. Additional deploy-
ments are planned for 2010 in Puerto Rico, the Cayman 
Islands, Belize, Taiwan, Indonesia, and other locations 
within the Coral Triangle. The approach has been adopted 
as a key biodiversity assessment tool by the National 
Oceanic and Atmospheric Administration (NOAA) ’ s Pacifi c 
Reef Assessment and Monitoring Program and as a central 
component of the Smithsonian ’ s Marine Initiative and 
NOAA ’ s Biodiversity Alternative. To ensure consistency 
and comparability, and to reduce costs, efforts so far have 
been led by CReefs ’  Hawaii Node (NOAA ’ s Pacifi c Islands 

Fisheries Science Center, Coral Reef Ecosystem Division), 
with ARMS being centrally produced.   

 Finally, it should be noted that dead  Pocillopora  heads 
and ARMS are not the only solution to standardized sam-
pling. Analyses of fi xed amounts of sediment or of fi xed 
amounts of material vacuumed from a reef (for example, 
see methods of Bouchet  et al.   2002 ) are complementary 
approaches that target different components of coral reef 
communities. The key features that all of them share are 
(1) they can be at least in some sense standardized, so that 
results from different studies can be compared, and (2) they 
lend themselves to molecular analyses using either barcod-
ing or environmental genomics.   

   4.4     CR eefs Results 

 Analyses of dead  Pocillopora  heads from fi ve islands 
in the Central Pacifi c (Kirimati, Tabuaeran, Palmyra, 
Kingman, and Moorea) have now been published (Plaisance 
 et al.   2009 ), and several surprising results from these 
analyses are already apparent. First, the total number of 
crustaceans recorded was exceptionally high for such a 
small sample. A total of 22 small dead coral heads 
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(combined length    +    width    +    height dimensions of each 
approximately 90   cm, total basal area less than 2   m 2 ) yielded 
789 individual crustaceans. Of these, 500 were sequenced 
(all rare plus representatives of abundant morphospecies 
were selected), which yielded 403 usable sequences, from 
which 135 operational taxonomic units were distinguished. 
Of these, 65 were brachyuran crab species, a number 
equivalent to approximately 30% of the entire described 
brachyuran fauna of European seas and approximately 
1% of the global total! Second, most species were rare 
and locally distributed: 44% of all species were sampled 
just once, and another 33% were only found on one of 
fi ve islands. Even more surprisingly, 48 of the 70 decapod 
species found in the Northern Line Islands were not only 
not found in the Moorea  Pocillopora  head survey, but 
were not recorded in the extensive cross - habitat collec-
tions associated with the Moorea Biocode Project ( www.
mooreabiocode.org ). Third, despite the marked anthro-
pogenic impacts on the abundance of corals and fi shes 
on the two inhabited islands in the Northern Line Islands 
(Sandin  et al.   2008 ), there does not appear to be a com-
parable negative impact on the diversity of small crusta-
ceans. Therefore, our reliance so far on corals and fi shes 
as surrogates for coral reef biodiversity may need to be 
re - examined. 

 Data from other expeditions are still being analyzed, 
but the patterns remain consistent with these results. For 
example, the numbers of species/percentage singleton 
fi gures from Australian dead coral samples were 58/43% 
(Ningaloo Reef, 7 heads), 113/47% (Heron Island, 16 coral 
heads), and 48/60% (Lizard Island, 11 heads). Likewise, at 
French Frigate Shoals in the Northwestern Hawaiian 
Islands, one - third of all invertebrate morphospecies col-
lected were singletons or found at only one site, and one -
 third of the crustaceans from ARMS were singletons. 

 Finally, from the beginning, one goal of CReefs has been 
to build taxonomic expertise and information for those 
groups of coral reef organisms that are poorly known, to 
complement the molecular approaches. As noted above, 
most ecological studies focus on corals or fi shes; mollusks 
(and to a lesser extent crustaceans) are better known than 
most other groups, but even for these groups many gaps 
remain. Much progress was made possible by several 
CReefs cruises and expeditions, beginning with the cruise 
to French Frigate Shoals in the Northwestern Hawaiian 
Islands. By 2009, scientists from the French Frigate Shoals 
efforts had already found that of the nearly 400 algal speci-
mens (approximately 160 morphospecies) catalogued, 
many were not on the list of 179 described taxa previously 
reported (Vroom  et al .  2006 ). Also, at least 50 new inver-
tebrate species and over 100 new records were identifi ed 
for the region, including probable new species among 
sponges, corals, anemones, fl atworms, segmented worms, 
crabs, bivalves, gastropods, octopuses, sea cucumbers, sea 
stars, and sea squirts (six octopuses were collected repre-

senting six different species, three may be new). As a result 
of the repeated expeditions to Heron Island, Lizard Island, 
and Ningaloo Reef in Australia, hundreds more new species 
and records are being identifi ed. The taxonomic papers 
published under the aegis of CReefs are now appearing, but 
initial estimates suggest that there are about 100 new 
species among the 4,150 sample lots and approximately 
2,100 morphospecies in Hawaii (PIFSC 2007), and more 
than 1,000 new species from over 15,000 sample lots from 
Australia; one new family has already been described. 

 Initial results from the original French Frigate Shoals 
ARMS showed that prototype ARMS were most productive 
in sampling mollusks (28%), ascidians (24%), crustaceans 
(19%), and bryozoans (11%) in fore reef and lagoonal 
patch reef habitats. Of the 12 prototype ARMS recovered 
from French Frigate Shoals, new records for the North-
western Hawaiian Islands were recorded for two non -
 native (alien) species of solitary tunicates,  Cnemidocarpa 
irene  and  Polycarpa aurita  (Godwin  et al.   2008 ). The results 
from the standardized, globally distributed ARMS await 
2010 – 2012 retrieval and analyses. Further analyses will 
take place beyond 2012 as the ARMS are used for contin-
ued monitoring to assess the biodiversity impacts of climate 
change and ocean acidifi cation. 

 Identifi cation and analysis of specimens can be a time -
 consuming process, thus there are likely to be many more 
discoveries as the specimens from these efforts are further 
analyzed. Such discoveries will be documented in multiple 
joint publications and the data placed in the global Ocean 
Biogeographic Information System (Chapter  17 ) (more 
than 400,000 records submitted so far). By providing 
scientists and managers with a more complete picture of 
what exists in coral reef ecosystems, they will be better 
equipped to manage them and in particular watch for 
and manage changes over time. Furthermore, with the 
integration of future investigations, there can be a greater 
understanding of biodiversity over gradients of human 
disturbance.  

   4.5    Gaps in Knowledge 

 There are unlimited questions at various scales that could 
be asked about coral reef diversity, but CReefs has focused 
on developing the methods needed to answer these four: 

  1)     How many species occur on coral reefs and what are 
the patterns of species diversity for all reef species 
across gradients of human disturbance?  

  2)     What kinds/percentages of species are obligately 
associated with healthy coral reefs and how widely are 
they distributed?  

  3)     What are the prospects for maintenance of species 
diversity on reefs suffering various levels of human 
impacts?  
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  4)     How much and what kinds of taxonomic and 
ecological information are required to manage reef 
biodiversity effectively, and are cost - effective proxies 
possible?    

 Ironically, it is the last of these that we have answered 
fi rst: we do now have a method that is cost effective for 
assessing diversity, and it has the potential to work far 
more effectively than using individual taxa as proxies. 
Moreover, in a DNA analogue to Moore ’ s Law, sequenc-
ing costs have dropped substantially since the start of 
CReefs, and will continue to drop over the coming decade, 
further increasing the use of these approaches. 

 Although we do not have a fi rm answer to question (3), 
results so far suggest that moderately impacted reefs con-
tinue to support large amounts of diversity but seriously 
degraded reefs do not. This pattern is easiest to understand 
as a nonlinear relation between diversity and disturbance 
such as predicted by the intermediate disturbance hypoth-
esis. For example, human disturbance may initially increase 
the types of habitat available to small invertebrates living 
in the reef, by causing corals and algae to coexist more 
equally (unimpacted reefs have very little macroalgae; see, 
for example, Sandin  et al.   (2008) ). Thus diversity appears 
to be relatively unaffected by human disturbance in the 
Northern Line Islands, probably because even the most 
degraded of the Northern Line Islands are comparatively 
pristine (Knowlton  &  Jackson  2008 ). In contrast, Carib-
bean reefs show a clear pattern of decreased invertebrate 
diversity with lower coral cover and three - dimensionality 
(Idjadi  &  Edmunds  2006 ), probably because almost all 
Caribbean reefs are seriously degraded (Gardner  et al.  
 2003 ; Pandolfi   et al.   2003 ). 

 The fi rst two questions are the hardest to answer  –  we 
cannot reliably estimate global reef diversity from 2   m 2  of 
dead coral heads from the Central Pacifi c, any more than 
Small  et al.   (1998)  could from 5   m 2  of Caribbean reef 
placed and later sampled in a mesocosm. Just comparing 
these two analyses points to the many possibilities for 
error in the assumptions. For example, Small  et al.   (1998)  
found eight species of decapods and assumed that a com-
parable sample in the Pacifi c would be 12 times more 
diverse, yet in a sample less than half that size from a part 
of the Pacifi c not renowned for its diversity, Plaisance  et 
al.   (2009)  found 108 decapod species. The extremely high 
prevalence of singletons at any site and the related absence 
of overlap between sites, a pattern characteristic of all the 
CReefs results, clearly imply that much more geographi-
cally dense sampling is needed to determine the level of 
endemism, which in turn profoundly affects extrapolations 
from single sites to the world at large. However, despite 
the challenges now, much better answers to these ques-
tions will be possible with the analysis over the next few 
years of the hundreds of ARMS that are currently deployed 
(Fig.  4.5 ).  

   4.6    Advancing Knowledge 

   4.6.1    Current limits to our 
knowledge 

 The greatest limit to knowledge has been the lack of a 
biodiversity assessment protocol that can be implemented 
globally. Both lack of money and lack of agreement on an 
appropriate method have played a role, but providing the 
latter would go a long way towards acquiring the necessary 
fi nancial commitments. This is why CReefs has focused on 
methodological advancements. 

 With the establishment of an agreed approach (widely 
accepted by scientists and managers globally), and an 
appropriate fi nancial commitment for both the regular 
analysis of samples and the maintenance of databases, coral 
reef biodiversity studies could be standardized at a global 
scale, with adequately dense sampling. Given estimates that 
coral reefs represent perhaps over one - third of all the diver-
sity of marine life, it is ludicrous to assume that this diver-
sity can be understood by tiny and unsystematic assessments 
 –  22 heads of dead corals from the central Pacifi c, 5   m 2  of 
reef from the Bahamas, species lists or numbers from a 
handful of well - studied locations, or even a many - month 
expedition in the heart of reef diversity, the Coral Triangle. 
Alone, these do not begin to provide enough information, 
even to know what the appropriate geographic scale of 
sampling is.  

   4.6.2    Why the knowledge is 
needed 

 The scientifi c justifi cations for estimating coral reef diversity 
go well beyond simple curiosity about the total number of 
organisms living on reefs  –  given the threats that reefs face, 
better knowledge of how reef diversity is likely to be 
impacted by loss of living coral is clearly essential for con-
servation and management. Although diversity may remain 
poorly understood, the nature of the threats is far clearer. 
Three are globally pervasive  –  overfi shing and destructive 
fi shing, poor water quality, and the effects of carbon dioxide 
in the atmosphere. A fourth threat  –  invasive species  –  also 
represents a serious problem in an increasing number of 
locations (for example, seaweeds in the Pacifi c and lionfi sh 
in the Caribbean). This combination of human - induced 
impacts has resulted in a situation where globally about 60% 
of coral reefs have been degraded or lost (Jackson  2008 ). 

 Coral reefs have sometimes been referred to as the 
equivalent of a canary in a coal mine, an unmistakable 
warning that humankind is in the process of doing irrepa-
rable damage to the planet. Although it is certainly true that 
coral reefs are among the fi rst victims of the combined 
onslaughts of local impacts and global change, it is worth 
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remembering that coral reefs represent far more than a 
 “ canary ” . Whether the number is 0.5 million or 2 million 
or 10 million species, accepting the potential demise of the 
ecosystems that support perhaps 35% of the global marine 
diversity of the planet seems ill - advised at best. Even in 
strictly economic terms, the value of coral reefs has been 
assessed at approximately 30 billion US dollars annually 
(Conservation International  2008 ). This does not include 
the potential medical and industrial benefi ts associated with 
compounds yet to be discovered from reef organisms. 

 The loss of corals and the potential threat to biodiversity 
in general terms is well established, but we still remain 
largely ignorant of the details. The efforts of CReefs have 
provided a means to begin rapidly narrowing some of the 
key gaps in our knowledge. As noted above, conservation 
priorities are often based on what can be measured. Provid-
ing a reliable method that estimates biodiversity across 
space and through time is essential for motivating the 
public to protect biodiversity, for designing the specifi cs of 
marine protected areas, and for monitoring their effective-
ness. In addition to assessing changes in diversity generally, 
these approaches can also be used to detect invasive species 
(see, for example, Godwin  et al.   2008 ).  

   4.6.3    Ideas to move 
the goal posts 

 On land in general, and in particular for rainforests, two 
approaches have transformed our understanding of their 
diversity, both originating in the tropical forests of Panama. 
On the one hand, Erwin  (1982)  catapulted studies of rain-
forest diversity forward by counting the total diversity of 
insects associated with 19 trees, and then extrapolating 
from these results to the world at large. Although Erwin ’ s 
estimates remain highly debated and the inspiration for 
continuing research, the basic principle is sound  –  an inten-
sive survey of a limited area. The closest analogue to the 
Erwin approach, amplifi ed by the use of molecular methods 
and a broader taxonomic and spatial base, is the Moorea 
Biocode Project. The second approach is the establishment 
of the Center for Tropical Forest Science, which involves 
the repeated census of trees greater than 5   cm diameter at 
breast height in 50 - hectare forest plots now scattered 
around the world. This provides a different kind of data, 
more superfi cial in terms of diversity estimates in any one 
location, but with the potential to monitor differences and 
similarities across space and through time. In the sea, no 
comparable program exists; the establishment of such a 
program would be transformative.  

   4.6.4    Blueprint for the future 

 We will never know every life form that lives in the 
oceans, or on coral reefs. However, with standardized 

sampling at many locations and intensive sampling at a 
few, both made newly practical by molecular techniques, 
we can extrapolate from what we know to reefs at large. 
This approach involves far more than a static inventory of 
DNA sequences. By selecting sites strategically, we can 
address specifi c questions about factors responsible for 
biodiversity patterns that have challenged scientists for 
decades. Repeated samples will detect biodiversity loss and 
change and the arrival and impact of invasive species. 
Conservation biologists will know where biodiversity is 
concentrated, where it is disappearing, and where it is 
most resilient. 

 A blueprint for the future would thus consist of the 
following elements. 

  1)     A global array of ARMS sites. At any site, these are 
currently deployed in three groups of three: three 
closely spaced ARMS constitute a replicate set, and 
three sets of three in one general location can be 
used to assess very fi ne - scale replicability of results. 
If comparisons of ARMS deployed for one versus 
two versus three years are desired, then three sets 
of the array of nine are needed. At broader scales, 
the results of Meyer  et al.   (2005)  clearly indicate 
that every archipelago should have at least one set 
of nine (or 27 for multi - year analyses). As part of 
the international OceanObs  ’ 09 conference, 
systematic assessments and monitoring of 
biodiversity using standardized ARMS were included 
in Community White Papers on global ocean 
observing systems for coral reef ecosystems 
(Brainard  et al.   2010 ) and ocean acidifi cation (Feely 
 et al.   2010 ).  

  2)     Two or three all - taxa inventories, on the model of 
the Moorea Biocode Project but with the addition 
of bringing a sequencer on site to analyze 
everything as it comes ashore. These are essential to 
ground - truth the ARMS, that is, to determine the 
relation of diversity measured by ARMS versus 
diversity measured by much more intensive efforts 
(which cannot be practically implemented at many 
sites or many times).  

  3)     An ARMS biodiversity database. Sequence data, 
including environmental genomics data, can be stored 
in GenBank, but many additional data are associated 
with ARMS. Moreover, if ARMS are placed in 
permanently established quadrats, essentially small 
versions of 50 - hectare forest plots, the sequence data 
become connected with other ecological data, greatly 
enhancing the value of the diversity measures. 
Fifty - hectare plots have stimulated many other 
ecological observations and experiments, and ARMS 
themselves could be elaborated upon, and even be 
subjected to manipulations designed to test 
hypotheses.      
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   4.7    Conclusions 

 Coral reefs are enormously diverse marine ecosystems, 
perhaps harboring one - quarter to one - third of all marine 
species. Most coral reef species are undescribed, and will 
remain so for the foreseeable future. Because coral reef 
diversity is so hard to measure in any comprehensive 
fashion, almost all previous attempts have focused on a very 
limited number of taxonomic groups, or have been very 
limited in geographic scope. This has resulted in our knowl-
edge of coral reef diversity being based on groups that do 
not represent most of the diversity on reefs (for example, 
especially fi shes and corals) or on a patchwork and idiosyn-
cratic set of broader analyses that are almost impossible to 
compare with one another. 

 Molecular approaches, applied systematically on a global 
scale, offer reef scientists the ability for the fi rst time to 
assess coral reef diversity. The key to success will be to use 
techniques that can quickly survey a representative fraction 
of biodiversity, and to use these techniques across a dense 
global sampling grid. CReefs has developed autonomous 
reef monitoring structures (ARMS) that can be deployed, 
recovered, and analyzed by next generation sequencing 
methods in a cost - effective way. When combined with 
more intensive ground - truthing surveys at a limited number 
of sites, these methods will allow us to better understand 
diversity patterns generally, and to evaluate, monitor, and 
enhance the effectiveness of management strategies for 
coral reef ecosystems.  
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    5.1    Introduction: Diversity 
Re -  e xamined  a s Slope 
Complexity  i s Disclosed 

 The Census of Marine Life has promoted synergetic 
approaches to assess and explain the diversity, distribution, 
and abundance of life in the ocean, focusing on domains 
where new approaches allowed discoveries and evident 
new steps in science. The fi eld project  “ Continental Margin 
Ecosystems on a Worldwide Scale ” , COMARGE, is one of 
the fi ve Census projects concerned with the deep ocean. It 
was launched in 2005 to focus on the complex and active 

continental margins (Box  5.1 ), where unique ecosystems 
including canyons, oxygen minimum zones, cold seeps, and 
reef - like coral mounds were only recently discovered and 
studied owing to the development of new oceanographic 
equipments.   

 The complexity of the slope seabed has until recently 
limited the exploration of continental margins to major 
marine laboratories in developed countries. Such studies 
shaped our original, sometimes naive, conceptions of what 
lives on these steep depth gradients. The fi rst impression 
was that the deep ocean is azoic, owing to the rapid decline 
in abundances with depth in the Mediterranean (Forbes 
 1844 ). This was later disproved by the telegraph cable -
 laying industry and an ensuing international race to sample 
to the greatest depths on an ocean scale (reviewed in Mills 
 1983 ). Trawl records in the Atlantic off Western Europe 
revealed that depth ranges of many species were limited 
to sometimes little more than several hundred meters, 
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    COMARGE focuses on the deep continental margins, 
excluding the continental shelf. The upper boundary is 
delineated by the shelf break at  ca . 140   m depth over most 
of the margins except in Antarctica where it can be as deep 
as 1,000   m. It coincides with a sharp turn - over in species 
composition. From a geological point of view, the margin 
ends at the boundary between the continental and oceanic 
crusts, thus including trenches. From a biological point of 
view, however, the lower boundary of the margin is more 

elusive and usually located at the bottom of the continental 
slope or rise, between 2,000   m and 5,000   m depth. For the 
purpose of computations and mining in a georeferenced 
database, we set up the lower boundary at 3,500   m depth. 
Between these upper and lower boundaries, deep conti-
nental margins cover approximately 40 million km 2  or 11% 
of the ocean surface. Their width ranges from 10 to over 
500   km and their slope from 6 °  to 1 °  in active and passive 
settings, respectively.  

 What are Continental Margins?  

  Box 5.1 

1 2 3

     Fig. 5.1 

 Location map of sampling on continental margins showing the evolution of field strategies from description of faunal communities (biogeography, 1 in green) 
to the addition of environmental factors (ecology, 2 in purple) to the integration of energy fluxes (ecosystem functioning, 3 in red).  

creating an intricate zonation of populations lining the 
slope (Le Danois  1948 ). The true extent of deep - sea bio-
diversity in the seemingly monotonous sediment environ-
ment became evident when Sanders  et al.   (1965)  found 
that benthic communities along a transect between south-
ern New England and the Bermuda islands were more 

diverse on the middle of the continental slope than on the 
shelf or the abyss (Sanders  1968 ; Rex  1981 ). Over the 
past 50 years, biological research on continental margins 
increased, our perception of deep habitats greatly improved, 
and descriptive exploration has given way to more func-
tional studies (Fig.  5.1 ).   
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Canyon Seeps OMZ Corals

     Fig. 5.2 

 Location map of known hot spots sampled for biological purposes and included in COMARGE syntheses.  

 Of utmost importance in this evolution of deep - sea 
science have been the technological developments which 
disclosed the complexity of the slope environment. These 
include the use of trawled cameras, manned submersibles, 
remotely operated vehicles (ROVs), and autonomous 
underwater vehicles (AUVs), as well as high - resolution 
sidescan sonar, multibeam bathymetry mapping systems, 
high - resolution sub - seabed profi lers, precision sampling 
qualitatively and quantitatively, and video and photo-
graphic imaging systems. Analyses of these data have been 
greatly enhanced by advances in digital processing, network 
databases, and visualization. Geophysical tools have been 
used to classify and map habitats over large areas because 
they can discriminate seabed type (mud, sand, rock). 
Higher - resolution tools have allowed the characterization 
of ecological features such as coral mounds, outcropping 
methane hydrate, mud volcanoes, and seabed roughness. 
Newly developed, near - bottom swathbathymetry operated 
from ROVs now resolves seafl oor structures as small as 20 
centimeters. The deep bottom is no longer as remote as it 
once was. Our perceptions are now of a much higher reso-
lution and reveal that continental margins are both very 
complex and active regions ecologically, geologically, 
chemically, and hydrodynamically (Wefer  et al.   2003   ). 
Collectively, these processes create unique ecosystems such 

as methane seeps, coral reefs, canyons, or oxygen minimum 
zones (OMZs). These hot spots are characterized by unusu-
ally high biomasses, productivity, physiological adapta-
tions, and apparent high species endemicity (Fig.  5.2 ).   

 Fundamental patterns of species distribution fi rst 
observed and explained in the context of monotonous 
slopes had thus to be re - evaluated in light of this newly 
recognized heterogeneity and its interplay with large - scale 
oceanographic features. The question was timely as the 
concurrent development of human activities already threat-
ened margin hot spots and triggered urgent needs for sound 
scientifi c advice on the evaluation and conservation of con-
tinental margin biodiversity (Rogers  et al.   2002 ). Large 
integrated projects had already begun to address these 
issues at a regional scale in the European North Atlantic 
(Weaver  et al.   2004 ), the Gulf of Guinea (Sibuet  &  
Vangriesheim  2009 ), and the Gulf of Mexico (Rowe  &  
Kennicutt  2008 ). COMARGE benefi ted from these pro-
grams and expanded their scope to a global scale to address 
questions that had to be tackled through synergies within 
an international network of scientists (Box  5.2 ). This 
chapter summarizes the progress made so far and under-
scores in conclusion the major unknowns that may guide 
future research on continental margins during the next 
decade and beyond.    
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    The COMARGE science plan was discussed and finalized 
during a community workshop held in 2006. Three main 
questions have been identified as major unknowns regard-
ing continental margin ecology: 

  1)     What are the margin habitats and what is the relation 
between diversity and habitat heterogeneity?  

  2)     Are large - scale biodiversity patterns such as zonation 
or diversity - depth trends ubiquitous and what are their 
drivers?  

  3)     Is there a specific response of continental margin biota 
to anthropogenic disturbances?    

 The strategy to tackle these issues was to create a network 
of scientists, promote discussions and syntheses through 
workshops, and foster data integration. The COMARGE 
network grew to bring together over a hundred researchers 

and students. Four workshops were organized that 
addressed: (1) the classification of margin habitats glo-
bally, (2) the roles of habitat heterogeneity in generating 
and maintaining continental margin biodiversity (Levin 
 et al.   2010b ), (3) the effects of both large - scale oceano-
graphic features and habitat heterogeneity on nematode 
diversity (Vanreusel  et al.   2010 ), and (4) the biogeography 
of marine squat lobsters (Baba  et al. ,  2008 ). Data integra-
tion has been achieved either through the Ocean Biogeo-
graphic Information System (OBIS; www.iobis.org) or via 
the COMARGE Information System (COMARGIS), con-
nected to OBIS. The originality of COMARGIS resides in 
the fact that it is ecologically oriented. The database has 
been built on an existing system (Fabri  et al.   2006 ) that 
allows archiving comprehensive sampling metadata for 
both biological and environmental data.  

  COMARGE  Questions and Strategies  

  Box 5.2 

   5.2    Roles of Habitat 
Heterogeneity in Generating 
and Maintaining Continental 
Margin Biodiversity 

 Following early exploration, ecological studies were mainly 
directed at understanding the mechanisms that promote 
high species richness, with greatest focus on processes that 
operate at small spatial scales (reviewed in Snelgrove  &  
Smith  2002 ), or the infl uence of energy fl ux on the structure 
of benthic communities (see, for example, Laubier  &  Sibuet 
 1979 ). In recent years new scientifi c questions have emerged 
about the relation between diversity and various forms and 
scales of margin heterogeneity that are closely linked to 
growing environmental concern about the deep sea. In the 
past quarter of a century this interest has focused the study 
of margins on several key environments. Cold seep com-
munities (see Chapter  9 ) have been discovered and inves-
tigated in conjunction with tectonic studies in active margins 
and with oil and gas development on passive margins 
(Sibuet  &  Olu  1998 ; Sibuet  &  Olu - Le Roy  2003 ). There 
has been considerable interest in determining the extent of 
deep coral reef habitats to minimize the impact of deep - sea 
fi sheries (Freiwald  2002 ). Canyons that cut across margins 

are now seen not only as novel, and somewhat specialized 
habitats, but also conduits for pollutant transport into the 
deeper abyss and sometimes sites of intensive fi shing. Of 
the many environmental gradients that occur on the 
margins, oxygen minimum zones are seen as special habitats 
that mirror effects of coastal eutrophication and that may 
expand in response to climate change (Levin  2003 ). 

 COMARGE has brought together scientists working 
on these and other aspects of margins to evaluate and 
understand the relations between habitat heterogeneity 
and diversity. 

   5.2.1    Types of  h abitat 
 h eterogeneity  t hat  a ffect  d iversity: 
 s cales in  s pace and  t ime 

 Margin heterogeneity exists in many forms (Figs.  5.3  and 
 5.4 ) and on multiple space and time scales; it is also 
perceived differently depending on the size, mobility, and 
lifestyles of the species considered. The COMARGE focus 
on how different sources and scales of heterogeneity 
infl uence margin biodiversity has spanned a wide range 
of taxa, from Protozoa to megabenthos, in diverse settings 
across the globe. Workshop discussions, synthetic papers, 
and regional analyses published in a special volume of 
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     Fig. 5.3 

 Diagram summarizing the main geological, hydrological, and biological factors driving habitat heterogeneity on active and passive continental margins. The 
figure illustrates strong depth - related and geographic variations in water masses, productivity, and currents superimposed on typical margin habitats such as 
cold coral reefs, canyons, chemosynthetic communities linked to cold methane seep structures (pockmarks or mud volcanoes), whale falls, and oxygen 
minimum zones (OMZs). All these features create a complex mosaic of influences shaping margin biodiversity.  

the journal  Marine Ecology  (Levin  et al.   2010b   ) have 
generated several major results.   

 Perhaps the most universal fi nding is that heterogeneity 
acts in a hierarchical, scale - dependent manner to infl uence 
margin diversity. At the largest scale with strong effect is 
hydrography associated with water masses (in particular 
temperature and oxygen) and overlying productivity. The 
impingement of water masses on the slope interact with 
depth and latitude (productivity) to shape levels of diversity 
and community composition (De Mello E Sousa  et al.  
 2006 ; Priede  et al.   2010 ; Sellanes  et al.   2010 ; Williams 
 et al.   2010 ). Productivity infl uences the water masses and 
food supply to the sea fl oor; both positive and negative 
diversity infl uences may result (Levin  et al.   2001 ; Corliss 
 et al.   2009 ). 

 However, hydrographic infl uences on diversity are 
modulated by variations in substrate and fl ow regime 

(Williams  et al.   2010 ). At meso - scales (tens of kilometers) 
there is topographic control in the form of canyons, 
banks, ridges, pinnacles, and sediment fans. Deposition 
regimes (canyon fl oor and deep - sea fan) and substrate 
vary within these (Baguley  et al.   2008 ; Ramirez - Llodra 
 et al.   2010 ). At smaller scales there are earth and tectonic 
processes that control fl uid seepage and sediment distur-
bance forming seeps (Olu - Le Roy  et al.   2007b ; Cordes 
 et al.   2010 ; Menot  et al.   2010   ). And at the smallest 
scales there are habitats formed by ecosystem engineers 
that infl uence diversity through provision of substrate, 
food, refuge, and various biotic interactions. These habi-
tats include coral and sponge reefs, mytilid, vesicomyid, 
and siboglinid beds (Cordes  et al.   2009, 2010 ). In some 
cases the biotic infl uence arises from decay processes at 
whale, wood, and kelp falls (Fujiwara  et al.   2007 ; Pailleret 
 et al.   2007 ). 
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     Fig. 5.5 

 Rate of species accumulation for macrofauna or 
genus accumulation for nematodes across habitats. 
The CA and OR margin macrofauna include 
species - level data from near - seep sediments, 
vesicomyid clam beds, oxygen minimum zones, 
bacterial mats, and background sediments. Gulf of 
Mexico macrofauna include species - level data from 
vestimentiferan tubeworm aggregations, mussel 
beds, and scleractinian coral habitats. Gulf of Guinea 
nematodes are genus - level data from seep, 
transition, canyon, and control sediments. Haakon 
Mosby mud volcano samples are also genus - level 
nematode meiofauna from bacterial mats, 
siboglinid - associated sediments from the outer rim 
of the volcano, and non - seep influenced sediments. 
 Reproduced with permission from Cordes  et al.  
 2010   , copyright 2009 by Blackwell Publishing Ltd.   

     Fig. 5.4 

 Continental margin heterogeneity in images:  (A)  assemblages of mytilids, vesicomyids, and siboglinid tube - worms in a giant pockmark in the Gulf of Guinea 
(3,200   m depth) (copyright Ifremer, Bioza ï re 2 cruise, 2002);  (B)  authigenic carbonates associated with a hydrocarbon seep are colonized by corals in the 
Gulf of Mexico (530   m depth) (courtesy of Derk Berquist and Charles Fisher, cruise sponsored by NOAA Ocean Exploration Program and US Mineral 
Management Service);  (C)  ophiuroids, antipatharians, and anemones are inhabiting Lophelia - reefs off Ireland (900   m depth) (copyright Ifremer, Caracole 
cruise, 2001);  (D)  A cloud of zooplankton around Lophelia reefs off Italy (600   m depth) (copyright Ifremer, Medeco cruise, 2007);  (E)  filter - feeding organisms 
such as Brinsing asteroids are dominant in the Nazare Canyon off Portugal (1,000   m) (copyright NOC Southampton and UK Natural Environment Research 
Council);  (F)  high sediment loading in the Var Canyon off France favors the sediment - dwelling or burrowing fauna such as squat lobsters (2,200   m) 
(copyright Ifremer, Medeco cruise, 2007);  (G)  the  “ featureless ”  muddy slope is actually punctuated with small - scale heterogeneities such as fecal pellets of 
large holothuroids  Benthodytes lingua  (35   cm in length), Alaminos Canyon, Northern Gulf of Mexico (2,222m depth)  (courtesy of Robert Carney, Louisiana 
State University) .  

 Our focus on specialized margin settings has revealed 
that stressed habitats associated with hypoxia or high 
sediment sulfi de levels exhibit depressed alpha diversity 
relative to open slope systems. Importantly, these settings 
contribute signifi cantly to regional diversity patterns and 
to beta diversity (species turnover) on margins, ultimately 
adding to the species richness. This is true for macro -  
and megabenthos on slopes with oxygen minimum zones 
(Gooday  et al.   2010 ; Levin  et al.   2010 ; Sellanes  et al.  
 2010 ), for all taxon sizes on slopes with methane seeps 
(Cordes  et al.   2010 ; Menot  et al.   2010 ; Van Gaever 
 et al.   2010   ), and for an even broader range of habitats 
occupied globally by nematodes (Vanreusel  et al.   2010 ). 
To address the question of how diversity accumulates 
across habitats a new analytical approach was developed 
that examines the change in slopes of species and genus 
accumulation curves as habitats are included. Analysis of 
invertebrate diversity at methane seeps from four very 

different regions illustrates addition of species as hypoxic, 
microbial mat, vesicomyid clam, and tube worm habitats 
are added, but with different rates depending on taxon 
and location (Fig.  5.5 ). A strong diversity response to 
habitat heterogeneity was found in Gulf of Mexico habi-
tats; there was a much slower increase in the rate of 
species accumulation with habitat heterogeneity for the 
nematode fauna of the Haakon Mosby mud volcano 
(Cordes  et al.   2010 ).   

 Several global analyses indicate that there are strong 
ocean basin and regional differences that preclude the 
occurrence of identical cosmopolitan species in all habitats 
(Vanreusel  et al.   2010 ; Williams  et al.   2010 ). Regional 
patterns can differ from a summed global pattern. This is 
evident for deep - sea fi shes in the North Atlantic, where key 
roles for the position of the thermocline, local water masses, 
resuspensed organic matter (OM) and seasonality create 
distinctive diversity patterns (Priede  et al.   2010 ). 
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 In many instances sources of heterogeneity are superim-
posed on one another; this can create additional complex-
ity or, if stress or disturbance is involved, it can impose 
local homogeneity. The infl uence of heterogeneity has 
proven to be context - dependent as well. Heterogeneity 
that adds structure or nutrients often has greater effect at 
deeper than shallower depths (Levin  &  Mendoza  2007 ) 
because deeper margins tend to be more structurally 
homogeneous and more food poor. Biotic interactions 
between substrate provider and epibionts (Dattagupta 
 et al.   2007 ; J ä rnegren  et al.   2007 ), between animals and 
sediment microbes (Bertics  &  Ziebis  2009 ), or predation 
and competition between taxa can generate additional 
sources of heterogeneity.  

   5.2.2    Models  u nderlying the 
 h eterogeneity –  d iversity  r elation 

 Continued exploration of margins has revealed that any 
continental margin habitats (for example cold seeps, 
canyons, deep - water coral reefs) are distributed as patches 
in a sedimented slope matrix. The resident species are 
predicted to function as metapopulations and metacom-
munities. The species - sorting model, in which diversity and 
metacommunity structure is dictated by different niche 
requirements (Leibold  et al.   2004 ), appears to explain com-
munity patterns for species that occupy methane seep habi-
tats (Cordes  et al.   2010 ) and hypoxic settings (Gooday 
 et al.   2010 ). These niches are defi ned by substrate (abiotic, 
biotic), fl ow regimes, sulfi de or methane requirements, and 
geochemical tolerances to sulfi dic or hypersaline fl uids 
(Brand  et al.   2007 ; Levin  &  Mendoza  2007 ; Olu - Le Roy 
 et al.   2007a ; Levin  et al.   2010 ; Sellanes  et al.   2010 ; Van 
Gaever  et al.   2010 ). In addition to chemoautotrophic sym-
bioses, reduced compounds (methane and sulfi de) also fuel 
a free - living microbial community that provides nutrition 
(and possibly settlement cues) for a vast array of smaller 
grazing, deposit feeding, and suspension feeding taxa, as 
well as for bacterivores that may specialize on microbes 
with specifi c metabolic pathways or morphologies (Levin 
 &  Mendoza  2007 ; Thurber  et al.   2009 ; Van Gaever  et al.  
 2010 ). Very localized, small - scale variations in geochemical 
settings may dictate diversity and evenness among meio-
fauna (Levin  &  Mendoza  2007 ; Thurber  et al.   2009 ; Van 
Gaever  et al.   2010 ; Vanreusel  et al.   2010 ). 

 Other metacommunity models including mass effects 
(source - sink dynamics) or patch dynamics (succession based 
on tradeoffs between dispersal/colonization ability and 
competition) (Leibold  et al.   2004 ) appear to apply to the 
canyon and deep - water coral reef settings where many 
species are not habitat endemics or obligate symbionts 
(Ramirez - Llodra  et al.   2010 ; Vetter  et al.   2010 ). The com-
munities of deep - water coral reefs and vesicomyid tube 
worms exhibit clear successional stages on margins (Cordes 
 et al.   2009 ).  

   5.2.3    The  s ocietal  v alue of 
 c ontinental  m argin  h eterogeneity 

 The recent recognition of a high degree of heterogeneity 
on single margins and its infl uence on margin diversity 
offers new challenges to the assessment, management, and 
conservation of margin resources (Schlacher  et al.   2010 ; 
Williams  et al.   2010 ). It becomes essential that this hetero-
geneity is incorporated into planning for exploration, 
research, and monitoring (Levin  &  Dayton  2009 ). Habitat 
heterogeneity plays prominently in metapopulation and 
metacommunity theory, biodiversity – function relations, 
trophic dynamics, and in understanding roles of ecosystem 
engineers and invasive species. 

 Habitat heterogeneity unquestionably infl uences the key 
ecosystem services provided by the continental slope. Over 
0.62 GtC y  − 1  settles to the seafl oor on margins, of which 
0.06 GtC y  − 1  may be buried in sediments (Muller - Karger 
 et al.   2005 ). Sequestration occurs by margin biota 
and through carbonate precipitation (often microbially 
mediated). Hard bottoms, including those associated with 
methane seeps, seamounts, canyons, and coral and sponge 
reefs, are hot spots for fi shes and invertebrates and provide 
major fi sheries resource production on margins (Koslow 
 et al.   2000 ). Oil and methane gas are linked to chemosyn-
thetic environments on margins. The role of microbes 
and animals in transforming or consuming methane is of 
considerable interest, given that methane is a powerful 
greenhouse gas that contributes to global warming. 

 As we confront increasing pressures on margins from 
fi shing, mineral resource extraction, and climate change, 
there is much to be gained by combining our newfound 
understanding of margin complexity with ecological theory 
into research and management solutions (Levin  &  Dayton 
 2009 ).   

   5.3    Spatial Trends in 
Biodiversity 

 Since the discovery of a diverse deep - sea fauna, deep - sea 
biologists have debated different hypotheses to explain 
depth - related patterns of the distribution and diversity of 
benthic and demersal organisms (Rex  1981 ), in particular 
that 

   ●      the diversity reaches a maximum at mid -  to lower - slope 
depth,  

   ●      the fauna is zoned into bands according to water 
depth,  

   ●      faunal assemblages are dissimilar between depth zones 
but have a circum - margin distribution within a depth 
zone,  

   ●      and the width of the zones increases with depth.    
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 Since these observations were initially made (1880s –
 1960s), numerous data have been collected on continental 
margins, but few syntheses have been attempted. The 
COMARGE project explored several ways to test those old 
but still unresolved hypotheses. A major issue has been the 
lack of taxonomic consistency across studies. Our fi rst 
approach, thus, was to focus on two taxa that are wide-
spread on continental margins and for which there is an 
active community of deep - sea taxonomists. For squat lob-
sters, we fi rst compiled the literature and published a list 
of 800 known species (Baba  et al.   2008 ), which we have 
now analyzed to address these questions. We also gathered, 
standardized, and analyzed individual datasets on deep - sea 
nematodes to decipher the processes that defi ne global 
species distributions. The second approach was to under-
take meta - analyses across taxa from data either mined from 
the literature and available in databases, such as OBIS and 
COMARGIS, or directly provided by members of the 
COMARGE network. 

 The role of multiple large - scale oceanographic features 
that change with latitude on diversity and zonation is more 
problematic than depth effects. Certainly when shallow -
 water data predominate analysis there are latitude changes 
in the ranges of individual species (Macpherson  2002 ) and 
in species diversity (Hillebrand  2004 ). Seeking such pat-
terns below the permanent thermocline removes one of the 
major consequences of latitude. During the COMARGE 
project there has been an emphasis upon recognizing the 
high degree of local and regional heterogeneity on the 
margins. Until global - scale studies are undertaken, using a 
uniform design that examines both global and local factors, 
the actual role of latitude cannot be resolved. 

   5.3.1    Zonation and  d istribution 
on  c ontinental  m argins 

 Compared with the vast abyssal seafl oor and the relatively 
wide continental shelf the continental margin lies in 
between as a narrow ribbon of ocean bottom characterized 
by dramatic transitions. The environment goes from upper 
slope regions where limited light may actually reach the 
seabed to a seafl oor in total darkness. Except for polar and 
boreal regions, there is a sharp transition at the thermocline 
from warmer surface water to deep, cold water (typically 
less than 3    ° C). Water pressure increases continuously with 
depth. Local bottom currents are usually weaker than and 
decoupled from upper ocean circulation. Importantly, pho-
tosynthetically derived food energy in the form of sinking 
detritus becomes progressively scarcer. Therefore, it is not 
remarkable that the margin also experiences major biotic 
transitions. The upper margin experiences a sharp decline 
in continental shelf fauna as few such species extend into 
the very different habitat of deeper water. The lower 
margin transitions to one dominated by abyssal species that 

extend out across the somewhat similar, larger, but much 
more food - poor seafl oor habitat. 

 What is remarkable is that the narrow ribbon of margin 
also harbors a diverse suite of species that seem to be truly 
margin - endemic. These species occupy restricted bathy-
metric ranges along any given section of the margin, but 
often with basin - scale horizontal ranges. The overlap of 
within - margin species, shelf - to - slope, and slope - to - abyss 
transitions produces a vertical species change or turnover 
at specifi c depths that is known as bathymetric zonation 
(Carney  et al.   1983 ). The process of describing this zona-
tion is to develop a matrix of similarity values from some 
taxonomic component of the sampled fauna and then par-
tition that similarity through multivariate analyses. The 
full process of numerical analysis has several very subjec-
tive steps that alter the results. Thus, the sampled depth is 
dividing into a series of zones that seem to have relatively 
homogenous biota. 

 At the beginning of the COMARGE project, a literature 
survey was undertaken to assess the level of knowledge 
about bathymetric zonation with three primary objectives 
(Carney  2005 ). These were to determine (1) if zonation was 
the most common distribution pattern found in studies 
since the 1960s, (2) if there were global similarities in the 
zonation found, and (3) whether global correlations of 
zonation help identify most likely causes for the phenom-
ena. Six margin regions were identifi ed as more extensively 
studied within the context of specifi c investigation of 
zonation (Fig.  5.6 ): Porcupine Sea Bight, Gulf of Mexico, 
Mediterranean, Cascadia Basin in the northeast Pacifi c, and 
Chatham Rise off New Zealand. Studies in these regions, 
as well as the results from a few single studies produced 33 
regional descriptions of zonation. In a meta - analysis it was 
found that the number of zones reported increased with 
the depth range sampled (Fig.  5.7 ). Therefore, fauna under-
went species turnover at specifi c depths in all studies, and 
zonation did not stop at any depth. The width of the 
deepest zone was greater than the shallowest zone in all 
except fi ve cases (Fig.  5.8 ), suggesting some increased uni-
formity of faunal composition with depth in most regions. 
Except for the shelf - to - slope transition, the boundaries 
of zones did not coincide among the regional patterns. 
This might indicate the importance of local phenomena or 
simply be an artifact of inconsistent sampling design and 
analysis across multiple projects.   

 There was no indication that the temperature transition 
from shallow warm water to cold deeper water played a 
signifi cant role in bathymetric zonation on a global scale. 
Deep slope species did not emerge extensively into cold 
shallow water in polar surveys. Similarly, shelf species 
did not descend into the unusually warm deep water of 
the Mediterranean. The surveys on Chatham Rise had 
been undertaken in part to examine the infl uence of dif-
ferent water masses and productivity regimes on zonation. 
Unfortunately, both the faunal and oceanographic data 
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 The results of thirty - four zonation studies around the 
world were examined for common patterns. Solid 
sections were considered homogenous by the 
authors. White sections were transition regions, and 
blank areas represent unresolved gaps.  
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     Fig. 5.7 

  (A)  Although the execution of each zonation study differed greatly across locations and taxa,  (B)  the relation between maximum depth samples and homogenous 
zones recognized indicates faunal change occurs at all depths on the margin.  
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     Fig. 5.8 

 A comparison of the depth width of the uppermost and lowermost 
zones in all surveys supports the older observation that faunal change 
slows somewhat with depth producing wider zones.  

proved to be equivocal regarding the actual location of 
fronts and the environmental control of distribution. 

 The COMARGE literature review and meta - analysis of 
published conclusions confi rmed the ubiquity of bathymet-
ric zonation on all studied continental margins. Another 
key fi nding was severe limitations on the extent to which 
results from different studies can be compared. Some are 
obvious, such as inconsistent and possibly erroneous iden-
tifi cation of specimens. Smaller meio -  and macroinfauna 
comprise the most diverse and abundant metazoan compo-
nents of these systems (Rex  1981 ; Rex  et al.   2006 ). Many 
are new to science and too poorly characterized for consist-
ent identifi cation. This status makes it problematic to 
compile different datasets to produce accurate species 
ranges over basin -  and global - scale areas. The hypothesis 
that individual margin species occupy narrow depth ranges 
over large (thousands of kilometers) horizontal distances 
requires considerable future study. A less obvious problem 
is the potential effect that sampling design and data analy-
ses may have on data interpretation and conclusions. The 
placement and effort of sampling always impose artifacts 
into the patterns of distribution found. Boundaries between 
zones are often the result of uneven sampling effort at dif-
ferent depths, especially uneven depth intervals between 
sampling stations (Carney  2005 ). Furthermore, the margins 
and the abyss share a key characteristic of species diversity 
that demands consideration in future studies of zonation. 
Species inventories contain a high proportion of very rare 
organisms, where a given species may be collected only 

once in an extensive survey (Carney  1997 ). Even the most 
abundant species may represent a smaller proportion of the 
total fauna than is found in many other environments. 
When inferred from the distributions of species with a low 
frequency of occurrence, ranges appear to be narrow 
and the spatial change in fauna on the margin becomes 
exaggerated. 

 Developing a defi nitive zonation map for the global 
margins is of great practical as well as scientifi c value. The 
deep margins are already being exploited, but, because so 
many areas of the deep ocean are poorly sampled, the data 
available to regulators are limited. Regulatory agencies that 
are charged with developing science - based strategies must 
now rush to catch up with industry. One serious risk with 
this rush is oversimplifi cation, whereby regulators may 
ignore the complex set of regulations that has evolved for 
the more data - rich shallow water environment and develop 
a single set of regulations for the entirety of the deep ocean. 
The one uniting theme of COMARGE is that the continen-
tal margins are complex and heterogeneous. Zonation 
studies clearly show that the biota of the upper slope is dis-
similar from that of the middle and the lower slope. When 
zones have been mapped using appropriate sampling, 
expert taxonomy, and consistent analyses, then regulations 
can be developed that protect all of the zones present.  

   5.3.2    Exploring  d epth –  d iversity 
 t rends  a long  m argins: from  l ocal 
 p atterns to  g lobal  u nderstanding 

   5.3.2.1    Expected  d epth –  d iversity  t rends 
and  p rocesses 
 The relation between diversity and depth is of long - stand-
ing interest to deep - sea ecologists, and unraveling the 
mechanisms underlying its origin and maintenance is of 
fundamental importance to understanding the determi-
nants of deep - sea biodiversity. Rex  (1981)  was the fi rst to 
show that the diversity of dominant macrofaunal and mega-
faunal groups was unexpectedly high but peaked at inter-
mediate depths in the western North Atlantic, somewhere 
between 1,900 and 2,800   m depending on taxon. A similar 
parabolic trend was also observed in the eastern North 
Atlantic and tropical Atlantic for polychaetes (Paterson  &  
Lambshead  1995 ; Cosson - Sarradin  et al.   1998 ), thus sup-
porting the hypothesis of a biodiversity peak at mid - slope 
depth along continental margins. Contradictory patterns 
have, however, also been found (Stuart  &  Rex  2009 ). 

 In the framework of the COMARGE project, our aim 
was to question the generality of this pattern and, if con-
fi rmed, to identify environmental variables that might 
explain the relation for well - studied taxa. We gathered data 
on diversity and sampling depth from 16 cross - margin data-
sets from the Arctic, Atlantic, Pacifi c, Indian, Southern 
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Oceans, and the Gulf of Mexico, each spanning a depth 
range of 1,000 – 4,000   m (Fig.  5.9  and Table  5.1 ). Most 
datasets represented single transects across a continental 
margin. The Deep Gulf of Mexico Benthos program (Rowe 
 &  Kennicutt  2008 ) sampled multiple transects to provide 
data at a regional scale, and Stuart  &  Rex  (2009)  compiled 
diversity values for Atlantic gastropods at the ocean basin 
scale. Each diversity value was computed from a single 
quantitative sample.     

 Once the ubiquity of the diversity – depth relation had 
been tested, we set out to determine its underlying cause(s). 
Three environmental variables were tested as signifi cant 
correlates of diversity: organic carbon fl ux to the seafl oor, 
temperature, and oxygen. The choice of these variables is 
based on theoretical considerations. 

 The relation between diversity and productivity is of 
central interest to ecologists in many ecosystems including 
the deep sea (Mittelbach  et al.   2001 ; Stuart  &  Rex 
 2009 ). Past observations and models drawn primarily 
from the plant ecology literature suggest that a unimodal 
diversity – productivity relation is ubiquitous (Rosenzweig 
 1992 ; Huston  &  Deangelis  1994 ). Recent reviews, how-
ever, showed that other types of relations without defi nite 
maxima (linear increase or decrease) can be equally as 
common (Mittelbach  et al.   2001 ). For our analysis, 
estimates for surface primary productivity were obtained 
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     Fig. 5.9 

 Map of the location of datasets used in analyses of 
depth – diversity trends; see Table  5.1  for a 
description of the datasets.  

from the model of Behrenfeld  &  Falkowski  (1997) . The 
organic carbon that fuels deep - sea benthic communities 
is only a fraction of surface primary productivity, and 
it decreases exponentially with depth. Therefore, we used 
the empirical function given by Berger  et al.   (1987)  to 
estimate organic carbon fl uxes to seafl oor from surface 
primary productivity values. 

 The metabolic theory of ecology provides a theoretical 
background for diversity - temperature trends and predicts 
an exponential increase in species richness with increasing 
temperature (Allen  et al.   2002 ; Brown  et al.   2004 ). The 
prediction has been both confi rmed and contradicted by 
observations along latitudinal and longitudinal gradients 
(Allen  et al. ,  2002 ; Brown  et al.   2004 ; Hawkins  et al.  
 2007 ). Along a depth transect off Shetland Islands in the 
northeastern Atlantic, Narayanaswamy  et al.   (2005)  found 
a peak in polychaete diversity at the boundary between 
two water masses. The relation between diversity and tem-
perature was thus parabolic, though the maximum in diver-
sity was explained by the high temperature range rather 
than temperature per se. For our broad - scale analysis, we 
did not have bottom temperature data for many of the 
sampling locations that we wished to include in the analy-
sis. We, therefore, extracted data from the World Ocean 
Atlas  2005    for each sampling location. Because bottom 
temperatures in the Atlas are reported in 1 °     ×    1 °  cells, 
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  Table 5.1 

  Description of datasets used in the analyses of depth – diversity trends. Location numbering refers to numbers on the map  (Fig.  5.9 ).  

   Location  
   Depth 
range (m)     Taxa     Sampling device  

   Diversity 
index     Reference  

  1. Arctic Ocean    1246 – 4200    Nematoda        ES(51)    E. Hoste, T. Soltwedel  &  A. 
Vanreusel, unpublished data  

  2. Faroe – Shetland 
channel  

  150 – 1000    Polychaeta    Megacorer, USNEL 
box - corer, Day grab  

  ES(26)    Narayanaswamy  et al.   2005   

  3. Rockall Trough    401 – 2900    Polychaeta    USNEL box corer    ES(51)    Paterson  &  Lambshead  1995   

  4. Goban Spur    208 – 4470    Macrofaunal taxa    Circular box - corer    H ′  (log  e )    Flach  &  De Bruin  1999   

  5. Bay of Biscay    2035 – 4650    Echinodermata    Beam trawl    ES(57)    Sibuet  1987   

  6. Gulf of Mexico    213 – 3670    Polychaeta 
 Bivalvia 
 Isopoda  

  Box corer    ES(20) 
 ES(20) 
 ES(10)  

  Rowe  &  Kennicutt  2008   

  7. Southern Ocean    774 – 4976    Isopoda    Epibenthic sledge    H ′  (log)    Brandt  et al.   2004   

  8. Oman (OMZ)    400 – 3300    Macrofaunal taxa    Box corer    ES(100)    Levin  et al.   2000   

  9. Pakistan (OMZ)    140 – 1850    Polychaeta 
 Foraminifera  

  Megacorer 
 Multicorer  

  ES(100) 
 ES(100)  

  Hughes  et al.   2009  
 Gooday  et al.   2009     

  10. Off Conception (OMZ)    365 – 2060    Macrofaunal taxa    Multiple box - corer    ES(10)    Palma  et al.   2005   

  11. Off Chiloe    160 – 1961    Macrofaunal taxa    Multiple box - corer    ES(10)    Palma  et al.   2005   

  12. Atlantic Ocean    119 – 5216    Gastropoda    Epibenthic sledge    ES(50)    Stuart  &  Rex  2009   

we selected the deepest nearby value as an estimate of 
temperature near the seafl oor. 

 The effect of low oxygen on diversity is obvious in areas 
where hypoxia imposes a physiological stress on metazo-
ans, such as in OMZs. Oxygen may have a major impact 
on deep - sea biodiversity below a threshold value of 
0.45   m   l  − 1  (Levin  &  Gage  1998 ). We therefore predicted a 
positive, logarithmic relation between diversity and oxygen, 
and, to test this prediction, we extracted oxygen values 
from the World Ocean Atlas  2005    as described for 
temperature.  

   5.3.2.2    Observed  d epth –  d iversity  t rends 
and  p otential  d rivers 
 Plots of diversity as a function of depth for each dataset 
show that in most cases they were signifi cantly correlated 
and, except in the Goban Spur region, a parabolic curve 
provided the best data fi t (Table  5.2  and Fig.  5.10 ). Devia-
tions from a common pattern of mid - slope depth maximum 
in diversity are particularly striking for oxygen minimum 
zones. Diversity and depth were not correlated off the 
coasts of Conception, Oman, and Pakistan. The parabolic 

curves were actually inverted from the predicted pattern. 
Foraminiferans and polychaetes in these cases showed a 
diversity minimum at mid - slope depth, which coincided 
with the core of the OMZ (Gooday  et al.   2009 ; Hughes 
 et al.   2009 ). The unimodal relation between diversity and 
depth held true at a regional scale in the Gulf of Mexico 
for polychaetes, isopods, and bivalves but not at an ocean 
scale for gastropods. The discrepancy in depth – diversity 
trends at different spatial scales may simply refl ect the fact 
that depth, or pressure, is not the main factor driving the 
pattern but rather provides a natural interaction term for 
many environmental variables that co - vary with depth 
among but not across regions (Levin  et al.   2001 ; Stuart 
 &  Rex  2009 ). The fact that multiple environmental vari-
ables and depth are often strongly correlated raises the 
problem of multicollinearity in multiple regression models 
(Graham  2003 ). To limit potential artifacts, we correlated 
diversity with organic carbon fl uxes, temperature, and 
oxygen at regional to ocean scales only (Table  5.3 ). For 
polychaetes, bivalves, and isopods in the Gulf of Mexico, 
as well as gastropods in the Atlantic Ocean, the diversity –
 productivity trend is unimodal and peaks at  ca . 10 –
 15   gC   m  − 2    year  − 1 , but it only explains a small portion of the 
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  Table 5.2 

  Adjusted  R  2  for linear, log - linear (ln) and quadratic regression models of diversity as a function of depth.  NS , not signifi cant. 

   Datasets     Diversity     =     f(depth)     Diversity     =     f(ln(depth))     Diversity     =     f(depth 2 )  

  1. Arctic Ocean    0.44  *  *  *      0.35  *  *      0.56  *  *  *    

  2. Faroe – Shetland    0.42  *  *  *      0.32  *  *  *      0.42  *  *  *    

  3. Rockall Trough    NS    NS    0.60  *  *  *    

  4. Goban Spur    NS    0.45  *      NS  

  5. Bay of Biscay    NS    NS    NS  

  6. Gulf of Mexico: Polychaeta    0.22  *  *  *      0.12  *  *      0.31  *  *  *    

  6. Gulf of Mexico: Bivalvia    NS    NS    0.33  *  *  *    

  6. Gulf of Mexico: Isopoda    NS    NS    0.36  *  *  *    

  7. Southern Ocean    NS    NS    0.34  *    

  8. Oman    NS    NS    NS  

  9. Pakistan: Foraminifera    0.34  *      NS    0.41  *    

  9. Pakistan:Polychaeta    NS    NS    0.93  *  *  *    

  10. Off Conception    NS    NS    NS  

  11. Off Chiloe    NS    NS    NS  

  12. Atlantic Ocean    NS    NS    NS  

    *     p     <    0.05;  
   *  *     p     <    0.01;  
   *  *  *     p     <    0.001.   

variance (Fig.  5.11  and Table  5.3 ). Diversity values are 
especially variable at the lower end of the productivity 
gradient. Interestingly, temperature was the best predictor 
of diversity at a global scale. The parabolic relation is 
heavily driven by low diversity values at temperatures 
below 0    ° C in the Norwegian Sea (Fig.  5.12 A); however, 
the depressed diversity in the deep Norwegian basin may 
be driven by isolation from the deep Atlantic that has 
slowed recolonization following the last glaciation and 
catastrophic slides 6,000 – 8,000 years ago (Bouchet  &  
War é n  1979 ; Rex  et al.   2005 ). When data from the Nor-
wegian Sea are removed from the analysis, the parabolic 
relation between diversity and temperature is still statisti-
cally signifi cant (Fig.  5.12 B), but explains a much smaller 
portion of variance ( p     =    0.02, adjusted  R  2     =    0.08). This 
type of collinearity and confounding among ecological, 
historical, and biogeographic drivers underlines interplay 
between local and regional processes that may prove the 
most diffi cult to control in quantitative models of large -
 scale diversity patterns.      

   5.3.2.3    Limitations and  p rospects for 
 l ocal and  g lobal  a nalyses 
 As for other large - scale biodiversity patterns on Earth, deci-
phering depth – diversity trends may provide clues on which 
mechanisms structure biological communities, but patterns 
and processes are challenging to establish. The shape of the 
pattern is better described at local to regional scales because 
depth provides a natural interaction term for processes 
that act on benthic diversity. Although not the only pattern 
observed, a unimodal pattern is the most common outcome. 
Nonetheless, the collinearity of factors reduces the sensitiv-
ity of analyses designed to separate and quantify true pre-
dictors against confounding and potentially irrelevant 
variables. For this reason, meta - analyses at global scale 
might prove more useful. The single ocean - scale dataset 
included in this analysis suggests that the diversity of 
gastropods may be partly explained by geographic varia-
tions in food supply and temperature. It should be noted, 
however, that in addition to multicollinearity, there is also 
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     Fig. 5.10 

 Plots of diversity as a function of depth and best - fitted regression models when statistically significant; see Table  5.2  for results of the regression models.  
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     Fig. 5.11 

 Plots of diversity as a function of particulate organic carbon fluxes and 
best - fitted regression models when statistically significant; see Table 
 5.3  for results of the regression models.  
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     Fig. 5.12 

 Plots of gastropod diversity in the Atlantic Ocean as a function of 
temperature and quadratic regression model  (A)  with data from the 
Norwegian Sea,  (B)  without data from the Norwegian Sea. See text for 
details.  

  Table 5.3 
  Adjusted  R  2  for linear, loglinear (ln), exponential (exp), or quadratic regression models of diversity as a function of  POC  fl uxes, oxygen, and temperature on the seafl oor.  NS , not 
signifi cant. 

   Datasets  
   Diversity     
=     f(POC flux)  

   Diversity     
=     f(POC flux  2  )  

   Diversity     
=     f(O 2 )  

   Diversity     
=     f(ln(O 2 ))  

   Diversity     
=     f(  T  )  

   Diversity     
=     f(exp(  T  ))  

   Diversity     
=     f(  T     2   )  

   Diversity     
=     f(POCflux  2    +   
 ln(O 2 )  +  T  2  )  

  6. Gulf of Mexico 
 –  Polychaeta  

   R  2     =    0.06  *       R  2     =    0.14  *  *      NS    NS    NS    NS    NS    NS  

  6. Gulf of Mexico: 
Bivalvia  

       R  2     =    0.20  *  *      NS    NS    NS    NS        0.18  *    

  6. Gulf of Mexico: 
Isopoda  

   R  2     =    0.20  *  *       R  2     =    0.20  *  *      NS    NS    NS    NS    0.11  *      0.43  *  *  *    

  12. Atlantic Ocean     R  2     =    0.05  *       R  2     =    0.05  *      NS    NS    NS    0.06  *      0.26  *  *  *      0.28  *  *  *    

    *     p     <    0.05;  
   *  *     p      <     0.01;  
   *  *  *     p      <     0.001.   

concern that the spatial and temporal resolution of avail-
able environmental data may limit the utility of these meta -
 analyses. First, in the World Ocean Atlas, data are reported 
at grid cells of 1 °     ×    1 ° . At this scale, a steep continental 
slope at a given locale is only spanned by one or at best 
two cells, thus potentially masking any down - slope gradient 
in oxygen or temperature. Second, whereas the spatial reso-
lution of surface primary productivity is much better ( ca . 

20   km), the size and position of the benthic catchment areas 
that contribute food to particular benthic sites are unknown 
(Stuart  &  Rex  2009 ). Furthermore, lateral inputs of food 
by cross - slope currents are largely unknown and, therefore, 
ignored. Finally, the environmental data considered here 
represent mean annual values over one or two years. Sea-
sonal, annual, or inter - annual variation is not considered. 
The advent of ocean biodiversity informatics (Costello  &  
Vanden Berghe  2006 ), coupled with higher resolution 
global ocean models (see, for example, Chassignet  et al.  
 2006 ) as well as refi ned estimates of particulate organic 
carbon fl uxes to the seafl oor (see, for example, Seiter  et al.  
 2005 ) will eventually improve these fi rst predictions on the 
extent to which these contemporary ecological processes 
drive diversity patterns.    
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   5.4    Human Influence on 
Continental Margin 
Ecosystems 

 Fifty years ago, as the study of margin ecology began the 
transition from a descriptive low - resolution to a process -
 oriented, high - resolution endeavor, there were few recog-
nized environmental threats to the deep sea. In contrast, 
today, many COMARGE participants are currently actively 
advising on the environmental management of the deep. 
Although deep - sea ecology has advanced signifi cantly in the 
past 10 years, there is much that we still do not know about 
this vast realm. A great need remains to inform resource 
developers, policy makers, and even scientists about the 
diverse life and ecosystems in the deep once thought to be 
azoic. Deep - sea exploitation is being planned and pursued 
in the absence of adequate environmental knowledge to 
ensure protection. 

   5.4.1    Direct  h uman  i ntrusions in 
the  d eep -  s ea 

 The impacts of human land - based activities have generally 
been ignored in the deep sea, but continental slope envi-
ronments are often closely coupled to events on land. For 
instance, the composition of sediments in deep water on 
continental margins is affected directly by drainage areas 
on land (see, for example, Soh  2003 ). Toxic wastes such as 
dichlorodiphenyltrichloroethane (DDT) and polychlorin-
ated biphenyls (PCBs) may eventually concentrate into 
tissues of deep - sea organisms (Arima  et al.   1979 ; Sol é  
 et al.   2001 ; Thiel  2003 ; Storelli  et al.   2007 ) after accumu-
lating in coastal deposits (Managaki  &  Takada  2005 ) that 
are transported to the deep sea through canyons and down 
slopes. Continental margins are, thus, depositional centers 
for pollutants produced by human activities. Additional 
contaminants in the deep sea include fl uorescent whiten-
ing agents (FWAs) that have been detected in high concen-
trations in sediments at 1,450   m in Sagami Bay (Managaki 
 &  Takada  2005 ), industrial lead in canyon systems 
(Richter  et al.   2009 ), and trace metals in deep - sea canyon 
sediment cores that have been correlated with metal inputs 
associated with industrial activities (Palanques  et al.   2008 ). 

 Demersal fi shing has signifi cant impacts on deep - sea eco-
systems. The depletion of shallow water fi sheries has pro-
gressively pushed fi shing activity into deeper water (Davies 
et al.  2007 ; Koslow et al.  2000 ). Compared with their 
shallow - water counterparts, the growth rates of several 
commercially valuable deep - sea fi sh species are much 
slower, they mature at a late age, their fecundity is much 
lower, and they exhibit extreme longevity. Collectively, 
these traits make them extremely sensitive to sustained 
fi shery (Gordon  2005 ). Because many deep - water fi shes, 

both target and by - catch species, migrate over a wide depth 
range, demersal trawling affects not only the actual depths 
fi shed ( ca . 1,600   m) but also extends into deeper waters up 
to at least 2,500   m (Bailey  et al.   2009 ). Individual fi shing 
vessels can impact a 100   km 2  area of the seabed in a single 
10 - day fi shing expedition (Hall - Spencer  et al. ,  2002 ). 
Demersal fi shing has a particularly signifi cant effect on 
epifaunal coral and sponge habitats (Freiwald  et al.   2004 ; 
Wheeler  et al.   2005 ; Davies  et al.   2007 ; Reed  et al.   2007 ; 
UNEP  2007 ). 

 The mining of massive polymetallic sulfi des and cobalt -
 rich ferromanganese crusts is becoming increasingly attrac-
tive from an economic perspective. Although many potential 
mineral reserves occur on distant mid - ocean ridges, some 
of the largest deposits, and those that might be developed 
fi rst, occur in back - arc rifts and rocky terrain in continental 
slope settings (ISA  2002 ). These deposits can be rich in 
gold, copper, zinc, and silver. The demand for metals from 
developing nations is expected to rise, raising concerns 
about the environmental management of near - future 
mining operations (Halfar  &  Fujita  2008 ). 

 The extraction of hydrocarbons from the deep seafl oor 
will have predictable impacts. Drill cutting spoil may 
smother organisms, cause organic enrichment, and release 
toxic chemicals (Currie  &  Isaac  2005 ; Jones  et al.   2006, 
2007 ; Santos  et al.   2009 ). The effects of exposure to con-
taminants on deep - sea species is poorly known (Skadsheim 
 et al.   2005 ). Drill cuttings may pose a greater local environ-
mental hazard in the deep sea than in shallow water because 
recovery rates will be lower (Glover  &  Smith  2003 ). 

 Other commercial developments may have a profound 
effect on deep - sea ecosystems. These include the sub - 
seabed storage of CO 2 , water column and sediment surface 
CO 2  disposal, the use of methane hydrates, submarine mine 
tailing disposal, bioprospecting and artifi cial iron fertiliza-
tion of surface waters (Glover  &  Smith  2003 ; UNEP  2007 ). 
Experimental studies on the effects of CO 2  on benthic 
organisms have been equivocal (Bernhard  et al.   2009 ; Rick-
etts  et al.   2009 ; Sedlack  et al.   2009 ). The disposal of mine 
waste from land into the deep sea, in some cases down 
canyon systems, has received surprisingly little study (Ellis 
 2001 ), although in shallow water the activity has signifi cant 
smothering and trace metal effects on fauna.  

   5.4.2    Climate  c hange 

 The increasing level of CO 2  in the atmosphere over the past 
century has created a cascading set of effects on ocean 
environments. Increased atmospheric CO 2  can act as a fer-
tilizer or as a greenhouse gas that warms and increasingly 
stratifi es and acidifi es the ocean. Concomitant effects of 
warming include reduced turnover of oxygen and destabi-
lization of gas (methane) hydrates. Elevated CO 2  in sea-
water lowers pH and leads to dissolution of carbonate. 
With its natural steep gradients in water temperature, 
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salinity, density, and oxygen, the continental margins may 
exhibit the most pronounced effects of climate change. 

   5.4.2.1    Ocean  w arming 
 Global ocean temperature has risen by 0.1    ° C from 1961 to 
2003 and may rise by another 0.5    ° C over the next century 
(IPCC  2007 ). Ocean warming leads to melting of polar ice 
caps and increased density stratifi cation. Strati fi cation of 
the world ’ s oceans is increasing, with the greatest change 
in the North Pacifi c. Consequences include decreased 
surface productivity and organic matter fl ux to the seabed, 
as well as reduced mixing of oxygen from surface waters 
to the interior. Reduced mixing of oxygen is partly respon-
sible for the expansion of OMZs in the world ’ s tropical 
oceans (Stramma  et al.   2008 ). The expansion of OMZs will 
lead to habitat compression in species of plankton and 
fi shes and strong changes in species habitat availability on 
the upper margins. The stratifi cation of the upper ocean 
and the increase in the extent of OMZs further alter the 
fl ux of materials to the seabed and, thus, impact benthic 
boundary layer communities indirectly. 

 Gas hydrates are present along many of the world ’ s most 
productive continental margins. The stability of gas hydrate 
is determined by temperature and pressure (Hester  &  
Brewer,  2009 ). Warming will decrease stability and may 
lead to massive dissolution and release of methane into the 
ocean, although much of this methane is likely to be oxi-
dized by bacteria. Large - scale methane release events are 
considered to have modifi ed past climate conditions (the 
clathrate gun hypothesis (Kennett  et al.   2003 )). Such 
releases could trigger slope instabilities but also might 
increase resource availability for slope chemosynthetic 
communities. 

 Additional effects of warming may include range expan-
sions and contractions. Examples include the Humbolt 
(jumbo) squid ( Dosidicus gigas ), which follows low oxygen 
waters northward from Mexico in the eastern Pacifi c and 
are now routinely found off Oregon, Washington, and 
Alaska (Zeidberg  &  Robison  2007 ). Increasing tempera-
tures may lead species to seek cooler refugia in canyons or 
down slope. The steep topography of some margins could 
facilitate range shifts in response to changes in temperature 
and oxygenation, given that only small distances are 
required to migrate to suitable conditions. 

 Less predictable, but also a likely effect of increasing 
surface temperatures, is a weakening or shifting of ocean 
circulation (Toggweiler  &  Russell  2008 ) leading to dif-
ferent connectivity between populations and, thus, faunal 
distributions. Certainly, long - term monitoring of deep - sea 
benthic communities has shown distinct changes in the 
population size of benthic Foraminifera in relation to 
changes in organic fl ux. For instance, in Sagami Bay during 
El Ni ñ o years between 1996 and 1998 average abundance 
decreased from 4,000 individuals per 10   cm 2  to 2,000 
individuals per 10   cm 2  (Kitazato  et al.   2003 ).  

   5.4.2.2    Ocean  a cidification on  m argins 
 Although the ocean is seen as a sink for atmospheric 
CO 2  that has absorbed one - third of the anthropogenic 
CO 2  added to the atmosphere, the ocean carbonate system 
is slowly being disrupted by this uptake. Enhanced   pCO2 
has decreased pH in the water column by 0.1 unit since 
1750 (IPCC  2007 ). This  “ acidifi cation ”  effect leads to a 
lowered calcium carbonate saturation state and is par-
ticularly severe in colder waters. On northeast Pacifi c 
margins, some of this  “ corrosive ”  water is upwelled onto 
the shelf (Feely  et al.   2008 ). Deep - water coral reefs are 
highly susceptible to changes in carbonate saturation 
because their aragonite skeletons are a particularly soluble 
form of CaCO 3  (Davies  et al.   2007 ). Coral distributions 
already refl ect the acidic conditions in the north Pacifi c 
(Guinotte  et al.   2006 ), but the entire ecosystem could 
be threatened by acidifi cation (Turley  et al.   2007 ). Simi-
larly the magnesium calcite in skeletons of echinoderms 
represents another easily dissolved form of carbonate. 
As acidifi cation continues to worsen, mollusks, foraminif-
erans, and other calcifying taxa could also be affected. 
Notably, low oxygen waters are also low in pH since 
the respiration processes that deplete oxygen also elevate 
CO 2 . Thus, expansion of hypoxic waters will also bring 
the stresses associated with acidifi cation.    

   5.5    Achievements and 
Perspectives: The Unknown 
Aspects of Margin 
Biodiversity 

 Our new, higher - resolution view of the continental margins 
reveals ecosystems that are unique on Earth. Because con-
tinental margins are habitat ribbons that stretch almost 
continuously along all continents, a diverse array of envi-
ronmental forcing factors occurs over very small distances. 
Not so surprisingly, they might harbor among the most 
diverse faunal communities on Earth. Continental margins 
cross wide latitudinal and longitudinal swaths, and, when 
considered in tandem with adjacent trenches, represent the 
highest variations in depth on Earth, thus crossing gradients 
in pressure, temperature, oxygen, currents, and food inputs. 
Moreover, these large - scale gradients are superimposed 
over a wide range of heterogeneous habitats such as cold 
seeps, cold corals, canyons, and OMZs, often with their 
own sets of environmental drivers. These hot spots provide 
exceptions to the rule of a detritus - based, muddy ecosystem 
and undoubtedly enhance biodiversity at regional scale. 
They also provide natural experiments for future study 
to decipher the processes underlying species distributions 
and diversity patterns across habitats. It is this integrated 
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approach of continental margin ecosystems, both in 
terms of fauna, environmental drivers, and habitats that 
COMARGE has fostered. This is also the approach needed 
to describe, predict, and mitigate changes due to human 
activities. 

 Through COMARGE, its current participants and future 
marine ecologists are better prepared to increase knowl-
edge of the system and meet the demands of science - based 
ocean management. We recognize four critical unknowns 
that could become knowns, and one major habitat, the 
trenches, that has been disregarded but is now within sight 
of new underwater vehicles (Jamieson  et al.   2010 ). The fi rst 
practical unknown is consistent and correct species identi-
fi cation. Some progress is being made toward synthesizing 
what is known. Species name compilation accelerated 
toward the end of the twentieth century through today, 
with most effort being directed toward WoRMS (World 
Register of Marine Species: www.marinespecies.org). In 
many cases, however, comparisons across margin datasets 
remain impossible, severely limiting integration across hab-
itats and regions. This situation is caused by the taxonomic 
challenges of the high species richness of the margin com-
bined with declining taxonomic expertise. In addition, the 
vast geographical coverage of continental margins and the 
diffi culty in accessing them has limited sampling coverage. 
A large part of the margin taxa is new to science and 
remains undescribed. For example, surveys of the Austral-
ian margins have shown that 90% of 365 species of eastern 
slope isopods (Poore  et al.   1994 ) and 30% of 524 western 
slope decapods (Poore  et al.   2008 ) are undescribed. 
Research expeditions on the continental margin rarely 
target biodiversity studies or taxonomy specifi cally, espe-
cially as political considerations are increasingly important 
in funding decisions. The inventory of margin species 
remains far from complete. 

 A second key unknown is related to the fi rst. The conti-
nental margin is among the least understood of the marine 
realms biogeographically. Horizontal or geographical distri-
bution patterns are much less understood than depth - related 
patterns. Surprisingly little information is available about 
physical and environmental indicators and species composi-
tion on which to base biogeographic units on the continen-
tal slope. The Census data compilation project, OBIS, goes 
some way to overcoming this limitation. The Global Open 
Oceans and Deep Seabed (GOODS) biogeographic classifi -
cation recognizes 14 lower bathyal provinces defi ned in 
terms of geographic or ocean current boundaries (within the 
depth range 800 – 3,000   m) on continental slopes and oceanic 
ridges (Fig. 7 in UNESCO  2009 ): Arctic, Northern North 
Atlantic, Northern North Pacifi c, North Atlantic, Southeast 
Pacifi c Ridges, New Zealand - Kermadec, Cocos Plate, Nazca 
Plate, Antarctic, Subantarctic, Indian, West Pacifi c, South 
Atlantic, and North Pacifi c. The GOODS biogeographic 
classifi cation did not address upper bathyal depths of the 
slope (200 – 800   m), off - shelf areas within marginal seas, and 

semi - enclosed ocean basins. The UNESCO report acknowl-
edged the need for more species distribution data, improve-
ment of the scientifi c basis for biogeographic classifi cation, 
and greater integration of biodiversity data and independent 
datasets. The question of whether slope species are concen-
trated in biodiversity  “ hot spots ”  remains largely unan-
swered, but a correlation between species richness and 
habitat complexity is expected. Biogeographic studies of 
slope specialist taxa that incorporate an evolutionary com-
ponent are rare. The evolutionary – historical legacy remains 
virtually unknown though there is increasing evidence that 
it may play an important role in present - day species distri-
bution and diversity patterns. Evidence is emerging from 
taxonomic syntheses, some supported by COMARGE, of 
some taxa, such as bathyal squat lobsters (Machordom  &  
Macpherson  2004 ), deep - water scleractinian corals (Cairns 
 2007 ), and nematodes (A. Vanreusel  et al.  unpublished 
data) that the centre of species richness for bathyal faunas is 
the same as that for shallow water, namely the Indo - West 
Pacifi c  “ coral triangle ” . 

 A third unknown is how bathyal communities change 
over ecological timescales. This need is particularly relevant 
to the assessment of human impacts on continental margins, 
noting that natural and anthropogenic signals cannot be 
dissociated. Therefore, there is a strong need for the devel-
opment of observatory tools for continuous monitoring of 
bathyal environments and their biological communities. 

 A fourth unknown is the resilience of margin ecosystem 
functioning when impacted by natural and anthropogenic 
perturbations. Ecosystem functioning and dynamics in 
particular need to be addressed at population - community 
and ecosystem levels (Levin  &  Dayton  2009 ). A positive 
exponential relation between diversity and ecosystem func-
tioning has recently been shown for deep - sea nematodes 
(Danovaro  et al.   2008 ). So far, such a diversity – function 
relation is unique (Loreau  2008 ) and suggests that ecosystem 
functioning might quickly collapse in response to biodiver-
sity loss in the deep sea. Further investigations and experi-
ments are needed to corroborate these fi ndings for various 
habitats and taxa in natural and stressed communities. They 
also stressed the need for an understanding of recovery pro-
cesses after a system has collapsed, including the larval dis-
persal, supply, settlement, and recruitment processes that 
control the connectivity between populations. 

 To meet these and additional emerging needs, there 
must be more sampling undertaken in the context of 
optimal biogeographic design. There must be increased 
support of taxonomy including informatics and new tech-
nologies. Access to the ocean via HOV (human occupied 
vehicle), ROV, AUV, and cables must be increased on all 
margins. And, there must be more effective use of experi-
mentation to understand the causes of patterns. Interna-
tional collaborations as those initiated by COMARGE and 
an increased partnership with the industry are desirable to 
achieve these goals. 
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 A conclusion to COMARGE is yet premature. In just 
four years the project has underscored the complex inter-
play of large oceanographic features and habitat heteroge-
neities, acting at a hierarchy of spatial scales to shape 
distribution and diversity patterns. COMARGE has 
fostered a holistic understanding of continental margin 
ecosystems, enhancing international collaborations and 
increasing the standardization of methodologies that now 
translates in sampling schemes and cruises specifi cally 
addressing its overarching question. Beyond continental 
margins, the fi ve Census deep - sea projects (Abyssal Plains 
(CeDAMar), Seamounts (CenSeam), Vents and Seeps 
(ChEss), Continental Margins (COMARGE), Mid - ocean 
Ridges (MAR - ECO); see Introduction for defi nitions) initi-
ated a large data - mining endeavor in the framework of the 
synthesis project SYNDEEP (Towards a First Global Syn-
thesis of Biodiversity, Biogeography, and Ecosystem Func-
tion in the Deep Sea) to tackle similar issues across all 
deep - sea habitats. In the years to come, these initiatives will 
further explore the cumulative and synergetic effects of 
species turnover among and across habitats to provide new 
insights on diversity maintenance and ecosystem function-
ing in the deep sea. Meanwhile, ongoing global analyses on 
the distribution of ecologically signifi cant taxonomic groups 
will provide clues on the biogeography and phylogeogra-
phy of the margin fauna thus placing contemporary diver-
sity patterns in an historical context. A holistic view of 
continental margin ecosystems also has to consider anthro-
pogenic impacts. By 2010, COMARGE will provide the 
fi rst comprehensive map of the footprint of human activi-
ties on the northeast Atlantic margins. Altogether, a better 
understanding of habitat heterogeneity and assessment of 
human impacts will be brought to bear on management and 
conservation efforts on continental margins.  
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    6.1    Introduction 

 The network of mid - ocean ridges constitutes the largest 
continuous topographic feature on Earth, 75,000   km long 
(Garrison  1993 ). Some of the known chemosynthetic eco-
systems (Chapter  9 ) in these deep seafl oor habitats have 
been relatively well studied, but remarkably little is known 
about ridge - associated pelagic and benthic fauna that are 
sustained by photosynthetic production in association with 
mid - ocean ridges (Box  6.1 ). This knowledge gap inspired 

the initiation of the multinational fi eld project  “ Patterns 
and Processes of the Ecosystems of the Northern Mid - 
Atlantic ” , MAR - ECO (Bergstad  &  God ø   2003 ; Bergstad 
 et al.   2008c ). Extensive investigations were conducted 
along the Mid - Atlantic Ridge between Iceland and the 
Azores (Fig.  6.1 ) with the aim to  “ describe and understand 
the patterns of distribution, abundance, and trophic rela-
tionships of the organisms inhabiting the mid - oceanic area 
of the North Atlantic, and to identify and model ecological 
processes that cause variability in these patterns ” . Com-
pared with other mid - ocean ridge sections the Mid - Atlantic 
Ridge region under consideration is special in that it is 
shallow and emerges at both ends with islands, namely 
Iceland and the Azores. There have been fi sheries since the 



    In 1910, the R/V  Michael Sars  expedition across the North 
Atlantic (Murray  &  Hjort  1912 ) revealed markedly elevated 
abundance and species numbers in shallow mid - ocean 
areas, including approximately 45 fish species and well 
over 100 invertebrates new to science, many of which came 
from what later would be recognized as the Mid - Atlantic 
Ridge (MAR). 

 The general bathymetry of the North Atlantic mid - ocean 
ridge was mapped by the early 1960s and studies of 
oceanic circulation across the ridge and deep water flow 
through the Charlie Gibbs Fracture Zone (CGFZ) were well 
advanced by the start of MAR - ECO field work (see, for 
example, Krauss  1986 ; Rossby  1999 ; Bower  et al.   2002 ). 
Gradually improved bathymetric data revealed the axial 
valley, numerous hills and valleys, and major fracture zones 
reaching abyssal depths. Circulation features are shown in 
Figure  6.1 , including the Sub - Polar Front (SPF), which 
crosses the ridge in the vicinity of the CGFZ at around 52 °    N 
and may be significant to biogeography. 

 The SPF separates the Cold Temperate Waters Province 
(CTWP), and the Warm Temperate Waters Province (WTWP), 
defined by The Oslo – Paris Commission (OSPAR) based on 
extensive reviews of the regional biogeography data (Dinter 
 2001 ). Provinces defined by Longhurst  (1998)  were mainly 
based on surface features, one of them being an east – west 
asymmetry in the diversity patterns of zooplankton in the 
central North Atlantic (Beaugrand  et al.   2000, 2002 ). Bioge-
ography of the bathyal benthic fauna at the northern MAR 
was addressed in recent studies of the Reykjanes Ridge 
and seamounts south of the Azores (Mironov  et al.   2006 ), 
but almost no data were available from the CGFZ - to - Azores 
section of the MAR. On the ocean - basin scale, Mironov 
 (1994)  proposed the concept of  “ meridional asymmetry ” : 
specifically, that some western Atlantic species are widely 
distributed in the Azorean - Madeiran waters whereas the 
eastern Atlantic benthic invertebrates are confined (with very 
rare exceptions) to the East Atlantic. 

 Pelagic and demersal nekton of the northern MAR were 
investigated by various historical expeditions that crossed 
the North Atlantic (see, for example, Murray  &  Hjort  1912 ; 
Schmidt  1931 ; T å ning  1944 ), and later by the Atlantic Zoog-
eography Program (Backus  et al.   1977 ), and German expe-
ditions to the mid - ocean and seamounts (see, for example, 
Post  1987 ; Fock  et al.   2004 ). Information existed on the 
distribution of cephalopods at various specific locations in 
the Atlantic (Vecchione  et al.   2010 ), revealing general lati-
tudinal patterns and information from isolated seamounts, 
but none were focused on the MAR. Although the fish fauna 
and general distribution patterns of deepwater fishes of the 

northern Atlantic Ocean had been described (see, for 
example, Whitehead  et al.   1986 ; Haedrich  &  Merrett  1988 ; 
Merrett  &  Haedrich  1997 ), surprisingly few previous studies 
have focused specifically on the role of the mid - oceanic 
ridges in the distribution and ecology of either pelagic or 
demersal fishes. Studies from the Azores have shown very 
low endemism, and that most species have distributional 
affinities with the eastern Atlantic and the Mediterranean 
(Santos  et al.   1997 ; Menezes  et al.   2006 ). Considerable 
knowledge of fishes associated with ridge systems has 
been gained from fisheries - related research (Bergstad  et 
al.   2008b, c ), but most reports focused strongly on target 
species and usually on only the shallower parts of the ridge 
and specific seamounts. Only in exceptional cases have full 
species lists of the catches been published (see, for 
example, Hareide  &  Garnes  2001 ; Kukuev  2004 ). Areas of 
the northern MAR have been, and still are, exploited for fish 
species such as redfish ( Sebastes  spp.) (Clark  et al.   2007 ). 
Pelagic fisheries of the open ocean have targeted tuna, 
swordfish, and sharks that tend to be found near fronts, 
eddies, and islands. Whales also occur in such areas 
(Sigurj ó nsson  et al.   1991   ) and, like the epipelagic fishes, 
they migrate extensively, perhaps associated with the MAR. 

 Life - history strategies had not been studied for any 
species on the MAR, but information was available for 
some species on adjacent seamounts or continental 
slopes. These data constituted valuable comparative 
sources for new studies of the diversity of life - history 
strategies characterizing ridge - associated species. 

 Knowledge of large - scale distributions across and along 
the MAR was lacking for most pelagic and demersal macro -  
and megafaunal groups. Basin - wide population connec-
tions were also unknown. It was uncertain whether the 
MAR fauna was unique or composed of elements from 
the adjacent continental slopes. 

 MAR food webs were unknown, except for a few studies 
along the Reykjanes Ridge, and life - history information was 
only available for a very limited number of zooplankton taxa 
(copepods, mainly  Calanus  spp.), but lacking for most 
other species. The general trophic positions of some 
common zooplankton species, primarily copepods, amphi-
pods, and euphausiids, inhabiting the epi -  and upper mes-
opelagic layers above the Reykjanes Ridge have been 
described (Magnusson  &  Magnusson  1995 ; Petursdottir  et 
al.   2008 ). Also, the spawning aggregations of redfish con-
fined to the western slopes of the Reykjanes Ridge suggest 
that this is a productive area (Pedchenko  &  Dolgov  2005 ). 
However, no information existed on how the MAR affects 
productivity or abundance of mesopelagic organisms.  

 Historical Context  

  Box 6.1 
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     Fig. 6.1 

 Bathymetry and main circulation features of the 
North Atlantic.  

1970s, and the information available suggested high biodi-
versity and a strong potential for new discoveries.     

   6.1.1    The  MAR  -  ECO   p roject 

 MAR - ECO was conceived as the fi rst comprehensive inter-
national exploration of a substantial section of the global 
mid - ocean ridge system. Working in mid - ocean waters at 
great depths and in rugged topography is technologically 
challenging and expensive. MAR - ECO ’ s strategy was to 
mobilize a cadre of experts, using a variety of instruments 
and ships from several countries, to achieve the research 
capacity to meet the many and varied challenges. The 
 “ fl agship ”  expedition for this project was conducted by 
R/V  G.O. Sars  during summer 2004, with concurrent 
longline fi shing by F/V  Loran , but several other cruises 
both before and after have contributed substantially as 
well (www.mar - eco.no). Using multiple technologies on 
the same platform provides more comprehensive results 
and enhances the potential for new discoveries. Our goal 
was to sample and/or observe organisms ranging in size 

from millimeters to meters (for example small zooplankton 
to whales), hence many types of sampler were used (Fig. 
 6.2 ). To sample all relevant depths, the technologies 
needed to function from surface waters to at least 3,500   m, 
preferably as deep as 4,500   m to reach the bottom of the 
deepest valleys. Along with the sampling of biota, hydro-
graphic data were collected to characterize the physical 
and chemical environment. In addition to ships, other 
platforms such as manned and unmanned submersibles, 
moored instruments, and benthic landers were adopted. 
These instruments used optics and acoustics, and some 
were deployed for long periods to collect temporal data 
for certain taxa or selected features. Detailed accounts of 
technologies and methods and sampling strategies for the 
different taxa and functional groups were given by 
Wenneck  et al.   (2008) , Gaard  et al.   (2008) , and in many 
papers describing results of analyses (see, for example, 
several papers in Gebruk  (2008a)  and Gordon  et al.  
 (2008) ). Those references also describe methods used in 
the post - cruise analyses of taxonomy and systematics, 
trophic ecology, and life - history strategies.     
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 Technologies and their spatiotemporal sampling scales.  

   6.2    Discoveries 

   6.2.1    Hydrography 

 Composite remote - sensing images were prepared to iden-
tify the location of the SPF in relation to location of the 
ridge (S ø iland  et al.   2008 ). From these and ship - board 
sampling, four different hydrographic regions were identi-
fi ed in the surface layers. North of 57 °    N on the Reykjanes 
Ridge, Modifi ed North Atlantic Water dominated. Between 
57 °    N and the SPF there was Sub Arctic Intermediate Water. 
South of the SPF, North Atlantic Central Water traverses 
the ridge in the general eastward fl ow of the North Atlantic 
Current but mixing with Sub Arctic Intermediate Water 
forms in a complex pattern of eddies to south of 50 °    N. The 
southern boundary of the SPF was thus very indistinct, 
containing many features with patches of high productivity 
and high abundances.  

   6.2.2    Identification and 
 d istribution of the  f auna 

   6.2.2.1    Faunal  c omposition and 
 b iodiversity 
 The number of species recorded in the samples from the 
two - month 2004 expedition by R/V  G.O. Sars  and F/V 
 Loran  illustrates the scale of diversity of the MAR - associ-
ated pelagic and epibenthic macro -  and megafauna com-
prising animals of sizes from about 1   mm to several meters 
(Table  6.1 ). Examples include the 303 species from more 
than 60,000 fi sh specimens collected by net sampling 
during the  G.O. Sars  expedition. Of these fi shes, two - thirds 
or more were pelagic (Sutton  et al.   2008 ), the rest demersal 

(that is, either benthic or benthopelagic (Bergstad  et al.  
 2008b )). Many species were extremely rare and some were 
undescribed (see, for example, Orlov  et al.   2006 ; Byrkjedal 
 &  Orlov  2007 ; Chernova  &  M ø ller  2008 ). The pelagic fi sh 
diversity was highest in the mesopelagic (200 – 1,000   m), 
whereas, surprisingly, biomass was highest in the bathy-
pelagic (greater than 1,000   m). Numerically dominant 
families of pelagic fi shes included Gonostomatidae, Mel-
amphaidae, Microstomatidae, Myctophidae, and Sternop-
tychidae. The family Macrouridae was prominent among 
the demersal fi shes, represented by 17 species (plus one that 
is probably new to science).  In situ  observations were also 
acquired: 22 fi sh taxa were photographed by a baited 
benthic lander, whereas bottom - dive segments with 
remotely operated vehicles (ROVs) found at least 36 taxa, 
including roundnose grenadier, orange roughy, oreos, halo-
saurs, codlings, and many additional macrourids. The long-
line catch comprised mainly large predatory fi shes (mean 
weight 2.4   kg), dominated by the families Etmopteridae, 
Somniosidae, Ophidiidae, Macrouridae, Moridae, and 
Lotidae. This represented a different faunal composition 
from that of the demersal trawl catch.   

 A substantial cephalopod collection from the midwater 
and bottom trawls comprised 54 species in 29 families 
(Vecchione  et al.   2010 ). The squid  Gonatus steenstrupi  was 
the most abundant cephalopod in the samples, followed by 
the squids  Mastigoteuthis agassizii  and  Teuthowenia mega-
lops . A multispecies aggregation of large cirrate octopods 
dominated the demersal cephalopods. 

 About 10% of species in the MAR - ECO epibenthic 
invertebrate species appeared to be new to science. The 
species richness of corals was high with a total of 40 taxa 
recorded. Octocorals dominated this coral fauna, with 27 
taxa.  Lophelia pertusa  was one of the most frequently 
observed corals, present on fi ve of the eight ROV - inspected 
sites. Massive live reef structures were not observed; only 
small colonies (less than 0.5   m across) were present. The 
number of megafaunal taxa was 1.6 times higher in areas 
where corals were present compared with areas without 
corals. Typical taxa that co - occurred with  Lophelia  were 
crinoids, sponges, the bivalve  Acesta excavata , and squat 
lobsters. 

 Corresponding numbers for zooplankton taxa and top 
predators such as mammals and seabirds (from sightings 
along the ship ’ s track) are given in Table  6.1 . For all taxa, 
occurrence data were reported to the Ocean Biogeographic 
Information System (OBIS) as soon as identifi cations were 
validated.  

   6.2.2.2    Population  s tructure 
 Many deepwater species have basin - wide distributions, and 
understanding potential sub - structuring is of substantial 
ecological and evolutionary interest with direct implica-
tions for management. Investigating underlying processes 
through a comparative assessment of species with differing 
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  Table 6.1 

  Number of species recorded as of mid - 2008. 

   Main taxa     Identified species     Described new species     Comments     New species references    

  Cetaceans    14              

  Seabirds    22              

  Fishes    303    2        Byrkjedal  &  Orlov  2007 ; 
Chernova  &  M ø ller  2008     

  Hemichordates    2    (2)    (Not described.) New species 
observed but not collected  

  Holland  et al.   2005   

  Brachiopods    3              

  Mollusks    75    2    Two new species of 
cephalopod  

  Vecchione  &  Young  2006 ; Young 
 et al.   2006   

  Arthropods    306    2    One new genus    Brandt  &  Andres  2008 ; Crosnier 
 &  Vereshchaka  2008   

  Echinoderms    104    9    One new genus and one new 
family  

  Dilman  2008 ; Gebruk  2008 ; 
Martynov  &  Litvinova  2008 ; 
Mironov  2008   

  Annelids    3              

  Chaetognaths    16              

  Echiurans    2    1    New species of the genus 
 Jacobia  (Echiura)  

  Murina  2008   

  Sipunculids    2            Murina  2008   

  Ctenophores    3              

  Cnidarians    112              

  Sponges    35    13    One new genus    Menschenina  et al.   2007 ; 
Tabachnick  &  Menshenina  2007 ; 
Tabachnik  &  Collins  2008   

  Fish parasites:                  

  Nematodes    11    2        Moravec  et al.   2006 ; Moravec  &  
Klimpel  2007   

  Monogeneans    18    1        Kritsky  &  Klimpel  2007   

  Cestodes    6              
  Acanthocephalans    3              
  Crustaceans    8              

  Total    1048    34          
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life - history characteristics (for example, duration of larval 
stages, fecundity, longevity, and habitat requirements) 
allows predictions about expected boundaries to gene fl ow, 
rates of gene fl ow, and demographic history. However, 
there have been some unexpected results. For example, the 
orange roughy ( Hoplostethus atlanticus ) has life - history 
characteristics that could promote population structure (for 
example, long life, comparatively low fecundity and larval 
duration), but genetic data suggest no structure in the 
North Atlantic study area (White  et al.   2009 ; S. Stefanni, 
unpublished observations). On the other hand, the round-
nose grenadier ( Coryphaenoides rupestris ), which has 
characteristics suggesting greater connectivity, showed con-
siderable structure at the ocean - basin scale (H. Knutsen, 
P.E. Jorde  &  O.A. Bergstad, unpublished observations), 
some small - scale structure across a putative boundary (the 
sub - polar front), and evidence for selection associated with 
depth (White  et al.   2010   ). In general the comparative 
studies highlight the importance of several key factors (Fig. 
 6.3 ): local habitat dependence (for example, tusk ( Brosme 
brosme ) in the MAR; Knutsen  et al.   2009 ), isolation by 
geographic distance or along current pathways (see, for 
example, Knutsen  et al.   2007 ), oceanic barriers to gene 
fl ow (see, for example, White  et al.   2010 ), and the role of 
different life stages (see, for example, White  et al.   2009 ).   

 Demersal fi shes in general have low resilience to popula-
tion disturbance, with a population doubling time on the 
order of 10 years. The existence of local, autonomous 
populations implies that local fi shing areas may be sensitive 
to overexploitation. Our fi ndings highlight the importance 
of considering population structure in deep - sea fi shery 
management.  

   6.2.2.3    Taxonomy and  p hylogenetics 
 Extensive work on phylogenetic reconstruction for species 
discovery and to determine the origin of MAR radiations 
is ongoing. DNA barcoding of MAR species is proceeding. 
Most species of both pelagic and demersal nekton (fi shes, 
cephalopods, and shrimps) will be barcoded. For example, 
over 190 fi sh species have been barcoded for the fi rst time 
from MAR - ECO material. For zooplankton, species bar-
coding is being coordinated with the Census of Marine 
Zooplankton project (Chapter  13 ). 

 For two morphologically cryptic species ( Aphanopus 
carbo  and  A. intermedius ) with overlapping distributions 
(Stefanni  &  Knutsen  2007 ), a genetic marker suitable for 
routine discrimination has been developed (Stefanni  et al.  
 2009 ). The huge collections of specimens and tissue samples 
including samples of very rare species not available else-
where, motivated new revisions of diffi cult taxa. An 
example is the cusk - eel genus  Spectrunculus , which was 
revised and split from one to two species based mainly on 
MAR - ECO material (Uiblein  et al.   2008 ). The samples of 
rare deep - sea fi shes are also very valuable in studies of the 
evolution of various groups. Modern standards for these 

phylogenetic reconstructions and studies of the interrela-
tionships and origin of the fauna require tissue samples for 
DNA sequencing and corresponding voucher specimens for 
morphological characters and identifi cation. Published 
studies based on MAR - ECO material include the slickhead 
and tubesholder fi shes (Alepocephaliformes) (Lavoue  et al.  
 2008 , Poulsen  et al.   2009   ), and several others are in 
progress (Ophidiiformes, Myctophidae).   

   6.2.3    Vertical  d istribution 

   6.2.3.1    Zooplankton 
 Copepod abundance was highest in upper layers (0 – 100   m) 
and decreased exponentially with depth (Gaard  et al.  
 2008 ). Several species of copepods and decapods were 
observed to deepen their vertical distributions towards the 
south, following the isotherms (that is, equatorial submer-
gence). Decapods peaked in the 200 – 700   m stratum north 
of the SPF, and at 700 – 2,500   m depth south of the SPF. 
The highest densities of euphausiids were found in the 
upper 200   m. The gelatinous fauna, dominated by cnidar-
ians, siphonophores, and appendicularians, was most abun-
dant at 400 – 900   m (Stemmann  et al.   2008 ; Youngbluth  et 
al.   2008 ).  In situ  observations of gelatinous zooplankton 
revealed that different taxa occurred in distinct, and often 
narrow (tens of meters), depth layers (Vinogradov  2005 ; 
Youngbluth  et al.   2008 ). The most important contributors 
to the cnidarian biomass (wet mass) north of the SPF were 
the scyphomedusae  Periphylla periphylla  and  Atolla  spp. 
The vertical distributions of  P. periphylla  and  Atolla  spp. 
were deeper during the day than at night. The bulk of the 
 Atolla  spp. population usually resided deeper in the water 
column than  P. periphylla.  Appendicularians were generally 
abundant at 450 – 1,000   m and were observed to accumulate 
in the lowermost 50   m (Vinogradov  2005 ; Youngbluth 
 et al.   2008 ), suggesting that these feeding specialists 
(extremely small particles) are a prominent component of 
the benthopelagic zooplankton.  

   6.2.3.2    Pelagic  n ekton ( f ishes and 
 c ephalopods) 
 Depth was by far the most important determinant of faunal 
composition for pelagic fi sh species, with along - ridge varia-
tion secondary. The most surprising fi nding was the water -
 column maximum fi sh biomass between 1,500 and 2,300   m 
(Sutton  et al.   2008 ); this pattern stands in stark contrast to 
the typical exponential decline in fi sh biomass below 
1,000   m seen in open oceanic ecosystems. Furthermore, evi-
dence from acoustics and trawl catches suggests that in some 
locations, deep pelagic fi sh abundance and biomass peak 
within the benthic boundary layer, suggesting the possibility 
of predator – prey relationships between demersal fi shes 
and migrating pelagic fi shes as a mechanism underlying 
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     Fig. 6.3 

  (A)  Barriers to gene flow (after H. Knutsen, P.E. Jorde  &  O.A. Bergstad, upublished observations; White  et al.   2010 ) and evidence for local adaptation (after 
White  et al.   2010 ) in  Coryphaenoides rupestris . Barriers are shown in mid - Atlantic ridge (MAR); RA, Rockall; TR, Trondheim coastal site; SK, Skagerrak; IS, 
Iceland; GR, Greenland; CA, Canada. The allele frequency pie charts show how allele 5 (at a microsatellite DNA locus evidently linked to a relevant functional 
gene) is associated with depth of sample. MAR    =    2,563 – 2,573.  (B)  Illustration of isolation by distance along current paths for Greenland halibut (yellow), 
and local differentiation of  Brosme brosme  populations (likely associated with depth) (green). SE, Storegga; TF, Troms ø flaket.  
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enhanced demersal fi sh biomass over the MAR (Bergstad 
 et al.   2008b ). 

 Acoustic data from both vessel and stationary systems 
revealed biophysical interaction of presumed importance to 
production and species interactions. In the epi -  and meso-
pelagic zones (0 – 1,000   m) of most areas along the MAR a 
clear diel vertically migrating community was observed by 
acoustics, with daytime depths of 500 – 1,000   m, and night-
time occupation of surface layers (Opdal  et al.   2008 ). The 
range and the patterns were affected by topography and 
light levels that may have been affected by phytoplankton 
density. Lanternfi shes and pearlfi shes (Sternoptychidae) 
were the dominant diel vertically migrating fi shes. Seasonal 
information from an upward - looking acoustic lander 
showed abrupt changes in distribution and abundance of 
sound scatterers in early autumn and spring (Doks æ ter 
 et al.   2009 ). Vertical migration was reduced to a minimum 
during mid - winter and peaked during summer. 

 Mesoscale eddies, validated by satellite sea level altim-
etry data, were recorded from the surface to 1,200   m. The 
acoustic lander observed extensive internal wave activity, 
mainly close to the seabed, but sometimes extending into 
the entire water column from 900   m to the surface. Occa-
sionally, breaking internal waves apparently created turbu-
lence in the near bottom zone resulting in disruption of 
scattering layers and chaotic distribution of individual 
acoustic scatterers. 

 Observations from submersibles have shown some 
cirrate octopods ( Grimpoteuthis  and  Opisthoteuthis ) to sit 
on the bottom and/or to fl oat just above it (Vecchione  &  
Roper  1991 ; Vecchione  &  Young  1997 ; Felley  et al.   2008 ). 
All specimens of these genera, as well as  Cirroteuthis  and 
 Cirrothauma , were collected in the bottom trawl. Con-
versely, many  Stauroteuthis syrtensis  were taken in midwa-
ter, including a specimen that had to have been at least 
1,690   m above the bottom, although most specimens came 
from the bottom trawl. It therefore appears that this species 
aggregates near bottom but its distribution also extends far 
up into the deep water column.  

   6.2.3.3    Demersal  f ishes 
 Overall, demersal fi sh biomass and abundance declined 
with depth from the summit of the ridge to the middle rises 
on either side. Multivariate analyses of catch data from 
trawls and longlines (Bergstad  et al.   2008b ; Fossen  et al.  
 2008 ) revealed that the species composition primarily 
changed with depth and that, as with pelagic fi shes, varia-
tion by latitude was secondary. Species evenness was higher 
in deep slope and rise areas than on the slopes. Assemblages 
of species could be defi ned for different depth zones and 
sub - areas.  In situ  observations of scavenging fi shes attracted 
to baited landers revealed three main assemblages: shallow 
(924 – 1,198   m), intermediate (1,569 – 2,355   m), and deep 
(2,869 – 3,420   m). These assemblages were dominated 
respectively by three species,  Synaphobranchus kaupii , 

 Antimora rostrata , and  Coryphaenoides armatus . Abyssal 
species were found in the axial valley region ( C. armatus , 
 Histiobranchus bathybius , and  Spectrunculus  sp.). Fishing 
by longlines in rugged terrain at all depths resulted in 
catches dominated by elasmobranchs (sharks and skates). 
Fishes were observed during the dives in 2003 of the 
manned submersibles MIR 1 and 2 in the CGFZ between 
1,700 and 4,500   m (Felley  et al.   2008 ). Perhaps the most 
remarkable observation was that of rich densities of small 
juvenile macrourids in the deep soft - bottom areas, presum-
ably dominated by the abyssal grenadier  C. armatus . MAR -
 ECO data formed a signifi cant element of a global analyses 
of the depth distribution of elasmobranch and teleost fi shes, 
demonstrating that elasmobranchs are uncommon or rare 
deeper than 3,000   m (Priede  et al.   2006 ).  

   6.2.3.4    Benthos 
 For a range of taxa from many depths new species were 
described (Table  6.1 ). Corals were observed at all MAR -
 ECO sites inspected with ROVs at bottom depths between 
800 and 2,400   m, but were most common shallower than 
1,400   m. The deepest record of  Lophelia  was at 1,340   m, 
south of the CGFZ. Accumulations of coral skeleton debris 
were observed at several locations, indicating presence of 
former  Lophelia  reefs. 

 Manned submersible dives in the CGFZ from 1,700 to 
4,500   m observed scattered rich sponge gardens. Dense 
aggregations of small elpidiid holothurians,  Kolga  sp., 
occurred at abyssal depths (4,500   m) in a sediment - fi lled 
depression. Abundance/biomass of giant protists (foraminif-
eran Syringamminidae, reaching the size of a golf ball) was 
noteworthy north of the SPF.   

   6.2.4    Variation  a long the  r idge 

 The number of species recorded showed a clear latitudinal 
pattern for most taxa, with a discontinuity at about the 
location of the SPF (Fig.  6.4 ).   

   6.2.4.1    Zooplankton 
 The assemblages of copepods, cnidarians, chaetognaths, 
gelatinous zooplankton, and macrozooplankton were 
related to the distribution of three main water masses 
in the area (Gaard  et al.   2008 ; Hosia  et al.   2008 ; Pierrot -
 Bults  2008 ; Stemmann  et al.   2008 ): a northern assemblage 
in Modifi ed North Atlantic Water, a southern assemblage 
in North Atlantic Central Water, and a frontal assemblage 
infl uenced by North Atlantic Central Water and Sub -
 Arctic Intermediate Water. The species richness of most 
taxa was found to increase towards the south (Copepoda, 
Cnidaria, Decapoda, Euphausiacea, Amphipoda, Chaeto-
gnatha). Temperature appeared to be the most important 
factor in determining the structure of the copepod 
communities.  
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     Fig. 6.4 

 Occurrence of species of various higher taxa at 
different stations from north (left) to south along the 
MAR. Top, midwater trawl stations; bottom, 
mesozooplankton stations.  

   6.2.4.2    Pelagic  n ekton 
 Among cephalopods, the squids  Mastigoteuthis agassizii  
and  Teuthowenia megalops  were distributed throughout 
the whole area;  Gonatus steenstrupi  was most abundant in 
the northern and central regions (Reykjanes Ridge and 
CGFZ) (Vecchione  et al.   2010 ). In contrast, the bobtail 
squid  Heteroteuthis dispar  was only common in the 
Azorean area, with a few specimens near the Faraday 
Seamounts and the CGFZ. Multivariate analysis revealed a 
clear separation of a southern cephalopod assemblage 
(Azorean area), an assemblage confi ned to the Reykjanes 
Ridge, and an assemblage concentrated at stations at the 
CGFZ. The Azorean assemblage was very similar to an 
assemblage recently described from samples along the 
Biscay – Azores Ridge and MAR north of the Azores (C. 
Warneke - Cremer, unpublished observations). Cephalopod 
species richness per station clearly increased from north to 

south (fi ve species at a station on the Reykjanes Ridge, 28 
species at a station near the Azores). Several benthic and 
one pelagic species, all taken in small numbers, were cap-
tured only in the CGFZ. Numbers of common bentho-
pelagic species were highest in the CGFZ (Vecchione  et al.  
 2010 ). 

 Within the top 750   m of the water column, there were 
two primary faunal groups of pelagic fi shes (Sutton  et al.  
 2008 ): a higher abundance, lower diversity assemblage 
from Iceland to the Faraday Seamount Zone (numerically 
dominated by the lanternfi sh  Benthosema glaciale ), and a 
lower abundance, higher diversity assemblage in the region 
of the Azores (29 lanternfi sh species contributed half of 
total abundance). Below 750   m there was a large assem-
blage of deep meso -  to bathypelagic fi shes that spanned 
from the Reykjanes Ridge all the way to the Azores 
(numerically dominated by the bristlemouth,  Cyclothone 
microdon ).  
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   6.2.4.3    Demersal  n ekton 
 The latitudinal variation in occurrence of demersal fi shes 
caught in demersal trawls was greater in shallow than in 
deep areas. The number of species was inversely related to 
latitude, but declined with depth below the slope depths. 
For example, the macrourids  Coryphaenoides rupestris ,  C. 
brevibarbis , and  C. armatus  rank among the most abundant 
demersal fi shes on the ridge or in the deep axial valleys or 
fracture zones, while other members of the family are 
uncommon or rare (Bergstad  et al.   2008a ). Whereas a few 
species in the family apparently have restricted northerly 
or southerly distributions, most are widespread, but 
showing defi nite depth - related patterns of distribution 
(Fig.  6.5 ). Similar patterns were observed in the demersal 
predators sampled by longlines.    

   6.2.4.4    The Sub - Polar Front: 
a  b iogeographic  b arrier 
 The SPF acted as a boundary for several zooplankton taxa 
(Falkenhaug  et al.   2007 ). For copepods this delineation was 
asymmetrical: sub - tropical and warm - temperate species 
had limited dispersal northward, whereas cold - water 
species often extended south of the SPF (Gaard  et al.   2008 ). 
The spatial distribution of the dominant copepods,  Calanus 
fi nmarchicus  and  C. helgolandicus , was separated at the 
SPF, with the latter found only south of the SPF, at depths 
associated with Mediterranean water masses. The separa-
tion of Cnidaria at the SPF was found to be strongest in 

the upper 500   m but apparent down to 1,500   m (Hosia 
 et al.   2008 ). Epi -  and mesopelagic fi sh distributional trends 
mirrored those of zooplankton, with species diversity sub-
stantially higher near the Azores, but again with cold - water 
forms common in the south of the SPF (that is, a  “ fuzzy ”  
southern limit to distribution of northern species). Overall, 
the strength of the SPF as a boundary to pelagic fauna 
varied vertically, with deeper - water samples showing less 
variation in species composition. For epibenthic fauna, 
changes were observed between the CGFZ and the Azores, 
particularly in the region of the SPF. The abundance of 
benthos is higher north of the SPF.  

   6.2.4.5    A  s ite of  e nhanced  b iota 
 Chlorophyll  a  (Chl  a ) concentrations were elevated in the 
SPF/CGFZ area (approximately 50 – 100   mg Chl  a  m  − 2 , 
0 – 30   m) compared with other regions along the ridge 
(approximately 10 – 50   mg Chl  a  m  − 2 , 0 – 30   m) (Gaard  et al.  
 2008 ; Gislason  et al.   2008 ; Opdal  et al.   2008 ). Several 
zooplankton taxa were more abundant in the SPF region 
than elsewhere, for example  Calanus  (Gislason  et al.   2008 ), 
 Pareuchaeta  (Falkenhaug  et al.   2007 ), Decapoda (unpub-
lished data), Chaetognatha (Pierrot - Bults  2008 ), and gelati-
nous megaplankton (Youngbluth  et al.   2008 ). Interestingly, 
most these taxa are predatory. The area of elevated Chl  a  
at the SPF corresponded with an area of elevated rates of 
egg production by  Calanus fi nmarchicus  (Gislason  et al.  
 2008 ). Elevated bioluminescence at the SPF (Heger  et al.  
 2008 ) also coincided with higher zooplankton abundances 
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 Depth distribution of macrourid fishes from 
the summit of the MAR to the lower slopes. 
 Adapted from Bergstad  et al.   (2008a) .   
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in this region. The most likely producers of the biolumi-
nescence are crustaceans (decapods/euphausiids) and gelati-
nous zooplankton. In contrast, lower abundances in the 
total copepods were recorded in the CGFZ (Gaard  et al.  
 2008 ). 

 The density of sound scatterers, presumably dominated 
by fi shes, was highest in the CGFZ area and in association 
with the SPF. In this area, higher densities tended to be 
associated with marked topographical features, that is, 
hills or troughs. There appeared to be a positive relation 
between horizontal distribution of standing stock of phy-
toplankton as measured by Chl  a  and acoustic backscatter-
ing. High abundances of demersal fi shes were also found 
in the SPF (King  et al.   2006 ; Bergstad  et al.   2008b ; Fossen 
 et al.   2008 ). 

 Observations on seabirds and cetaceans unambiguously 
point to the surface manifestation of the SPF near the 
CGFZ as the most important large - scale habitat feature for 
several species of planktivores as well as nekton feeders 
along the MAR. Results indicate general co - occurrence 
between these top predators and concentrations of poten-
tial prey like squid, pelagic fi shes, and macrozooplankton 
in the CGFZ. Synoptic acoustic and visual transects across 
the ridge and individual seamounts indicated a segregation 
of sei whale ( Balaenoptera borealis ) and sperm whale ( Phy-
seter macrocephalus ) in relation to topography. Multivari-
ate analyses of the distribution of the two species with 
concurrent water current measurements (from acoustic 
Doppler current profi lers) and hydrographic and topo-
graphic data at various spatial scales indicated that small -
 scale frontal processes interacting with the topography in 
the surface and subsurface waters just north of the surface 
SPF are important for the transfer of energy to higher 
trophic levels in the MAR.   

   6.2.5    Cross -  r idge ( e ast –  w est) 
 p atterns of  d istribution 

 Cross - ridge patterns of zooplankton were less clear than 
along the ridge. Data on distributions of copepods and 
amphipods showed indications of east – west differences in 
species composition. More warm - water species (for example 
 C. helgolandicus ) were found east of the ridge (Gaard  et al.  
 2008 ) than to the west. The northeastward trajectory of 
the North Atlantic Current may enable species of the warm -
 temperate association to be present east of the MAR and 
north to 50 °    N. As a result, the northern distribution limit 
of warm - water species is farther north on the eastern side 
than on the western side of the ridge. 

 Cross - ridge differences in pelagic fi sh distributions were 
not detectable by multivariate analysis of catch data (Sutton 
 et al.   2008 ). Similarly, cross - ridge differences in demersal 
fi sh distributions were apparently minor, but pairwise com-
parisons of trawl stations at the same depth and latitude on 

either side of the central rift valley indicate that such 
differences may occur.  

   6.2.6    Food webs and  c arbon 
 f luxes 

 Estimated phytoplankton ingestion rates by copepods were 
not higher at the SPF/CGFZ than in the other areas, indi-
cating that the relatively high production of copepod eggs 
in the CGFZ is mainly fueled by sources of energy other 
than phytoplankton (for example microzooplankton) 
(Gislason  et al.   2008 ).  Calanus  spp. are very important in 
the pelagic ecosystem over the northern MAR as food for 
organisms at higher trophic levels. Two main trophic path-
ways were inferred over the Reykjanes Ridge. In one, 
 Calanus  spp. are important in the diet of  Maurolicus muel-
leri ,  B. glaciale , and  Sergestes arcticus , whereas in the other 
pathway  Meganyctiphanes norvegica  is the dominant food 
for the redfi sh  Sebastes mentella  and  Calanus  are of less 
importance (Petursdottir  et al.   2008 ). For  S. arcticus , 
 Calanus hyperboreus  is an important part of the food. Addi-
tionally,  S. arcticus  probably has a benthic component in 
the diet (Petursdottir  et al.   2008 ). 

 Two different types of food web appear to be important 
on the MAR (Fig.  6.6 ). One is a classic predatory trophic 
enrichment with higher levels feeding on those lower. Pre-
liminary analysis of stable - isotopes in the pelagic food web 
show consumption/conversion of energy from shallow to 
deep, with a concomitant increase in trophic level: epipe-
lagic fauna to vertically migrating mesopelagic fauna 
to non - migrating bathypelagic fauna to demersal fauna 
(trophic levels 2 – 6). The other, the benthic web, has organ-
isms all essentially feeding on detritus in the sediment but 
elevated  ‘ trophic ’  levels (as indicated by  δ N isotopic values) 
result from repackaging and remineralization of that mate-
rial as it passes through the digestive tracts of other deposit 
feeders. Hence sub - surface feeders have greater  δ N values 
than surface feeders.    

   6.2.7    Life -  h istory  s tudies 

 The preponderance near the ridge of large, adult bathype-
lagic fi shes (Sutton  et al.   2008 ; M. Heino  et al. , unpub-
lished observations), many in gravid condition (A. Stene, 
unpublished observations), suggests that the MAR, and 
perhaps other mid - ocean ridge systems, may be important 
spawning locations for otherwise widely (basin - wide) dis-
tributed fi sh species. Abundance and distributional data 
from the MAR - ECO project further suggest that mid - ocean 
ridges may serve to concentrate deep - pelagic fi shes, thereby 
enhancing reproductive and trophic interactions. 

 The shapes of length distributions of many common 
pelagic fi sh species are unusual, peaking near the maximum 
known size and with fewer small individuals than normally 
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expected  –  opposite to  ‘ typical ’  fi sh length distribution 
where most individuals are small or intermediate in size. If 
samples from the MAR resemble the overall population 
structure (that is, the MAR assemblages do not  “ overrep-
resent ”  adult fi shes), then these unusual length distributions 
suggest that these species have fast growth rate relative to 
mortality rate. This does not imply that their growth is fast 
in absolute terms, only that growth outpaces mortality, 
leading to accumulation of individuals in size classes near 
the species ’  asymptotic size. 

 Small bobtail squids of the species  H. dispar  are the most 
pelagic members in the family Sepiolidae. During the 2004 
 Sars  cruise, 46 specimens were collected in the southern 
region of the study area (Vecchione  et al.   2010 ). All females, 
including immature specimens, were carrying sperm pack-
ages, indicating that the animals can take advantage of 
chance encounters between the sexes at any time (Hoving 
 et al.   2008 ). Although all female cephalopods can carry or 
store sperm, the anatomy of the female reproductive system 
of  H. dispar  suggests that they also fertilize their eggs inter-
nally, a reproductive strategy so far unknown for squid or 
cuttlefi sh. This reproductive trait, and the small egg size, 
indicates an adaptation to an oceanic lifestyle, unique 
within the bobtail squids. 

 New life - history information was collected for selected 
demersal fi shes. Orange roughy ( Hoplostethus atlanticus ) 
were not prominent in the MAR - ECO samples, but the few 
specimens collected comprised very young juveniles of ages 
1 – 2 years and adults within the age range 78 – 139 years 
(Tyssebotn  2008 ). Previous studies have also shown the 
extended life cycle of this commercially important species, 
but small juveniles are rarely sampled. A more widespread 
slope species most abundant at 1,000 – 3,000   m was the blue 
hake,  Antimora rostrata . This species was sampled from the 
Azores to Greenland (Fossen  &  Bergstad  2006 ).  A. rostrata  
has intermediate longevity compared with other co - occur-
ring deep - water fi shes that have been studied suffi ciently. 
It is neither short - lived, nor especially long - lived. Small 
juveniles are found in upper slope waters off Greenland, 
but were rare on the MAR. Hitherto unknown to science, 
postlarvae of this common species were found on the MAR, 
indicating that spawning does take place on the ridge (P.R. 
M ø ller, unpublished observations).  

   6.2.8    Management  i mplications 

 MAR - ECO research has already had conservation implica-
tions. Based largely on the results of the  Sars  expedition, 
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 A simplified MAR food web, showing consumption/conversion of energy from shallow to deep, with a concomitant increase in trophic level: epipelagic fauna 
to vertically migrating mesopelagic fauna to non - migrating bathypelagic fauna to demersal fauna (trophic levels 2 – 6). Example organisms are given for each 
trophic step. the benthic  “ chain ”  has organisms all feeding on essentially detritus in the sediment but the elevated  “ trophic ”  levels (as indicated by  δ N 
isotopic values) are a result of repackaging and remineralization of that material as it passes through the digestive tracts of other deposit feeders.  
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the North - East Atlantic Fisheries Commission (NEAFC) 
adopted measures that close more than 330,000   km 2  to 
bottom fi sheries on the Mid - Atlantic Ridge, including the 
area of the CGFZ and SPF (Probert  et al.   2007 )  “ to protect 
Vulnerable Marine Ecosystems in the High Seas ” .   

   6.3    Knowledge Gaps 

 The primary remaining gap in current knowledge is the 
determination of temporal (diel, seasonal, and interannual) 
variation in faunal composition, abundance, and ecology. 
The species composition and distribution patterns now 
described are snapshots from summer seasons, namely after 
the presumed spring peak in epipelagic production. More 
extensive sampling into adjacent basins would be needed 
to determine defi nitively that observed patterns for pelagic 
biota are ridge - specifi c. Few samples with the same methods 
have ever been collected on adjacent continental slopes, 
islands, and seamounts; hence it is currently only feasible 
to assess basin - wide trends relative to impact of ridge for a 
few faunal components (for example demersal fi shes, epi-
benthos, zooplankton, but not pelagic nekton). To what 
extent conclusions about structuring of communities by 
depth, water masses, and frontal zones from the North 
Atlantic MAR are valid for other sections of the mid - ocean 
ridge system has not yet been determined. 

 To enhance knowledge of food web and trophic ecology, 
the feeding, behavior, and physiology of more species need 
to be studied. Variables for calculating energy budgets and 
growth rates are unknown (rates of consumption, excre-
tion, respiration, mortality). To estimate the predation 
impact of fi shes on gelatinous prey, commensurate gelati-
nous and other zooplankton data on same spatial scales as 
nekton would be required. Information on the signifi cance 
of microbial processes (microbial loop) is also needed. 

 The documented information on the signifi cance of 
the mid - ocean ridge in the life cycles of nekton and zoo-
plankton remains scattered. Although the occurrence of 
mature size classes of many nekton species suggests that 
the ridge is a signifi cant reproduction area, studies of 
reproduction are lacking for most species. Comparative 
analyses across taxa would be needed to determine the 
diversity of life - history characteristics such as longevity, 
fecundity, and growth. For several demersal fi sh species, 
present connectivity between ridge and slope conspecifi cs 
appears to be limited, but similar studies for pelagic species 
are lacking. 

 Production estimates are few, and the relative signifi -
cance of different physical and biological processes regulat-
ing production and transfer of energy horizontally and 
vertically remains unclear. Near - ridge zooplankton and 
pelagic nekton distributions in the entire water column 
appear to be affected by physical forcing. Without knowl-
edge of the near - ridge fl ow fi eld many of the potential 
biotic interactions cannot be substantiated.  

   6.4    Recommendations 

   6.4.1    Technologies 

 Many of the technological challenges for the future are 
common to studies in many habitats, but are especially 
pronounced in mid - ocean investigations of large volumes 
and depth ranges and at great distances from land. Although 
the analysis of abiotic factors can often be performed in 
near real - time, processing biological samples can take 
months and even years. This time lag especially applies to 
taxonomic studies, basic to studies of structure of assem-
blages and ecosystem processes. New methods to accelerate 
identifi cation of organisms and processing of samples 
should be sought. The underwater video profi ler used by 
MAR - ECO is an example of a major step in this direction. 
ROVs better adapted for pelagic studies have the potential 
to provide small - scale data at the individual level for many 
taxa. Despite advances made by ROV and submersible tech-
nology, sampling on rough rocky ground remains challeng-
ing. New gear also seems necessary to study the organisms 
of the benthic boundary layers. 

 To fi ll the major gap in temporal dynamics, traditional 
cruise - based sampling should be supplemented more 
widely with multiple long - term automatic recording 
devices using optics and acoustics. Enhancing the depth 
rating of transducers would be needed to extend the 
depth to which acoustic landers can be deployed. Current 
moored acoustic instruments have the potential to monitor 
sound - scattering zooplankton and nekton of all sizes, and 
their interactions, at several spatial scales (Fig.  6.7 ). Obser-
vation volume has to increase, however, and species 
identifi cation has to improve, for example through visual 
observations or recognition of vocalization. Multiple - 
frequency sounders facilitate categorizing of the acoustic 
recordings to some degree, but concurrent targeted trawl 
sampling is needed to substantiate identifi cation and to 
reveal details. Low - frequency acoustics may sample at sub -
 population scales and high frequencies provide details of 
millimeter scales.    

   6.4.2    Strategies for  c ontinued 
 e xploration of the  g lobal  r idge 
 s ystem 

 Mid - ocean ridges circle the globe, and to understand bio-
diversity patterns and ecological processes of this vast 
habitat a major multi - year and very costly fi eld effort 
would be required. This effort would involve ships, 
observatories, and autonomous vehicles, not to mention 
the dedication and resources of scientists across the globe. 
Planning efforts should use new knowledge and experi-
ences gained from these recent studies. Some major con-
clusions from the North Atlantic may provide guidance 
for strategic decisions on designs of new fi eld efforts. It 
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is likely that depth and topography play major structuring 
roles, and along - ridge patterns appear more associated 
with water - mass distributions and circulation features than 
with other features, for example, fracture zones. This 
suggests that new studies, inevitably resource limited, 
would have to be truly depth stratifi ed both in the pelagic 
and near - bottom zones and would further benefi t from 
targeting features such as hydrographic frontal zones. 
Within this framework, an exploratory effort would 
perhaps benefi t from a random stratifi ed design. The 
strength of using multiple gears and instruments has been 
demonstrated and any departure from multidisciplinarity 
should be discouraged. Accommodating more elements 
such as all benthos components including meiofauna and 
microbes, and so forth, would be benefi cial. 

 Expansion of exploratory programs into the South 
Atlantic has considerable interest because of its compara-
bility with the North Atlantic MAR, and the level of 
knowledge of its fauna is very limited indeed. However, 
there may also be benefi ts from focusing on frontal zones 
and ridges that are suspected to be substantially different 
from the MAR. For example, the faster - spreading East 
Pacifi c Rise might be of special interest for comparison 
and contrasting with the MAR. Selecting study areas in 
varying pelagic productivity regimes would probably 
enhance knowledge even further.   

   6.5    Conclusions 

 The mid - ocean habitats associated with the MAR have high 
diversity and considerable, if presently undetermined, 
abundance of macro - and megafauna. The fi rst observations 
of elevated richness and catches made by the  Michael Sars  
expedition in 1910 were thus confi rmed and considerably 
expanded by the multi - vessel operations conducted by 
MAR - ECO. 

 Primary questions addressed to what extent faunal com-
ponents from eastern and/or western slopes contributed to 
the MAR fauna, whether there was a latitudinal change in 
the fauna, and to what extent this was affected by two main 
hydrographic features: the Sub - Polar Front and the Charlie 
Gibbs Fracture Zone (see, for example, Krauss  1986 ; 
Rossby  1999 ; Reverdin  et al.   2003 ). A general pattern 
identifi ed was that the MAR supports high biodiversity 
which is not fundamentally different in structure and com-
position from the adjacent continental slopes. Furthermore, 
the results do not indicate a high degree of endemism. In 
this the MAR does not appear as a chain of isolated 
seamounts. The patterns emerging from the benthic inver-
tebrate data showed that the MAR constitutes an interface 
between eastern and western continental slope fauna, with 
a slight overweight of the former (Mironov  et al.   2006 ). 
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 Diel echogram from June 11, 2004, during crossing of MAR (time axis is in UTC). Between surface (top of graph) and bottom (wide red line at lower part of 
graph) are two major layers of biomass. In the mid - part of the echogram is a deep scattering layer of mesopelagic fishes from 600 to 800   m. Above that is a 
layer of fishes migrating from about 500   m depth during day to the surface at night. This layer seems to include various components with different migration 
and distribution patterns, probably caused by the variety of species and sizes included in this layer. At surface during day there are layers of planktonic 
organisms. The deeper part of the echogram (greater than 900   m) had fewer fish echoes. The echogram patterns also demonstrate that topography affect 
density and distribution of marine organisms, particularly obvious where bottom peaks to 800   m depth. The three thin lines going from surface to deep water 
and back again like elongated   V  s are recordings of instruments lowered from surface to about 1,000   m. The thick and short line at about 850   m at the first 
super station is a false - bottom echo.  
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The SPF seems to be a more important feature than the 
CGFZ in affecting the composition of the benthic inverte-
brate fauna (see, for example, Gebruk  2008a ) and demersal 
fi shes (King  et al.   2006 ; Bergstad  et al.   2008b ). Similar 
conclusions were reached for zooplankton (Gaard  et al.  
 2008 ; Hosia  et al.   2008 ; Stemmann  et al.   2008 ), although 
in zooplankton the SPF constitute more of a marked bound-
ary for southern than northern species. Variation in the 
pelagic fauna is primarily related to depth, and the bathy-
pelagic fi sh assemblages show a high degree of consistency 
from Iceland to the Azores (Sutton  et al.   2008 ). Overall, 
the abundance of fi shes declines with depth, but unexpect-
edly the pelagic fi shes showed a biomass maximum in the 

bathypelagic zone between 1,500 and 2,300   m and in the 
benthic boundary layer, 0 – 200   m above the bottom regard-
less of depth. 

 For many taxa (see, for example, phytoplankton, crus-
tacean mesozooplankton, pelagic decapods, bioluminescent 
organisms, mesopelagic acoustic scatterers, whales, and sea-
birds), there appeared to be a maximum along - ridge abun-
dance in association with the SPF, but this frontal zone 
spans a considerable latitudinal range (48 – 53 °    N) and varies 
temporally in character and confi guration. Whales appeared 
associated with areas of steeply sloping bottom. 

 Several species were rare, especially benthic inverte-
brates, and some were new to science (Fig.  6.8 ). Only 
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     Fig. 6.8 

 Representative new species and remarkable 
observations.  (A)  Sloan squid,  Promachoteuthis 

sloani  Young  et al.   2006 ;  (B)  giant protist family 
Syringamminidae;  (C)  mysterious track - like holes of 
unknown origin;  (D)   Altelatipes falkenhaugae  
Crosnier and Vereshchaka  2008   ( ©  Publications 
Scientifiques du Mus é um national d ’ Histoire 
naturelle, Paris) ;  (E)  undescribed enteropneust; 
 (F)   Cottunculus tubulosus , Byrkjedal  &  Orlov  2007  
( courtesy of Ingvar Byrkjedal ).  
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extended sampling can tell whether these represent species 
endemic to the MAR. The rich collection of MAR animals, 
now archived at the Bergen Museum, will certainly be 
useful for taxonomic, phylogenetic, and other types of 
study for many decades.   

 Sampling extended to the adjacent abyssal plains would 
be necessary to determine to what extent ridge - associated 
abundances are especially high. Such sampling would be of 
particular interest to gain more insight into the midwater 
biomass maximum found over the ridge for pelagic fi shes. 

 The MAR - ECO sampling only provided a  “ snapshot ”  
impression of the faunal composition and distribution. 
With the exception of some acoustic landers deployed 
over a longer time span, the sampling did not cover cir-
cadian or circumannual time series. Thus, the results tell 
nothing about faunal responses to periods of plankton 
blooms, and nothing new can be said about possible 
temporal life - history phenomena such as vertical and 
horizontal migration, reproduction periods, and special 
reproduction areas. Diel migration patterns could even 
change over the annual cycle, and possible seasonal 
changes in the occurrence of the benthic boundary layer 
are still unstudied. 

 The benthic boundary layer community is very diffi cult 
to sample adequately with the gear that was available to 
MAR - ECO. The species composition of this assemblage is 
therefore not well known. Such a study might be suspected 
to yield more insight into the abundance of nekton in the 
benthic boundary layer. Furthermore, studies of meiofau-
nal and microbial communities and processes were not 
included in the MAR - ECO project. 

 Food web structures of the MAR communities have been 
determined for the fi rst time based on studies combining 
analyses of stable isotope ratios, fatty acid profi les, and 
traditional determination of diets from identifi cation of gut 
contents. Some insight has also been gained from studies 
of fi sh parasites (Klimpel  et al.   2008 ). Some inferences on 
the top predator feeding ecology were made by comparing 
occurrences of predators and prey (Doks æ ter  et al.   2008 ). 
Major issues for the future are the estimation of rates, 
selectivity studies in relation to prey fi elds, and the preda-
tion on and by gelatinous organisms. MAR - ECO did not 
collect data to assess the signifi cance of microbial loop 
pathways. Seasonal feeding and growth studies, and perhaps 
 in situ  experiments to determine rates would provide sub-
stantial advances. 

 At the time of year studied (June – August), highest 
primary production was observed in the region south of the 
CGFZ. Characterized by a well - defi ned northern boundary 
and an extended mixed area extending southwards, the 
frontal area and the North Atlantic Current have a major 
infl uence over a large sector of the ridge. We hypothesize 
that differences in organic carbon export, prevailing bottom 
water temperature, and topography combine to determine 
benthic species composition. 

 Future work should be directed to determine surface 
production and pelagic to benthic fl uxes over a wider lati-
tudinal range than is currently being investigated. The 
physical interaction of the pelagic biota with the ridge 
needs to be examined at spatial scales from meters to the 
whole ridge system. Progress will depend on technological 
developments, notably fi xed and mobile autonomous 
instruments, new tagging and tracking systems, and so 
forth, that can overcome the limitations of shipborne 
measurements. 

 A major challenge is the spatial and temporal scale of 
phenomena in the pelagic realm. The bio - physical environ-
ment on the MAR region is very complex, and only remote 
sensing methods provide the regional and temporal scales 
required to detect seasonal and inter - annual changes. Fre-
quent cruises at different times of the year would be neces-
sary to reach a full understanding of events and processes.  

  Acknowledgments 

 MAR - ECO is grateful to numerous public institutions, 
funding agencies, private sponsors, and industry partners 
that provided essential resources to the project throughout 
its lifetime. The Institute of Marine Research and the Uni-
versity of Bergen (Bergen Museum), Norway, initiated and 
coordinated the project. As authors we are indebted to all 
other scientifi c colleagues who participated in the effort 
and contributed to the outcome.  

  References 

    Backus ,  R.H.  ,   Craddock ,  J.E.  ,   Haedrich ,  R.L.    &    Robison ,  B.H.   ( 1977 ). 
 Atlantic mesopelagic zoogeography . In:  Fishes of the Western 
North Atlantic . (eds.   R.H.   Gibbs  .,   F.N.H.   Berry  ,   J.E.   B ö hlke  , 
 et al .), Vol.  1 , part 7, pp.  266  –  287 .  New Haven, Connecticut : 
 Sears Foundation for Marine Research .  

    Beaugrand ,  G.  ,   Reid ,  P.C.  ,   Iba ñ ez ,  F.    &    Planque ,  P.   ( 2000 )  Biodiver-
sity of North Atlantic and North Sea calanoid copepods .  Marine 
Ecology Progress Series   204 ,  299  –  303 .  

    Beaugrand ,  G.  ,   Iba ñ ez ,  F.  ,   Lindley ,  J.A.    &    Reid ,  P.C.   ( 2002 )  Diversity 
of calanoid copepods in the North Atlantic and adjacent seas: 
species associations and biogeography .  Marine Ecology Progress 
Series   232 ,  179  –  195 .  

    Bergstad ,  O.A.    &    God ø  ,  O.R.   ( 2003 )  The pilot project  “ Patterns and 
processes of the ecosystems of the northern Mid - Atlantic ” : aims, 
strategy and status .  Oceanologica Acta   25 ,  219  –  226 .  

    Bergstad ,  O.A.  ,   H ø ines ,   Å .S.  ,   Orlov ,  A.  ,  et al.  ( 2008a )  Species compo-
sition and abundance patterns of grenadiers on the Mid - Atlantic 
Ridge between Iceland and the Azores .  American Fisheries Society 
Symposium   63 ,  65  –  80 .  

    Bergstad ,  O.A.  ,   Menezes ,  G.    &    H ø ines ,   Å .S.   ( 2008b )  Demersal fi sh on 
a mid - ocean ridge: Distribution patterns and structuring factors . 
 Deep - Sea Research II   55 ,  185  –  202   

    Bergstad ,  O.A.  ,   Falkenhaug ,  T.  ,   Astthorsson ,  O.S.  ,  et al.  ( 2008c ) 
 Towards improved understanding of the diversity and abundance 
patterns of the mid - ocean ridge macro -  and megafauna .  Deep - Sea 
Research II   55 ,  1  –  5 .  



Chapter 6 Biodiversity Patterns and Processes on the Mid-Atlantic Ridge 119

    Bower ,  A.S.  ,   Le   Cann ,  B.  ,   Rossby ,  T.  ,  et al.  ( 2002 )  Directly measured 
mid - depth circulation in the northeastern North Atlantic Ocean . 
 Nature   419 ,  603  –  606 .  

    Brandt ,  A.    &    Andres ,  H.G.   ( 2008 )  Description of  Aega sarsae  sp.nov. 
and redescription of  Syscenus atlanticus  Kononeko, 1988 (Crusta-
cea, Isopoda, Aegidae) from the Mid - Atlantic Ridge .  Marine 
Biology Research   4 ,  61  –  75 .  

    Byrkjedal ,  I.    &    Orlov ,  A.M.   ( 2007 )  A new species of  Cottunculus  
(Teleostei: Psychrolutidae) from the Mid Atlantic Ridge .  Zootaxa  
 1580 ,  63  –  68 .  

    Chernova ,  N.V.    &    M ø ller ,  P.R.   ( 2008 )  A new snailfi sh,  Paraliparis 
nigellus  sp. nov. (Scorpaeniformes, Liparidae), from the northern 
Mid - Atlantic Ridge  –  with notes on occurrence of  Psednos  in the 
area .  Marine Biology Research   4 ,  369  –  375 .  

    Clark ,  M.R.  ,   Vinnichenko ,  V.I.  ,   Gordon ,  J.D.M.  ,  et al.  ( 2007 )  Large -
 scale Distant - water Trawl Fisheries on Seamounts . Chapter 17 In: 
 Seamounts: Ecology, Conservation and Management  (eds.   T.J.  
 Pitcher  ,   T.   Morato  ,   P.J.B.   Hart  ,  et al .),   Fish and Aquatic Resources 
Series  , pp.  361  –  399 .  Oxford, UK :  Blackwell .  

    Crosnier ,  A.    &    Vereshchaka ,  A.   ( 2008 )   Altelatipes falkenhaugae  
n.gen., n.sp. (Crustacea, Decapoda, Benthesicymidae) de la ride 
m é dio - alantique nord .  Zoosystema   30 ,  399  –  411 .  

    Dilman ,  A.B.   ( 2008 )  Asteroid fauna of the northern Mid - Atlantic 
Ridge with description of a new species  Hymenasterides mironovi  
sp.nov .  Marine Biology Research   4 ,  131  –  151 .  

    Dinter ,  W.P.   ( 2001 )  Biogeography of the OSPAR maritime area .  Bonn, 
Germany :  Federal Agency for Nature Conservation . 167 pp.  

    Doks æ ter ,  L.  ,   Olsen ,  E.     N ø ttestad ,  L.    &    Fern ö  ,  A.   ( 2008 )  Distribution 
and feeding ecology of dolphins along the Mid - Atlantic Ridge 
between Iceland and the Azores .  Deep - Sea Research II   55 ,  243  – 
 253 .  

    Doks æ ter ,  L.  ,   God ø  ,  O.R.  ,   Olsen ,  E.  ,   N ø ttestad ,  L.    &    Patel ,  R.   ( 2009 ) 
 Ecological studies of marine mammals using a seabed - mounted 
echosounder .  ICES Journal of Marine Science   66 ,  1029  –  1036 .  

    Falkenhaug ,  T.  ,   Gislason ,  A.    &    Gaard ,  E.   ( 2007 )  Vertical distribution 
and population structure of copepods along the northern Mid -
 Atlantic Ridge . ICES ASC Helsinki  17  –  21  September 2007. ICES 
CM 2007/F:07.  

    Felley ,  J.D.  ,   Vecchione ,  M.    &    Wilson ,  R.R.   ( 2008 )  Small - scale distri-
bution of deep - sea demersal nekton and other megafauna in the 
Charlie - Gibbs Fracture Zone of the Mid - Atlantic Ridge .  Deep - Sea 
Research II   55 ,  153  –  160 .  

    Fock ,  H.O.  ,   Pusch ,  C.    &    Ehrich ,  S.   ( 2004 )  Structure of deep - sea 
pelagic fi sh assemblages in relation to the Mid - Atlantic Ridge 
(45 – 501) .  Deep - Sea Research I   51 ,  953  –  978 .  

    Fossen ,  I.    &    Bergstad ,  O.A.   ( 2006 )  Distribution and biology of blue 
hake,  Antimora rostrata  (Pisces: Moridae), along the mid - Atlantic 
Ridge and off Greenland .  Fisheries Research   82 ,  19  –  29 .  

    Fossen ,  I.  ,   Cotton ,  C.F.  ,   Bergstad ,  O.A.    &    Dyb ,  J.E.   ( 2008 )  Species 
composition and distribution patterns of fi shes captured by lon-
glines on the Mid - Atlantic Ridge .  Deep - Sea Research II   55 , 
 203  –  217 .  

    Gaard ,  E.  ,   Gislason ,  A.  ,   Falkenhaug ,  T.  ,  et al.  ( 2008 )  Horizontal and 
vertical copepod distribution and abundance on the Mid - Atlantic 
Ridge in June 2004 .  Deep - Sea Research II   55 ,  59  –  71 .  

    Garrison ,  T.   ( 1993 )  Oceanography: An invitation to Marine Science . 
 Belmont, California :  Wadsworth .  

    Gebruk ,  A.V.   (ed.) ( 2008a )  Benthic fauna of the northern Mid - Atlantic 
Ridge: results of the MAR - ECO expedition .  Marine Biology 
Research   4 ,  1  –  163 .  

    Gebruk ,  A.V.   ( 2008b )  Holothurians (Holothuroidea, Echinodermata) 
of the northern Mid - Atlantic Ridge collected by the G.O. Sars 
MAR - ECO expedition with description of four new species . 
 Marine Biology Research   4 ,  48  –  60 .  

    Gislason ,  A.  ,   Gaard ,  E.  ,   Debes ,  H.    &    Falkenhaug ,  T.   ( 2008 ).  Abun-
dance, feeding and reproduction of  Calanus fi nmarchicus  in the 

Irminger Sea and on the northern Mid - Atlantic Ridge in June . 
 Deep - Sea Research II   55 ,  72  –  82 .  

    Gordon ,  J.D.M.  ,   Bergstad ,  O.A.   and   Falkenhaug ,  T.   (eds.) ( 2008 ) 
 Mid - Atlantic Ridge Habitats and Biodiversity .  Deep - Sea Research 
II   55 ,  1  –  268 .  

    Hareide ,  N. - R.    &    Garnes ,  G.   ( 2001 )  The distribution and catch rates 
of deepwater fi sh along the Mid - Atlantic Ridge from 43 to 61 °    N . 
 Fisheries Research   51 ,  297  –  310 .  

    Haedrich ,  R.L.    &    Merrett ,  N.R.   ( 1988 )  Summary atlas of deep - living 
fi shes in the North Atlantic .  Journal of Natural History   22 , 
 1325  –  1362 .  

    Heger ,  A.  ,   Ieno ,  E.N.  ,   King ,  N.J.  ,  et al.  ( 2008 )  Deep - sea pelagic bio-
luminescence over the Mid - Atlantic Ridge .  Deep - Sea Research II  
 55 ,  126  –  136 .  

    Holland ,  N.D.  ,   Clague ,  D.A.  ,   Gordon ,  D.P.  ,   Gebruk ,  A.  ,   Pawson , 
 D.L.  ,  &    Vecchione ,  M.   ( 2005 )   ‘ Lophenteropneust ’  hypothesis 
refuted by collection and photos of new deep - sea hemichordates . 
 Nature   434  ( 7031 ),  374  –  376 .  

    Hosia ,  A.  ,   Stemmann  ,  L.   &    Youngbluth ,  M.   ( 2008 )  Distribution of 
net - collected planktonic cnidarians along the northern Mid - Atlan-
tic Ridge and their associations with the main water masses .  Deep -
 Sea Research II   55 ,  106  –  118 .  

    Hoving   H.J.T.  ,   Laptikhovsky ,  V.  ,   Piatkowski ,  U.    &     Ö nsoy ,  B.   ( 2008 ) 
 Reproduction in  Heteroteuthis dispar  (R ü ppell, 1844) (Mollusca: 
Cephalopoda): a sepiolid reproductive adaptation to an oceanic 
lifestyle .  Marine Biology   154 ,  219  –  230 .  

    King ,  N.  ,   Bagley   P.M.    &    Priede   I.G.   ( 2006 )  Depth zonation and lati-
tudinal distribution of deep sea scavenging demersal fi shes of the 
Mid - Atlantic Ridge, 42 °  – 53 °    N .  Marine Ecology Progress Series . 
 319 ,  263  –  274 .  

    Klimpel ,  S.  ,   Palm ,  H.W.  ,   Busch ,  M.W.    &    Kellermanns ,  E.   ( 2008 )  Fish 
parasites in the bathyal zone: The halosaur  Halosauropsis macro-
chir  (G ü nther, 1878) from the Mid - Atlantic Ridge .  Deep - Sea 
Research II   55 ,  229  –  235 .  

    Knutsen ,  H.  ,   Jorde ,  P.E.  ,   Albert ,  O.T.  ,  et al.  ( 2007 )  Population genetic 
structure in the North Atlantic Greenland halibut: infl uenced by 
oceanic current systems?   Canadian Journal of Fisheries and Aquatic 
Sciences   64 ,  857  –  866 .  

    Knutsen ,  H.  ,   Jorde ,  P.E.  ,   Sann æ s ,  H.  ,  et al.  ( 2009 )  Bathymetric 
barriers promoting genetic structure in the deepwater demersal fi sh 
tusk  Brosme brosme  .  Molecular Ecology   18 ,  3151  –  3162 .  

    Krauss ,  W.   ( 1986 )  The North Atlantic Current .  Journal of Geophysical 
Research C   91 ,  5061  –  5074 .  

    Kritsky   D.C.    &    Klimpel   S.   ( 2007 )   Cyclocotyloides bergstadi  n. sp. 
(Monogenoidea: Diclidophoridae: Diclidophoropsinae) from the 
gills of grenadier,  Coryphaenoides brevibarbis  (Teleostei: Macrou-
ridae), in the Northeast Atlantic Ocean .  Comparative Parasitology  
 74 ,  23  –  30 .  

    Kukuev ,  E.I.   ( 2004 )  20 years of ichthyofauna research on seamounts 
of the North Atlantic Ridge and adjacent areas. A review .  Archive 
of Fishery and Marine Research   51 ,  215  –  232 .  

    Lavoue ,  S.  ,   Miya ,  M.  ,   Poulsen ,  J.Y.  ,  et al.  ( 2008 )  Monophyly, phylo-
genetic position and inter - familial relationships of the Alep-
ocephaliformes (Teleostei) based on whole mitogenome sequences . 
 Molecular Phylogenetics and Evolution   47 ,  1111  –  1121 .  

    Longhurst ,  A.   ( 1998 )  Ecological Geography of the Sea .  AcademicPress , 
 London , 398 pp.  

    Magnusson ,  J.    &    Magnusson ,  J.V.   ( 1995 )  Oceanic redfi sh ( Sebastes 
mentella ) in the Irminger Sea and adjacent waters .  Scientia Marina  
 59 ,  241  –  254 .  

    Martynov ,  A.V.    &    Litvinova ,  N.M.   ( 2008 )  Deep - water Ophiuroidea 
of the northern Atlantic with descriptions of three new species and 
taxonomic remarks on certain genera and species .  Marine Biology 
Research   4 ,  76  –  111 .  

    Menezes ,  G.M.  ,   Sigler ,  M.F.  ,   Silva ,  H.M.    &    Pinho ,  M.R.   ( 2006 ) 
 Structure and zonation of demersal fi sh assemblages off the Azores 



Part II Oceans Present – Geographic Realms120

archipelago (Mid Atlantic) .  Marine Ecology Progress Series   324 , 
 241  –  260 .  

    Menschenina ,  L.L.  ,   Tabachnik ,  K.R.  ,   Lopes ,  D.A.    &    Hajdu ,  E.   ( 2007 ) 
 Revision of  Calycosoma  Schulze, 1899 and fi nding of  Lophocalyx  
Schulze, 1887 (six new species) in the Atlantic Ocean (Hexactinel-
lida, Rossellidae ). In:  Porifera Research: Biodiversity, Innovation 
and Sustainability  (eds.   M.R.   Cust ó dio  ,   G.   L ô bo - Hajdu  ,   E.   Hajdu   
 &    G.   Muricy  ), pp.  449  –  465 .   S é rie Livros 28  ,  Museo Nacional ,  Rio 
de Janeiro, Brazil .  

    Merrett ,  N.R.    &    Haedrich ,  R.L.   ( 1997 )  Deep - Sea Demersal Fish and 
Fisheries .  London :  Chapman   &   Hall .  282  pp.  

    Mironov   A.N.   ( 1994 )  Bottom faunistic complexes of oceanic islands 
and seamounts .  Trudy Instituta Okeanologii AN USSR   129 ,  7  –  16 . 
(In Russian with English summary.)  

    Mironov ,  A.N.   ( 2008 )  Pourtalesiid sea urchins (Echinodermata: Echi-
noidea) of the northern Mid - Atlantic Ridge .  Marine Biology 
Research   4 ,  3  –  24 .  

    Mironov ,  A.N.  ,   Gebruk ,  A.V.    &    Southward ,  A.J.   (eds.) ( 2006 )  Bioge-
ography of the North Atlantic Seamounts .  Moscow :  KMK Scientifi c 
Press . 196 pp.  

    Moravec   F.    &    Klimpel   S.   ( 2007 )  A new species of  Comephoronema  
(Nematoda : Cystidicolidae) from the stomach of the abyssal halo-
saur  Halosauropsis macrochir  (Teleostei) from the mid - Atlantic 
ridge .  Journal of Parasitology   93 ,  901  –  906 .  

    Moravec ,  F.  ,   Klimpel ,  S.    &    Kara ,  E.   ( 2006 ).   Neoascarophis macrouri  
n. sp. (Nematoda: Cystidicolidae) from the stomach of  Macrourus 
berglax  (Macrouridae) in the eastern Greenland Sea .  Systematic 
Parasitology   63 ,  231  –  237 .  

    Murina ,  V.V.   ( 2008 )  New records of Echiura and Sipuncula in the 
North Atlantic Ocean, with description of a new species of  Jacobia  . 
 Marine Biology Research   4 ,  152  –  156 .  

    Murray ,  J.    &    Hjort ,  J.   ( 1912 )  The Depths of the Ocean .  London : 
 Macmillan .  

    Opdal ,  A.F.  ,   God ø  ,  O.R.  ,   Bergstad ,  O.A.    &    Fiksen ,   Ø   . ( 2008 )  Distri-
bution, identity, and possible processes sustaining meso -  and bath-
ypelagic scattering layers on the northern Mid - Atlantic Ridge . 
 Deep - Sea Research II   55 ,  45  –  58 .  

    Orlov ,  A.  ,   Cotton ,  C.F.    &    Byrkjedal ,  I.   ( 2006 )  Deepwater skates col-
lected during 2004 R/V G.O. Sars and M/V Loran cruises in the 
Mid - Atlantic Ridge area .  Cybium   30 ,  35  –  48 .  

    Pedchenko   A.P.    &    Dolgov ,  A.V.   ( 2005 )  The results of the ecosystem 
investigations by PINRO in the Irminger Sea at beginning of XXI 
century .  XIII International conference on fi sheries oceanology, 
Kaliningrad, Russia, September 2005 , pp.  216  –  217 .  Kaliningrad : 
 AtlantNIRO Press . (In Russian.)  

    Petursdottir ,  H.  ,   Gislason ,  A.  ,   Falk - Petersen ,  S.  ,  et al.  ( 2008 )  Trophic 
interactions of the pelagic ecosystem over the Reykjanes Ridge as 
evaluated by fatty acid and stable isotope analyses .  Deep - Sea 
Research II   55 ,  83  –  93 .  

    Pierrot - Bults ,  A.C.   ( 2008 )  A short note on the biogeographic patterns 
of the Chaetognatha fauna in the North Atlantic .  Deep - Sea Research 
II   55 ,  137  –  141 .  

    Post ,  A.   ( 1987 )  Stations lists and technical data of the pelagic transects 
of FRVs  “ Walther Herwig ”  and  “ Anton Dohrn ”  in the Atlantic 
Ocean 1966 to 1986 .  Mitteilungen aus dem Institut f ü r Seefi scherei  
 42 ,  1  –  67 .  

    Poulsen ,  J.Y.  ,   M ø ller ,  S.  ,   Lavou é  ,  S.  ,  et al.  ( 2009 )  Higher and lower -
 level relationships of the deep - sea fi sh order Alepocephaliformes 
(Teleostel: Otocephala) inferred from whole mitogenome 
sequences .  Biological Journal of the Linnean Society   98 ,  923  –  936 .  

    Priede   I.G.  ,   Froese   R.  ,   Bailey   D.M.  ,  et al.  ( 2006 )  The absence of sharks 
from abyssal regions of the world ’ s oceans .  Proceedings of the Royal 
Society of London B   273 ,  1435  –  1441 .  

    Probert ,  P.K  ,   Christiansen ,  S.  ,   Gjerde ,  K.M.  ,  et al.  ( 2007 )  Manage-
ment and conservation of seamounts . In  Seamounts: Ecology, Con-
servation and Management  (eds.   T.J.   Pitcher  ,   T.   Morato  ,   P.J.B.  

 Hart  ,  et al .),   Fish and Aquatic Resources Series  , pp.  442  –  475 . 
 Oxford :  Blackwell .  

    Reverdin ,  G.  ,   Niiler ,  P.P.    &    Valdimarsson ,  H.   ( 2003 )  North Atlantic 
Ocean surface currents .  Journal of Geophysical Research C   108 , 
 3002 .  

    Rossby ,  T.   ( 1999 )  On gyre interaction .  Deep - Sea Research II   46 , 
 139  –  164 .  

    Santos ,  R.S.  ,   Porteiro ,  F.M.    &    Barreiros ,  J.P.   ( 1997 )  Marine fi shes of 
the Azores: annotated checklist and bibliography .  Arquipelago. Life 
and Marine Sciences  ( Supplement 1 ),  1  –  244 .  

    Schmidt ,  J.   ( 1931 )  Oceanographic expedition of the Dana, 1928 –
 1930 .  Nature   127 ,  444  –  446 ,  487  –  490 .  

    Sigurj ó nsson ,  J.  ,   Gunnlaugsson ,  T.  ,   Ensor ,  P.  ,  et al.  ( 1991 )  North 
Atlantic sighting survey 1989 (NASS - 89): shipboard surveys 
in Icelandic and adjacent waters July – August 1989 .  Report on 
International Whale Communication   41 ,  559  –  572 .  

    S ø iland ,  H.  ,   Budgell ,  W.P.    &    Knutsen ,   Ø   . ( 2008 )  The physical ocea-
nographic conditions along the Mid - Atlantic north of the Azores 
in June – July 2004 .  Deep - Sea Research II   55 ,  29  –  44 .  

    Stefanni ,  S.    &    Knutsen ,  H.   ( 2007 )  Phylogeography and demo-
graphic history of the deep - sea fi sh  Aphanopus carbo  (Lowe , 
 1839) in the NE Atlantic: vicariance followed by secondary 
contact or speciation?   Molecular Phylogeny and Evolution   42 , 
 38  –  46 .  

    Stefanni ,  S.  ,   Bettencourt ,  R.  ,   Knutsen ,  H.    &    Menezes   G.   ( 2009 )  Rapid 
polymerase chain reaction - restriction fragment length polymor-
phism method for discrimination of the two Atlantic cryptic 
deep - sea species of scabbardfi sh .  Moecular Ecology Resources   9 , 
 528  –  530 .  

    Stemmann ,  L.  ,   Hosia ,  A.  ,   Youngbluth ,  M.J.  ,  et al.  ( 2008 )  Vertical 
distribution (0 – 1000   m) of macrozooplankton, estimated using the 
Underwater Video Profi ler, in different hydrographic regimes 
along the northern portion of the Mid - Atlantic Ridge .  Deep - Sea 
Research II   55 ,  94  –  105 .  

    Sutton ,  T.T.  ,   Porteiro ,  F.M.  ,   Heino ,  M.  ,  et al.  ( 2008 )  Vertical struc-
ture, biomass and topographic association of deep - pelagic fi shes in 
relation to a mid - ocean ridge system .  Deep - Sea Research II   55  
( 1 – 2 ),  161  –  184 .  

    Tabachnik ,  K.R.    &    Collins ,  A.G.   ( 2008 )  Glass sponges (Porifera, Hex-
actinellida) of the northern Mid - Atlantic Ridge .  Marine Biology 
Research   4 ,  25  –  47 .  

    Tabachnick ,  K.R.    &    Menshenina ,  L.L.   ( 2007 ).  Revision of the genus 
 Asconema  (Porifera: Hexactinellida: Rossellidae) .  Journal of 
the Marine Biological Association of the United Kingdom   87 , 
 1403  –  1429 .  

    T å ning ,  A.V.   ( 1944 ).  List of supplementary pelagic stations in the 
Pacifi c Ocean and the Atlantic .  Dana - Report   26 ,  1  –  15 .  

    Tyssebotn ,  I.M.   ( 2008 )  Contamination in deep sea fi sh: toxic elements, 
dioxins, furans and dioxin - like PCBs in the orange roughy. Master 
of Science Thesis ,  University of Bergen ,  Norway .  

    Uiblein ,  F.  ,   Nielsen ,  J.G.    &    M ø ller ,  P.R.   ( 2008 )  Systematics of the 
ophidiid genus  Spectrunculus  (Teleostei: Ophidiiformes) with res-
urrection of  S. crassus  .  Copeia   2008 ,  542  –  551 .  

    Vecchione ,  M.    &    Roper ,  C.F.E.   ( 1991 )  Cephalopods observed from 
submersibles in the western North Atlantic .  Bulletin of Marine 
Science   49 ,  433  –  445 .  

    Vecchione ,  M.    &    Young ,  R.E.   ( 1997 )  Aspects of the functional mor-
phology of cirrate octopods: locomotion and feeding .  Vie et Milieu  
 47 ,  101  –  110 .  

    Vecchione ,  M.    &    Young ,  R.E.   ( 2006 )  The squid family Magnapinni-
dae (Mollusca: Cephalopoda) in the Atlantic Ocean, with a descrip-
tion of a new species .  Proceedings of the Biological Society of 
Washington   119 ,  365  –  372 .  

    Vecchione ,  M.  ,   Young ,  R.E.    &    Piatkowski ,  U.   ( 2010 )  Cephalopods of 
the northern Mid - Atlantic Ridge .  Marine Biology Research   6 , 
 25  –  52 .  



Chapter 6 Biodiversity Patterns and Processes on the Mid-Atlantic Ridge 121

    Vinogradov ,  G.M.   ( 2005 )  Vertical distribution of macroplankton at 
the Charlie - Gibbs Fracture Zone (North Atlantic), as observed from 
the manned submersible  “ Mir - 1 ”  .  Marine Biology   146 ,  325  –  331 .  

    Wenneck ,  T.     de   L. ,  Falkenhaug  ,   T.   &   Bergstad  ,   O.A.   ( 2008 )  Strategies, 
methods, and technologies adopted on the R.V.  G.O. Sars  MAR -
 ECO expedition to the Mid - Atlantic Ridge in 2004 .  Deep - Sea 
Research II   55 ,  6  –  28 .  

    White ,  T.A.  ,   Stefanni ,  S.  ,   Stamford ,  J.    &    Hoelzel ,  A.R.   ( 2009 )  Unex-
pected panmixia in a long - lived, deep - sea fi sh with well - defi ned 
spawning habitat and relatively low fecundity .  Molecular Ecology  
 18 ,  2563  –  2573 .  

    White ,  T.A.  ,   Stamford ,  J.    &    Hoelzel ,  A.R.   ( 2010 )  Local selection and 
population structure in a deep - sea fi sh, the roundnose grenadier 
( Coryphaenoides rupestris ) .  Molecular Ecology   19 ,  216  –  226 .  

    Whitehead ,  P.J.  P.,   Bauchot ,  M. - L.  ,   Hureau ,  J. - C.  ,   Nielsen ,  J.   and 
  Tortonese   E.   (eds.) ( 1986 )  Fishes of the North - eastern Atlantic and 
the Mediterranean , Vols.  I – III , 1473 pp.  Paris :  UNESCO .  

    Young ,  R.E.  ,   Vecchione ,  M.    &    Piatkowski ,  U.   ( 2006 )   Promachoteuthis 
sloani , a new species of the squid family Promachoteuthidae 
(Mollusca: Cephalopoda) .  Proceedings of the Biological Society of 
Washington   119 ,  287  –  292 .  

    Youngbluth ,  M.  ,   S ø rnes ,  T.  ,   Hosia ,  A.    &    Stemmann ,  L.   ( 2008 )  Vertical 
distribution and relative abundance of gelatinous zooplankton,  in 
situ  observations near the Mid - Atlantic Ridge .  Deep - Sea Research 
II   55 ,  119  –  125 .   

  
 
 
 
 
 
 
  
   

   

 





Life in the World’s Oceans, edited by Alasdair D. McIntyre 
© 2010 by Blackwell Publishing Ltd.

123

  Chapter 7 

Life on Seamounts  
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    7.1    Introduction:  A  History 
of Seamount Research 

 The rugged terrain and vast mountain ranges that rise from 
our continents inspire a strong passion, perhaps epitomized 
by the fi rst climbing of Mount Everest by Sir Edmund 
Hillary and Sherpa Tenzing Norgay in 1953. In the same 
decade marine scientists Bruce Heezen and Marie Tharp 
were looking down, deep into our oceans, mapping the 
Atlantic seafl oor. Painstakingly assembling echo - sounded 
data, they revealed for the fi rst time the extent of the mid -
 Atlantic ridge. At 20,000   km, it easily surpasses the length 
of the Himalayas, Andes, and Rockies combined, and is the 
longest mountain range on Earth. On this ridge and else-
where in the oceans stand undersea mountains, or seamounts 
(Box  7.1 ), the largest of which rise many kilometers from 
the sea fl oor.   

 The bathymetry of our oceans is now resolved at a scale 
and detail unimaginable by early pioneers. Yet despite 
advances in ocean mapping we are still unable to answer 
seemingly simple questions such as how many seamounts 
there are. To even begin to estimate the global number of 
seamounts requires advanced computational technologies. 
In  2007  Hillier  &  Watts took 40 million kilometers ’  worth 
of echosounder depth measurements and predicted the 
occurrence of around 40,000 seamounts over 1,000   m tall, 
most not yet discovered. Widening their scope to include 
seamounts  > 100   m high, the authors predicted about 

200,000, and speculated there could be as many as 3 
million seamounts (Fig.  7.1 ).   

 Biological research on seamounts has been limited, and 
we have a poor understanding of global seamount biodi-
versity. So far, fewer than 300 seamounts have been studied 
in suffi cient biological detail to describe adequately the 
assemblage composition of seabed organisms. Furthermore, 
sampling has been biased toward larger fauna such as fi shes, 
crustaceans, and corals (SeamountsOnline; Stocks  2009 ). 

 Carl L. Hubbs  (1959)  was one of the fi rst biologists to 
work on seamounts, and the questions he posed in 1959 
remain relevant half a century later. What species inhabit 
seamounts and with what regularity and abundance? How 
did these species disperse to, and establish on, seamounts? 
What bearing may the determined constitution of these 
isolated faunas have on our ideas concerning past and 
present oceanic circulation and temperatures? Do banks 
and seamounts provide stepping stones for trans - oceanic 
dispersal? To what degree has isolation led to speciation? 
What factors are responsible for the abundance of life over 
seamounts? 

 However, one of Hubbs ’  questions was to be answered 
quickly: are demersal or pelagic fi shes suffi ciently abundant 
on seamounts to provide profi table fi sheries? Seamounts 
host signifi cant commercial fi sheries in many parts of the 
world. Traditional handline fi sheries were likely the fi rst 
fi sheries associated with seamounts (Marques da Silva  &  
Pinho  2007 ) as far back as the fourteenth century (Brewin 
 et al.   2007 ), and continue to the present day. In the 1970s 
deep - sea trawling began in earnest, targeting large seamount 
associated fi sh aggregations (Clark  et al.   2007a ) with 
nations sending hundreds of vessels around the world ’ s 
oceans. So far, at least 77 commercially valuable fi sh species 
have been fi shed on seamounts (Rogers  1994 ). Since the 



Part II Oceans Present – Geographic Realms124

    Seamounts are prominent features of the world ’ s underwa-
ter topography, found in every ocean basin (Fig.  7.1 ). They 
are generally volcanic in origin, and often conical in shape. 
Over geological time seamounts sink (through isostatic 
adjustment) and erode to become less regular. The topog-
raphy of seamounts can be complex and within any 
seamount one may find terraces, canyons, pinnacles, crev-
ices, and craters. 

 Seamounts are traditionally defined by geologists as 
having an elevation greater than 1,000   m above the 

seabed (Menard  1964 ). Biologists now widely include 
peaks less than 1,000   m in their definitions, for there is 
no known ecological reason for this cutoff height. Pitcher 
 et al.   (2007)  defined a seamount as any topographically 
distinct seafloor feature that is greater than 100   m but 
which does not break the sea surface to become an 
island. This definition excludes large banks and shoals 
(as they differ in size) and topographic features on con-
tinental shelves (because of their proximity to other 
shallow topography).  

  Seamounts 

  Box 7.1 

     Fig. 7.1 

   Location of 63,000 seamounts collated from verified regional datasets, or estimated from satellite altimetry or vessel track sounding data (CenSeam 2009).  

1960s the total international catch of demersal fi shes on 
seamounts by distant - water fi shing fl eets is estimated to be 
over 2.25 million tonnes (Clark  et al.   2007a ), although the 
true extent of trawling on seamounts may never be known 
through a combination of catches not being reported, or 

catches coming from wider areas than just seamounts 
(Watson  et al.   2007 ). 

 Historically seamount ecosystems have not been well 
protected (Probert  et al.   2007 ) and have been affected by 
fi shing activities that can cause declines in fi sh stocks and 
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visible damage to benthic habitat (Davies  et al.   2007 ). A 
great deal of fi shing effort has, and continues to, occur 
on the high seas and many fi sheries proceeded largely 
unregulated, falling outside of any nation ’ s jurisdiction. 
Although the United Nations and regional fi sheries 
management organizations are becoming more effective, 
enforcement of regulations on the high seas remains a 
challenge. 

 Emergent threats such as deep - sea mineral extraction 
and indirect threats to all deep - sea habitats are also increas-
ingly being considered, such as rising CO 2  (Guinotte  et al.  
 2006 ). High - profi le governmental and non - governmental 
initiatives have elevated the position of seamounts in the 
public eye. 

 Recognizing it is not feasible to sample all of the 
world ’ s seamounts, research efforts needed to be coordi-
nated to assess the current state of knowledge, fi ll critical 
knowledge gaps, and target understudied regions and 
seamount types. The Global Census of Marine Life on 
Seamounts (CenSeam) has provided a focal point for coor-
dinating global research and for communicating research 
results to stakeholders seeking scientifi c advice and guid-
ance. To mark the end of the fi rst Census of Marine Life, 
this chapter addresses some of the core research questions 
that have faced seamount researchers, including those of 
the CenSeam project, over the past fi ve years. It also indi-
cates where seamount research is likely to be directed in 
the future.  

   7.2     A  Global Census of 
Marine Life on Seamounts 
(CenSeam) 

 The fi eld of seamount biology has grown in recent decades, 
as shown by the increasing number of scientifi c publica-
tions each year (Brewin  et al.   2007 ). The Census fi eld 
project CenSeam started in 2005, and has served to 
bring together more than 500 seamount researchers, policy 
makers, environmental managers, and conservationists 
from every continent. At the outset of CenSeam, our 
understanding of seamount ecosystems was hampered by 
signifi cant gaps in global sampling, a variety of approaches 
and sampling methods, and a lack of large - scale synthesis; 
scientifi c attention was not yet consistent with their 
potential biological and ecological value (Stocks  et al.  
 2004 ). CenSeam has aimed to do the following: (1) syn-
thesize and analyze existing data (Box  7.2 ); (2) coordinate 
and expand existing and planned research (Box  7.3 ); (3) 
communicate the fi ndings through public education and 
outreach; and (4) identify priority areas for research and 
foster scientifi c expeditions to these regions. CenSeam 
researchers have augmented sampling efforts and analyses 
in the well studied Southwest Pacifi c and Northern Atlan-
tic. CenSeam has also identifi ed three key undersampled 
regions: the Indian Ocean, the South Atlantic, the Western 

    Since 2005, SeamountsOnline (Stocks  2009 ) has been col-
lecting data on species that have been recorded from 
seamounts globally, and making them available through a 
free online data portal (Fig.  B7.2 ). By bringing together 
global seamount data into a standardized, searchable, 
electronic format, SeamountsOnline facilitates research 
and management objectives looking at patterns across dif-
ferent seamounts and regions.   

 Through a map interface, users can select seamounts 
of interest, or see the distribution of taxa globally. Users can 

search for information by management boundaries, such 
as Exclusive Economic Zones, and biogeographic region-
alizations, such as Longhurst Provinces. Seamounts can 
also be searched by summit depth. Taxonomic searching 
has options for searching by phylum, class, order, or family, 
in addition to genus or species. All species observations in 
SeamountsOnline are also contributed to the Ocean Bio-
geographic Information System ( www.iobis.org ), which 
integrates data from across all the Census of Marine Life 
projects.  

 SeamountsOnline: Providing Researchers and Managers with Tools for 
Finding and Accessing Information on the Biological Communities that live on 
Seamounts 

  Box 7.2 
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    On seamount voyages researchers will typically conduct a 
bathymetric survey (usually using multibeam sonar) of the 
target seamount. The resulting baythmetric map provides 
the basis for more detailed planning of the sampling 
program: plans that will take into account factors such as 
seamount size, shape, and depth. Echosounder informa-
tion can also be used to identify substrate type and can 
guide sampling to target soft and hard bottoms. 

 The sampling gear and methodology used will depend 
on the nature of the research and the  in situ  conditions, for 
example weather and substrate. For biodiversity surveys, 

camera transects (undertaken using towed camera plat-
forms, remotely operated vehicles, or submersibles) should 
be performed where possible. Remote methodologies have 
the advantage of being non - destructive and enabling 
researchers to view intact community composition, and to 
potentially gain valuable information on animal behavior. 
However, to quantify biodiversity fully,  “ ground - truthing ”  is 
required, and physical collection is vital for the completion 
of a full taxonomic inventory. A combination of sampling 
gears (for example grabs, corers, dredges, sleds, trawls) 
may be deployed on seamount surveys, but the hard and 

  Sampling Seamounts 

  Box 7.3 

     Fig. B7.2 

   SeamountsOnline is a free online data portal that makes available global data on species that have been recorded from seamounts (seamounts.sdsc.edu, 
see also its sister database SeamountCatalog  at earthref.org/cgi - bin/er.cgi?s=sc - s0 - main.cgi).  
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(A) (B)

(C) (D)

      Fig. B7.3 

   Researchers will typically conduct  (A)  a bathymetric survey followed by  (B)  camera transects e.g., Deep Towed Imaging System (pictured) and then 
collect physical specimens using a  (C)  beam trawl and/or  (D)  epibenthic sled (National Institute of Water and Atmospheric Research).  

rough ground that frequently prevails on seamounts may 
limit researchers to the use of towed dredges or sleds 
(Fig.  B7.3 ).   

 The sample from each gear type deployed is sorted 
on board and separated out as close to species or puta-
tive species (that is, apparently morphologically distinct 
organisms, sometimes called operational taxonomic units) 
as possible. The samples are then chemically fixed or 
frozen (following taxa - specific recommendations, as well 
as taking into account genetic sampling requirements). 
At the end of the voyage the samples will be delivered 

to taxonomists who will complete the final faunal inventory. 
This assessment of biodiversity can take many years, 
based on the high numbers of samples and low numbers 
of taxonomists. 

 Two working groups have helped drive the CenSeam 
research effort; the Data Analysis (DAWG) and Standardi-
zation Working Group (SWG). Members of each group have 
convened several workshops to tackle specific research 
questions and challenges, for example standardizing 
survey design, sampling, and analysis techniques (where 
possible) to facilitate geographic comparisons.  

and Southern Central Pacifi c, and researchers have worked 
toward securing funding to sample these regions. So far, 
CenSeam - linked scientists have participated in over 20 
voyages.     

 To help focus global research efforts, the CenSeam 
community identifi ed two overarching priority themes: 
(1) What factors drive community composition and diver-
sity on seamounts, including any differences between 
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Seamount ecosystem     Fig. 7.2 

   The CenSeam field program aims to 
investigate what factors drive 
community composition and 
diversity on seamounts, and to 
understand better the impacts of 
human activities such as fishing on 
seamounts (Erika Mackay, National 
Institute of Water and Atmospheric 
Research).  

seamounts and other habitat types? (2) What are the 
impacts of human activities on seamount community struc-
ture and function? (Fig.  7.2 ). Within these themes key 
questions were developed to address where more science 
was needed to improve our understanding of the structure 
and functioning of seamount ecosystems and to inform 
management and conservation objectives. These questions 
will be used below to present what is known about 
seamounts so far, and how CenSeam has contributed to 
this knowledge. The CenSeam research effort has focused 
on seamount mega -  and macroinvertebrates.    

   7.3    What Factors Drive 
Community Composition and 
Diversity on Seamounts? 

 Effective management of any seamount ecosystem must be 
based on a solid understanding of the seamount commu-
nity, and associated physical and biological processes. Fur-
thermore, it is important to determine the interactions of 
seamount communities with those in the wider deep - sea 
realm. 

   7.3.1    Seamount  c ommunity 
 c omposition and  d iversity 

 The dominant large fauna of hard substrate on many deep -
 sea seamounts are attached, sessile organisms that feed on 
particles of food suspended in the water (Fig.  7.3 ). These 
suspension feeders are predominantly from the phylum 
Cnidaria, which includes stony corals, gorgonian corals, 

black corals, sea anemones, sea pens, and hydroids. Deep -
 sea (or cold water) corals are one of the most studied 
groups, and CenSeam has promoted research on their 
global distributions (Clark  et al.   2006 ; Rogers  et al.   2007 ; 
Tittensor  et al.   2009 ). Corals can grow as individual colo-
nies, or can coalesce as reefs; potentially providing complex 
three - dimensional habitat for a wide range of other animals, 
providing more refuge, an enhanced supply of food, surface 
area for settlement, and microhabitat variability to support 
a greater faunal diversity than less complex habitat. 
However, the role of biogenic habitat in the deep sea has 
only recently emerged as an area of both academic and 
conservation interest, and only a few quantitative studies 
have been made of the relationship between biogenic habi-
tats and the composition of seamount fauna (see, for 
example, O ’ Hara  et al.   2008 ).   

 In the literature there are many studies that describe the 
fi sh that live on seamounts. The most recent review by 
Morato  et al.   (2004)  identifi ed a total of 798 species of 
seamount fi sh, though exactly how to defi ne a  “ seamount 
fi sh ”  is not straightforward. Commonly cited examples 
include the orange roughy ( Hoplostethus atlanticus ), alfon-
sino ( Beryx splendens ), Patagonian toothfi sh ( Dissostichus 
eleginoides ), oreos ( Pseudocyttus maculatus ,  Allocyttus 
niger ), and pelagic armourhead ( Pseudopentaceros wheeleri ) 
(Table  7.1 ). Sharks and tuna are also reported as occurring 
on seamounts, and in the waters above some shallow 
seamounts serranids (including sea basses and the groupers) 
and jacks are observed to spawn (Morato  &  Clark  2007 ).   

 Seamounts are popularly referred to as hot spots of high 
species richness in the deep sea. However, many research-
ers are failing to fi nd support for this premise. Stocks  &  
Hart  (2007)  report variability but no overall trend of ele-
vated species richness across approximately 18 studies 
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(A) (B)

(C) (D)

     Fig. 7.3 

   Corals on seamounts can grow as reefs or as individual colonies.  (A)   Solenosmilia variabilis  on Ghoul Seamount (approximately 1,000   m; New Zealand; 
National Institute of Water and Atmospheric Research).  (B)   Paragorgia arborea  and a dense population of basket stars  Gorgonocephalus  sp. on San Juan 
Seamount (USA; courtesy of the Monterey Bay Aquarium Research Institute).  (C)   Viminella  on the summit of Condor Seamount (200   m; Azores, North 
Atlantic;  ©  Greenpeace/Gavin Newman).  (D)  Paragorgiid, acanthogorgiid, and chrysogorgiid corals on Pioneer Seamount (approximately 1,700 – 1,800   m; 
Northwestern Hawaiian Islands; 2003 NWHI exploration team: Amy Baco - Taylor, Chris Kelley, John Smith, and pilot Terry Kerby, NOAA Office of Ocean 
Exploration and Hawaii Undersea Research Laboratory).  

comparing seamounts to either surrounding deep sea or 
nearby continental margins. However, sampling - related 
issues complicate such comparisons, an issue that has been 
addressed within the CenSeam Data Analysis Working 
Group (DAWG). Taking sampling factors into account, 
DAWG member O ’ Hara  (2007)  compared levels of 
ophiuroid species richness between seamount and non -
 seamount areas (for the latter by randomly generating pop-
ulations from areas and depth ranges that refl ected the 
typical sampling profi le of seamounts) and concluded that 
seamounts do not show elevated levels of species richness. 

 At macro - ecological scales, the fauna of individual 
seamounts have been found to broadly refl ect the species 
pools present on neighboring seamounts and continental 
margins (see, for example, Samadi  et al.   2006 ; Stocks  &  
Hart  2007 ; McClain  et al.   2009 ; Clark  et al.   2010 ; Brewin 
 et al.   2009 ). Although the main body of evidence suggests 

that broad assemblage composition may be similar to sur-
rounding deep - sea environments, community structure 
may differ between habitats. For example McClain  et al.  
 (2009)  present preliminary evidence that the faunal com-
munities of Davidson Seamount (off the west coast of the 
USA), although similar in composition to adjacent canyon 
habitat, are structurally different, particularly in the 
frequency of occurrence of particular species. 

 Seamounts are hypothesized to serve as biogeographical 
 “ islands ”  that could also function as shallow stepping stones 
across the abyssal plains. The isolated nature of many sea-
mounts has fueled the hypothesis that seamounts can sup port 
high levels of endemicity, and numerous studies have sup-
ported this hypothesis (Richer de Forges  et al.   2000 ; see 
review by Stocks  &  Hart  2007 ). However, so far, it is unlikely 
that we have identifi ed enough of the regional or global deep -
 sea fauna to use the term endemic with any confi dence, and 
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  Table 7.1 

  Distribution of main commercial fi sh species on seamounts (North Atlantic ( NA ); South Atlantic ( SA ); North Pacifi c ( NP ); South Pacifi c ( SP ); Indian Ocean ( IO ); 
Southern Ocean ( SO )) and the depth range commonly fi shed. 

   Common name     Scientific name     Distribution     Main depth range (m)  

  Alfonsino     Beryx splendens     NA, SA, NP, SP, IO    300 – 600  

  Black cardinalfish     Epigonus telescopus     NA, SA, SP, IO    500 – 800  

  Rubyfish     Plagiogenion rubiginosum     SA, SP, IO    250 – 450  

  Black scabbardfish     Aphanopus carbo     NA    600 – 800  

  Redbait     Emmelichthys nitidus     SA, SP, IO    200 – 400  

  Sablefish     Anoplopoma fimbria     NP    500 – 1,000  

  Pink Maomao     Caprodon  spp.    NP, SP    300 – 450  

  Southern boarfish     Pseudopentaceros richardsoni     SA, SP, IO    600 – 900  

  Pelagic armorhead     Pseudopentaceros wheeleri     NP    250 – 600  

  Orange roughy     Hoplostethus atlanticus     NA, SA, SP, IO    600 – 1,200  

  Oreos     Pseudocyttus maculatus, Allocyttus niger     SA, SP, IO, SO    600 – 1,200  

  Bluenose     Hyperoglyphe antarctica     SA, SP, IO    300 – 700  

  Redfish     Sebastes  spp. ( S. marinus ,  S. mentella ,  S. proriger )    NA, NP    400 – 800  

  Roundnose grenadier     Coryphaenoides rupestris     NA    800 – 1,000  

  Toothfish     Dissostichus  spp.    SA, SP, IO, SO    500 – 1,500  

  Notothenid cods     Notothenia  spp.    SA, SP, IO, SO    200 – 600  

apparently high levels of endemism may be an artifact of sam-
pling species - rich communities or uneven sampling effort. 
Furthermore, many seamount fauna are recorded to have 
global or near - global distributions including reef - building 
scleractinian corals ( Lophelia pertusa ,  Solenosmilia variabi-
lis , and  Madrepora oculata ) (Roberts  et al.   2006 ) and fi sh 
species such as orange roughy (Francis  &  Clark  2005 ). 

 In summary, seamounts can host abundant and diverse 
benthic communities. However, in many instances com-
munity composition is similar to those of adjacent habitats 
including continental slope. Today the concept of seamounts 
being islands in the sea has little support, but more 
sampling is required to be able to address this idea fully.  

   7.3.2    Connectivity of  s eamount 
 p opulations 

 Differences in the connectivity of faunal populations among 
seamounts is almost certainly an important determinant of 
community composition on seamounts, a potential driver of 

endemicity, and a major consideration for the management 
of seamount ecosystems. The dispersal capabilities of deep -
 sea fauna depend primarily on whether species can disperse 
as adults, or only as eggs, larvae, and/or post - larvae; however, 
one cannot fully predict the distribution of a species based on 
larval life history alone (see Johannesson ’ s  (1988)  paradox 
of Rockall). Relatively little is known about the life - history 
traits of deep - sea organisms, including those found on 
seamounts. Studies so far have been restricted to a single 
seamount (Parker  &  Tunnicliffe  1994   ) or limited taxa (see, 
for example, Calder  (2000)  on hydroids). Distance from 
shore, or degree of isolation from other seamounts, is widely 
proposed as an important factor determining community 
composition and richness. Leal  &  Bouchet  (1991)  report a 
signifi cant decline in species richness of prosobranch gastro-
pods moving offshore along the Vit ó ria - Trindade seamount 
chain, but could not attribute this to any differences in larval 
life histories and posed that species may be passively dis-
persed along the chain through  “ island hopping ” . In fact a 
suite of physical and biological factors also infl uence 
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dispersal, and hence connectivity, over space and time. In a 
major CenSeam review paper, Clark  et al.   (2010)  break these 
factors down: (1) physical ocean structure (for example 
hydrographic retention, large - scale and local currents), (2) 
factors infl uencing larval development time (for example 
temperature, food availability, predation), (3) habitat avail-
ability for larval settlement, and (4) post - settlement survival; 
with interactions thereof driving variations in the dispersal 
capabilities of fauna among seamounts. 

 Genetic studies are essential to our understanding of con-
nectivity, but so far have been limited to few fauna and by the 
sensitivity of the current techniques. Historically, seamount 
genetic connectivity studies focused on commercially fi shed 
fauna but in recent years efforts have expanded to non -
 commercial fauna. No consistent pattern has emerged, with 
mixed results indicating both genetic differentiation and 
genetic homogeneity between some commercially fi shed 
fauna on seamounts, and those on oceanic islands and the 
continental margins at both oceanic and regional scales 
(Aboim  et al.   2005 ; Stockley  et al.   2005 ). 

 Baco  &  Shank  (2005)  discovered relatively high levels 
of genetic diversity, as well as low yet signifi cant levels of 
population differentiation, for the precious coral  Coral-
lium lauuense  among several Hawaiian seamounts and 
islands. They suggested that  C. lauuense  are primarily self -
 recruiting with occasional long - distance dispersal events 
maintaining genetic connectivity between sites. In contrast, 
Smith  et al.   (2004)  provided evidence of widespread dis-
tribution of bamboo coral species in the Pacifi c which 
were not endemic to seamounts. However, the authors 
could not rule out that the mitochondrial markers they 
used in their analysis were insensitive to recent speciation 
events. Samadi  et al.   (2006)  determined that populations 
of a gastropod with dispersive larvae were more similar 
than populations of non - planktotrophic gastropod species. 
Samadi  et al.   (2006)  also determined that dispersive squat 
lobster species were genetically similar among populations 
on seamounts and the adjacent island slope. 

 The potential ability of certain seamount fauna to dis-
perse widely is perhaps not surprising when compared with 
the fi nding of dispersive fauna at other isolated deep - sea 
habitats, such as hydrothermal vents or cold seeps (Samadi 
 et al.   2007 ; see Chapter  9 ). 

 As well as understanding the dispersal characteristics of 
seamount fauna, it is vital to set these in the context of both 
large - scale oceanic circulation and localized hydrological 
phenomena. For example, Taylor cones have been cited as 
a possible trapping mechanism that may drive endemism. 
Mullineaux  &  Mills  (1997)  recorded larval concentrations 
above and around Fieberling Guyot to be consistent with 
modeled tidally rectifi ed recirculation over the seamount. 
Parker  &  Tunnicliffe  (1994)  proposed the presence of a 
modifi ed Taylor cap on Cobb Seamount was important 
for trapping short - lived larvae, but because water mass is 
replaced approximately every 17 days, concluded that 

medium and long - lived larvae would be dispersed. Recent 
research by DAWG members has concluded, for some 
faunal groups, that seamount - scaled oceanographic reten-
tion is weak compared with other ecological drivers of 
community diversity on seamounts (Brewin  et al.   2009 ). 

 To conclude, current understanding of the dispersal 
capabilities of seamount fauna, and the role of large and 
smaller - scale oceanographic processes, is limited and as such 
we cannot assess the role that dispersal may play in produc-
ing spatial differences between communities. The premise 
that seamounts may be dominated by short - lived or non -
 planktonic larval phased fauna has not been widely tested.  

   7.3.3    Environmental  f actors 
 d riving  d ifferences in  d iversity 
and  s pecies  c omposition of 
 s eamount  f auna 

 Seamount communities, as with slope and abyssal faunas, 
may exhibit latitudinal turnover in species composition. 
For example, O ’ Hara  (2007)  reports a clear biogeographi-
cal gradient for both seamount and non - seamount ophiuroid 
fauna from the tropics to the sub - Antarctic. Though incom-
plete, research so far has demonstrated that environmental 
factors can vary at large spatial scales, hence, can have the 
potential to infl uence community composition of deep - sea 
fauna. 

 Seamounts differ in their location, depth, elevation, and 
geological history (Rowden  et al.   2005 ), all factors that may 
alter environmental conditions on large and small spatial 
scales and, in turn, infl uence seamount biodiversity and 
species composition. Clark  et al.   (2010)  list as among the 
main factors that may determine the character of seamount 
benthic assemblages: seamount geomorphology, geological 
origin and age; local hydrodynamic regime (all preceding 
infl uence substrate type); light levels; water chemistry (for 
example oxygen); productivity of the overlying water 
(which relates to food availability); as well as the presence 
of volcanic/hydrothermal activity (see Chapter  9 ), tempera-
ture, and pressure. All these factors may operate in tandem 
and can create a unique set of conditions for a region, for 
any given seamount, and within a seamount. 

 Most marine animals are restricted to a limited bathy-
metric range (see, for example, Rex  et al.   1999 ), and recent 
work by CenSeam - linked researchers has demonstrated 
that seamount assemblages can be depth stratifi ed (O ’ Hara 
 2007 ; Lundsten  et al.   2009 ). Work on the very deep slopes 
of seamounts has been limited but new research indicates 
that these can support distinct assemblages (see, for 
example, Baco  2007 ). However, the depth - related patterns, 
and the drivers thereof, remain largely unexplored for 
seamounts, but environmental gradients that correlate with 
depth such as temperature, oxygen concentration, food 
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availability, and pressure are likely to be as important as 
they are for other deep - sea habitats (Clark  et al.   2010 ). 

 Large seamount chains can divert major currents, and 
individual seamounts can affect localized hydrographic 
events including the formation of a rotating body of water 
retained over the summit of a seamount (Taylor cone, 
which may fl atten to a cap) and the generation or interac-
tion with internal waves (White  et al.   2007 ). These may 
infl uence the faunal composition through larval transport 
(section  7.3.2 ). Additionally currents can be amplifi ed 
around seamounts creating favorable conditions for sus-
pension feeders as the waters bring an increased particle 
supply, as well as removing sediments (Genin  2004 ). Sus-
pension feeders (for example corals, sponges, hydroids, 
crinoids, anemones, sea pens, feather stars, and brittlestars) 
have been found to dominate some seamounts (particularly 
their peaks) (Genin  et al.   1986 ; Wilson  &  Kaufmann 
 1987   ), and large sessile fauna can, in turn, form structural 
habitat for a diverse range of smaller, mobile fauna (section 
 7.3.1 ). 

 Exposed rock surfaces are limited in the deep sea and 
seamounts represent a signifi cant source of this substrate 
(Gage  &  Tyler  1991 ). Soft sediments can also dominate 
some seamounts, particularly fl at - topped seamounts, called 
guyots, and in these circumstances community composition 
can switch from suspension to deposit feeders, similar to 
neighboring continental slopes (see, for example,  Á vila  &  
Malaquias  2003   ; Lundsten  et al.   2009 ). The composition 
of infaunal communities on seamounts have not been well 
studied but include a wide diversity of polychaetes, crus-
taceans, mollusks, ribbon worms, peanut worms, and 
oligochaetes, as well as meiofaunal organisms such as nema-
tode worms, loriciferans, and kinorhynchs (Samadi  et al.  
 2007 ).  

 Although depth - related factors and substrate type 
(including biogenic habitat) are important drivers of com-
munity composition on seamounts, more research is 
required to describe and explore large - scale biogeographic 
patterns on seamounts.  

   7.3.4    Productivity on  s eamounts 

 Enhanced productivity at seamounts is a widely cited 
phenomenon, and seamounts appear to support relatively 
large planktonic and higher consumer (fi sh) biomass when 
compared with surrounding ocean waters, particularly 
so in oligotrophic oceans (Genin  &  Dower  2007 ). 
Seamounts can each have their own local oceanographic 
regimes (section  7.3.3 ), which could infl uence seamount 
productivity. 

 Elevated phytoplankton concentrations have been 
observed on some seamounts (see, for example, Genin  &  
Boehlert  1985 ; Dower  et al.   1992 ; Mouri ñ o  et al.   2001 ), 
and it has been theorized that nutrient - rich upwelled waters 

and eddies around a seamount enhance surface primary 
productivity which leads to an energy transfer to higher 
trophic levels. However, the persistence of upwelling does 
not generally seem suffi cient for such a transfer, making 
this an unlikely explanation for the elevated zooplankton 
and fi sh biomasses found over seamounts (Genin  &  Dower 
 2007 ). 

 It is now proposed that the high biomass on some 
seamounts may be fueled not by enhancement of primary 
production but instead by a trophic subsidy to carnivores 
(Genin  &  Dower  2007 ). These authors proposed food 
inputs by the following routes: (1) bottom trapping of 
vertically migrating zooplankton, (2) greatly enhanced 
horizontal fl uxes of suspended food through current 
acceleration, and (3) amplifi cation of internal waves 
increasing horizontal fl uxes of planktonic prey. Porteiro 
 &  Sutton  (2007)  proposed that fi sh behavior may have 
evolved to capitalize on the regular planktonic food 
supply passing over a seamount, enabling them to convert 
mid - trophic level biomass effi ciently to higher trophic 
levels. 

 The importance of biogenic structure in supporting 
higher fi sh densities has been widely cited but work so far 
has yielded mixed results (see, for example, Huseb ø   et al.  
 2002 ; Krieger  &  Wing  2002 ; Ross  &  Quattrini  2007 ). 
Hydrographic factors around deep - sea coral reefs may 
increase zooplankton density (Dower  &  Mackas  1996 ; 
Huseb ø   et al.   2002 ) in turn benefi ting planktivorous fi sh, 
but there is no consistent explanation for enhanced fi sh 
productivity over seamounts. Fish aggregations may occur 
independently of biogenic fauna; for example, orange 
roughy are observed to spawn over seamounts but do not 
feed during spawning (Morato  &  Clark  2007 ). Clearly, 
more information on the life histories of many seamount 
fi sh (for example larval stages, juvenile fi sh grounds) is 
needed. 

 In summary, enhanced secondary productivity over 
seamounts is most likely attributable to a food supply 
exported from elsewhere, and not locally enhanced primary 
productivity. The infl uence of bio - physical coupling, and 
the potentially complicated and varied interactions of 
forcing mechanisms and seamount topographies, is uncer-
tain. Vital to future research on seamount - related produc-
tivity will be the establishment of long - term monitoring 
programs, in concert with the development of physical and 
trophic models.  

   7.3.5    Trophic  a rchitecture of 
 s eamount  c ommunities 

 Large suspension feeders such as corals, sponges, and cri-
noids can dominate the biomass of the seamount mega-
benthos on hard substrates. A dominance of suspension 
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feeders may suggest that most animals are consuming 
similar resources at a low trophic level; hence, it might be 
thought seamounts have short food chains and low guild 
complexity. 

 CenSeam - linked researchers Samadi  et al.   (2007)  used 
isotopic analysis to report that the benthic food webs on 
seamounts of the Norfolk Ridge have a diverse trophic 
architecture, with food - chain lengths (four to fi ve trophic 
levels) toward the upper end of reported values from other 
aquatic systems, and broadly similar to other deep - sea food 
webs. Samadi  et al.   (2007)  excluded the larger predatory 
fi sh which would further elongate seamount food chain 
length. 

 Pelagic food webs are likely to be a key part of the 
seamount ecosystem. Midwater fi shes represent an impor-
tant link from zooplankton to higher trophic level preda-
tors such as seabirds, squids, piscivorous fi shes (for example 
tunas), sharks, and marine mammals (see Morato  &  Clark 
 2007 ; Porteiro  &  Sutton  2007 ). Many benthopelagic and 
demersal fi sh also feed on zooplankton, hence, there exists 
the possibility of numerous benthopelagic couplings in the 
water column around a seamount. 

 Food supply may vary as a result of the complex topo-
graphic and oceanographic patterns around seamounts, and 
feeding fl exibility is also probably instrumental in enhanc-
ing trophic complexity on seamounts; for example, sponges 
are highly effi cient at capturing ultraplankton (Pile  &  
Young  2006 ) but also include carnivorous forms that prey 
on copepods (Watling  2007 ). 

 To conclude, despite a dominance of fi lter feeders, 
seamount communities are no less complex than other 
marine communities. However, considerably more research 
is required to gain a broad - scale understanding of the 
trophic architecture of seamounts.   

   7.4    What  a re the Impacts of 
Human Activities on 
Seamount Community 
Structure and Function? 

 Anthropogenic impacts in the deep sea are indisputable and 
this environment is more sensitive to human and natural 
impacts than previously thought (Davies  et al.   2007 ). 
Human - induced changes are likely to be more intense, and 
occur over a shorter time period, than natural events, espe-
cially in the deep sea. 

   7.4.1    Vulnerability of  s eamount 
 c ommunities to  f ishing 

 In contrast to nearshore communities there have been 
limited studies investigating the impacts of deep - sea fi shing 
on seamounts (Koslow  et al.   2001 ; Clark  &  O ’ Driscoll 
 2003 ; Althaus  et al.   2009 ; Clark  &  Rowden  2009 ). As 
distinct geological features, seamounts can provide a focal 
point for both fi sh to aggregate, and for intensive fi shing 
effort (Clark  1999 ). The concentration of trawling on a 
seamount can be much higher than on the continental slope 
where activities might be more diffuse (O ’ Driscoll  &  Clark 
 2005 ). 

 The aggregating nature of seamount fi sh can facilitate 
large catch volumes (Fig.  7.4 A). Seamount fi sheries have 
often been boom and bust (Clark  et al.   2007a ) and under 
current management practice most deep - sea fi sheries are 
not sustainable in the long term (Glover  &  Smith  2003 ). 
Deep - sea fi sh are typically less productive than shallow 

(A) (B)

     Fig. 7.4 

    (A)  Orange roughy catch on deck.  (B)  Orange roughy swimming over a trawled area of a seamount (Malcolm Clark/New Zealand ’ s National Institute of Water 
and Atmospheric Research).  
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water shelf species and are highly vulnerable to overfi shing. 
Deep - sea fi sh are often slow growing, long lived (for 
example orange roughy have been aged at 100 years or 
more (Andrews  et al.   2009 )), and slow to mature with low 
fecundity and sporadic reproduction (see, for example, 
reviews by Morato  &  Clark  2007 ; Clark  2009 ). Further-
more, deep - sea fi sh have low natural rates of mortality. The 
aforementioned are all factors that can limit recovery and 
resilience. So far many deep - sea fi sh populations have 
shown no signs of recovery and indeed it is uncertain if 
they can while commercial fi sheries remain (Clark  2001 ; 
Dunn  2007 ).   

 The effects of fi shing on seamounts must be considered 
beyond the impact on the target catch (Koslow  et al.   2000 ). 
Longlines, gillnets, traps, and pots can all have some effect 
on non - target fauna, but bottom trawling is widely recog-
nized as the primary threat to the seabed communities of 
seamounts (Fig.  7.4 B). 

 The initial composition of the community will largely 
affect the scale of impact, with attributes of the compo-
nent fauna such as fragility, size, and mobility as key traits 
determining the potential resistance (ability to withstand 
change and/or avoid trawl damage) of the community to 
trawling (Probert  et al.   1997 ). Habitat - forming fauna such 
as stony corals are particularly vulnerable to trawling 
damage. Comparing eight sea mounts on the Chatham 
Rise, New Zealand, Clark  &  Rowden  (2009)  found 
unfi shed seamounts to possess a relatively large amount of 
stony coral habitat ( Solenosmilia variabilis  and  Madrepora 
oculata  predominantly on the seamount peaks) compared 
with fi shed seamounts with relatively little coral habitat, 
and they reported signifi cant differences in assemblage 
composition between fi shed and unfi shed seamounts. 
Overall, fi shing can impact benthic species composition, 
abundance, age composition, size structure, and overall 
structural complexity of the benthic habitat (Clark  &  
Koslow  2007 ).  

 Researchers agree that communities on seamounts are 
vulnerable to human activities, with fi shing the major 
impact so far. The effects of fi shing are now widely acknowl-
edged to extend beyond the target species. A better under-
standing of the entire seamount ecosystem is vital if we are 
to mitigate human impacts.  

   7.4.2    Recovery of  s eamount 
 c ommunities from  h uman -  i nduced 
 d isturbance 

 The life - history characters of many seamount species (such 
as limited mobility, long generation time, low larval output, 
and limited dispersal capability) predispose many seamount 
ecosystems to recover over a scale of decades to centuries. 
Recovery will also be infl uenced by substrate type (and any 
changes associated with trawling), seamount location (for 

example proximity to seed populations), and prevailing 
oceanographic conditions. 

 Althaus  et al.   (2009)  reported no evidence of the struc-
ture forming taxa (primarily stony corals) recovering a 
decade after cessation of trawling on seamounts off Tasma-
nia, Australia. Furthermore, the long - term loss of biogenic 
faunas such as corals and sponges may ultimately mean that 
impacted communities never return to their pre - disturbance 
state. 

 However, some fauna have shown either resistance to 
damage or capacity for rapid recovery and have been 
reported as more abundant on trawled seamounts (e.g., 
hydrocorals, gold corals, bryozoans, and some anemones) 
(Althaus  et al.   2009 ; Clark  &  Rowden  2009 ). Within a 
given seamount there can exist refuges, such as areas that 
are too rugged for nets, which may help conserve biodi-
versity on an individual seamount and serve as source 
populations for recovery. 

 So far, there has been limited research on the recovery 
of seamount communities after disturbance. However, 
seamount biological communities have been considered 
among the least resilient in the marine environment (Clark 
 et al .  2010 ) and timescales of recovery for some taxa exceed 
human life expectancies. The closures of previously fi shed 
seamounts to fi shing operations will present future oppor-
tunity to monitor recovery, and provide valuable informa-
tion to help guide future management initiatives.   

   7.5    Knowledge Transfer 
to Stakeholders 

 The scientifi c basis necessary for the successful manage-
ment, protection, and restoration of deep - sea habitats 
such as seamounts is limited at national and international 
levels (Davies  et al.   2007 ), and the variability in seamounts 
and their associated communities dictates that no single 
management model can be applicable to all seamounts. 
Crucial to increasing our understanding of seamount 
ecosystems is an open, honest dialogue and a free exchange 
of information between all seamount stakeholders. 

 Future research must focus on addressing urgent man-
agement needs. Seamount fi sheries on the high seas remain 
poorly regulated with no unifi ed single managing authority 
or mechanism in place. Despite gaps in global coverage 
and inconsistent measures to prevent damage or destruc-
tion to vulnerable habitats such as seamounts, regional 
fi sheries management organizations provide the best option 
for the management/protection of seamount ecosystems. 
CenSeam researchers have contributed extensively to 
recent guidelines from the Food and Agriculture Organi-
zation of the United Nations (see Rogers  et al.   2008 ) to 
assist in making future management of deep - sea seamount 
habitats more effective. These cover the need for careful 
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and controlled development of any fi shery, and Rogers 
 et al.   (2008)  outline options for controlling initial exploi-
tation levels (encompassing effort and catch limits). The 
instruments to protect seamounts are available (for example 
marine protected areas, closed areas, site - based effort 
control, licensing, gear restrictions) but examples of their 
implementation are rare (Alder  &  Wood  2004 ; Probert 
 et al.   2007 ). The most effective practice for seamounts 
is thought to be closure of areas to trawling (Clark  &  
Koslow  2007 ), and many regions are moving forward to 
designate marine protected areas in the deep sea (Davies 
 et al.   2007 ). This places increasing pressure on scientists 
to deliver information to aid the selection process. Limita-
tions to knowledge should not restrict efforts toward 
seamount conservation and, recognizing that seamounts 
are under - sampled, it is vital to develop means of predict-
ing what communities might occur where (for example 
CenSeam publications: Clark  et al.   2006 ; Tittensor  et al.  
 2009 ) as well as robust means of classifying seamounts 
(Rowden  et al.   2005 ) that may ultimately lead to the 
design of networks of marine protected areas balancing 
conservation and exploitation (Leathwick  et al.   2008 ). 

 CenSeam has facilitated the fi rst global seamount clas-
sifi cation based on  “ biologically meaningful ”  physical vari-
ables (M.R. Clark  et al.  personal communication). This 
global classifi cation of seamounts fi rst uses a general bio-
geographic classifi cation for the bathyal depth zone (near -
 surface to 3,500   m; UNESCO  2009 ) and then four key 
environmental variables (overlying export production, 
summit depth, oxygen levels, and seamount proximity) to 
group seamounts with similar characteristics. The classifi ca-
tion determined 194 seamount classes throughout the 
world ’ s oceans. The development of such classifi cations is 
vital for enabling the transparent selection of seamounts as 
candidates for protection, as well as to help guide research-
ers in strategically targeting seamounts for research.  

   7.6    Moving Beyond 2010: 
Emerging Issues 

 So far, the major threat to seamount ecosystems has been 
deep - sea bottom fi shing (Probert  et al.   2007 ). The maximum 
depths which can be fi shed are 2,000   m for trawling and 
3,000   m for longline, but future generations may see tech-
nological advances in the depths and bottom types that can 
be fi shed. Hence the current  “ footprint ”  of fi shing may 
expand into totally new areas. 

 The search for minerals in the deep sea has emerged as 
a potential threat to deep - sea biodiversity, including that 
of seamounts. Seamounts can have thick cobalt - rich ferro-
manganese crusts, manganese nodules, and polymetallic 
sulfi de accumulations, which could be exploited for base 
metals, such as copper, zinc, and lead, or for precious metals 
such as gold and silver (see, for example, Hein  2002 ; Glover 

 &  Smith  2003 ; Davies  et al.   2007 ). Regions of interest for 
seamount mining have been identifi ed in the Pacifi c Ocean; 
cobalt - rich ferromanganese crusts off Hawaii, Micronesia, 
and the Marshall Islands, and poly metallic sulfi de deposits 
around Papua New Guinea, New Zealand, and Vanuatu. 

 Direct physical disturbance of the seabed by mining 
equipment, and associated indirect and direct effects of sedi-
ment suspension and deposition, have been shown to infl u-
ence the composition of macrofaunal assemblages that live 
on or in seabed substrates (Baker  et al.   2001 ; Glover  &  
Smith  2003 ). Glover  &  Smith  (2003)  cite our limited knowl-
edge of the taxonomy, species structure, biogeography, and 
basic natural history of deep - sea animals as preventing any 
accurate assessment of the risk of species extinctions from 
large - scale seabed mining. Research is critical in this current 
era of prospecting to inform the formulation of environ-
mental guidelines effectively before commercial mining 
begins. Researchers from CenSeam and ChEss (Biogeogra-
phy of Deep - Water Chemosynthetic Ecosystems) have pro-
vided input to the environmental guidelines produced by 
the International Seabed Authority and those initiated by 
the mining industry itself (Clark  et al.   2007b ). 

 Rising levels of carbon dioxide in our atmosphere 
may lower the pH and calcium carbonate saturation of 
the oceans. A reduction in carbonate saturation inhibits 
the ability of marine organisms to build calcium carbon-
ate skeletons, shells, and tests. Guinotte  et al.   (2006)  
predicted that within this century we might see substantial 
changes in the distribution of deep - sea corals, a dominant 
component fauna of communities on seamounts.  

   7.7    Moving Forward: The 
Next Decade of Seamount 
Research 

 Half a century after Hubbs  (1959)  posed his initial seamount 
questions, most remain unanswered. However, researchers 
have moved from a census of seamount fauna to examining 
the structure and function of seamount communities, rec-
ognizing the need for cross - habitat and multidisciplinary 
research. 

 So far, limited sampling prevents broad statements being 
made about seamount ecosystems, and it is most likely that 
high variability will ultimately prevent broad generaliza-
tions. However, expanding the global sampling effort will 
increase our chances of being better able to understand 
seamount ecosystems, and to predict global patterns in 
faunal diversity and distribution. At the outset of CenSeam, 
seamount researchers identifi ed the Indian Ocean, the 
South Atlantic, and the Western and Southern Central 
Pacifi c as priority undersampled regions, and in the 
CenSeam lifetime new expeditions have been launched that 
will sample seamounts in most of these regions. 
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 Just as we have recognized the geographical confi nes 
of our research, we must also recognize bathymetric limi-
tations. The summits of seamounts remain much more 
intensively sampled than their slopes and bases. Technical 
limitations have constrained our abilities to sample deep 
seamounts; sampling deeper than 2,000   m requires special-
ized equipment such as remotely operated vehicles and 
submersibles. In the coming decades new sampling capa-
bilities will start to extend the depth boundaries of what 
we currently think possible. 

 Virtually every seamount voyage that sails will return 
with species new to science, and a common challenge across 
the entire deep - sea realm is to overcome the so - called  “ tax-
onomic impediment ”  (Giangrande  2003 ). An ever - declin-
ing number of taxonomic experts face the challenge of 
updating faunal inventories, and the considerable time and 
effort taken to formally name and describe a species limits 
the rate at which we can census the marine realm. However, 
new methods, such as barcoding and metagenomics, may 
make inventories of a broader range of taxa, as well as 
taxonomically diffi cult organisms, more tractable. Advances 
in genetic technologies can also help us better determine 
the extent to which species, populations, and communities 
on seamounts are isolated. 

 So far, the specifi c relations between environmental 
drivers and faunal distributions are generally unresolved. 
CenSeam researchers have been at the forefront of develop-
ing new modeling methodologies to extrapolate from the 
known to the unknown, and expand our knowledge of the 
distributions of seamount communities. Rigorous testing of 
the prevailing hypotheses about what environmental factors 
may affect species survival is still required and, one day, 
improvements in aquarium design may enable long - term 
maintenance of deep - sea populations to test future climate 
change scenarios. 

 There is a growing need to understand temporal as well 
as spatial changes in species distributions, recognizing both 
natural and anthropogenic drivers of such changes, and 
to feed this information into management approaches 
(Probert  et al.   2007 ). The effectiveness of marine protected 
areas in the deep sea is largely untested, and researchers 
need to be afforded the opportunities to study the recovery 
of deep - sea communities and feed the results back into 
future management strategies. Long - term observation pro-
grams are no longer a pipe dream with recent methodologi-
cal advances. The Global Ocean Observing System (GOOS) 
and its national counterparts are instrumenting the ocean 
with a suite of physical, chemical, geological, and biological 
sensors that will provide valuable new information to 
explain drivers and patterns of marine biodiversity better. 

 Economics is a major driver in seamount research, and 
it is likely that, just as fi shing operations provided the 
foundations of much of our current understanding, activi-
ties of the future, such as seabed mining, may drive future 
research direction. Although the negative impacts of fi shing 

activities on some seamount communities are undisputed, 
fi sheries have also increased our knowledge of seamount 
communities. Industries such as oil and mining are recog-
nizing that they can provide a valuable platform for science. 
Initiatives such as SERPENT (Scientifi c and Environmental 
ROV Partnership using Existing Industrial Technology; 
 www.serpentproject.com ) have already proven their worth 
in providing a research capacity not previously available 

 One of the principal legacies of CenSeam will be to have 
challenged and changed the seamount paradigms that 
reigned at its inception. The project has played a role in 
moving deep - sea ecology and conservation issues into the 
mainstream, and it is likely that the call for better manage-
ment of our deep - sea resources will grow ever louder. At the 
global scale, researchers must work together to align and 
standardize sampling and analysis approaches, ultimately 
strengthening our capacity to conduct cross - regional analy-
ses. Our increased understanding of seamount ecosystems 
has highlighted the crucial need for seamount research to be 
set in a broad ecological context and include other habitats 
to increase our understanding of the deep sea in general.  
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    8.1    Introduction 

 The Census of the Diversity of Abyssal Marine Life 
(CeDAMar) was devoted to the study of the largest and 
remotest ecosystem on Earth, the major deep basins stretch-
ing between continental margins and the mid - ocean ridge 
system. Abyssal plains and basins account for about half of 
Earth ’ s surface (Tyler  2003 ) and harbor a great variety of 
life forms. As part of the overall Census of Marine Life, the 
fi eld project CeDAMar was designed to study the diversity, 
distribution, and abundance of organisms living in, on, or 
directly above the seafl oor. Prominent features such as 
ridges, seamounts, trenches, and chemosynthetic environ-
ments were covered by other Census projects.  

   8.2    Abyssal Plains 

 Until the late nineteenth century, abyssal sediments were 
believed to be azoic deserts owing to a lack of sunlight and 
primary production. This view changed dramatically with 
the British  Challenger  expedition (1872 – 1876), which 
found deep - sea life throughout the world ocean. Modern 
marine diversity research began in the 1960s when Sanders, 
Hessler, and co - workers were able to show that the abun-
dance of macrobenthic organisms decreased with depth 
whereas the number of species increased (Sanders  et al . 
 1965 ; Hessler  &  Sanders  1967 ; Sanders  &  Hessler  1969 ). 
Pivotal in the development of the scientifi c interest in 
marine diversity patterns was a study by Grassle  &  Maci-
olek  (1992)  of a series of box corer samples collected along 
a 176   km transect on the northwest Atlantic continental 
slope. Species turnover rates along the transect suggested 
that the number of species at the deep - ocean fl oor may rival 
that of tropical rainforests. This study led to broad debate 
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about the number of marine species and the distribution of 
diversity along bathymetric and latitudinal gradients (Poore 
 &  Wilson  1993 ; Rex  et al .  1993, 1997 ; Thomas  &  Gooday 
 1996 ; Culver  &  Buzas  2000 ). 

 Before the year 2000, biological research in the abyss 
had been conducted only sporadically as part of the classic 
worldwide expeditions aboard American, German, Danish, 
and Swedish vessels around the turn of the century into the 
mid - 1990s. More recently, between 1948 and 2000, the 
P.P. Shirshov Institute sampled more than 1,700 stations 
below 3,000   m including abyssal plains, basins, and trenches 
down to 9,000   m. Studies of abyssal diversity and biogeog-
raphy were complicated by the logistic challenges of deep -
 sea exploration. When the fi rst CeDAMar expeditions were 
planned, the total sampled area of deep - sea fl oor was equal 
to no more than a few football fi elds, and by the year 2005 
the total sampled area below 4,000   m amounted to about 
1.4    ×    10  − 9 % (Stuart  et al.   2008 ).  

   8.3    The  C  e  DAM  ar  Rationale 

 When CeDAMar was initiated, published results suggested 
that deep - sea sediments supported low biotic abundance 
and biomass, but potentially high species richness depend-
ing on taxon. All expeditions to abyssal plains and basins 
showed that regardless of the location, roughly 90% of the 

infaunal species collected in a typical abyssal sample were 
new to science. 

   8.3.1    Open  q uestions in 
 d eep -  s ea  r esearch 

 One fundamental gap in our knowledge of the abyss was 
the existence of vast geographic areas that had not been 
sampled, for example, the central Pacifi c Ocean and oceans 
of the southern hemisphere, because they were so remote 
from oceanographic institutions. CeDAMar expeditions 
were specifi cally designed to explore both sides of the 
southern Atlantic, southern Indian Ocean, and the South-
ern Ocean; the Northeast Atlantic; the central Pacifi c; and, 
as an example for a warm, ultra - oligotrophic deep sea, the 
eastern Mediterranean Sea (Fig.  8.1 ).   

 The occurrence of high biodiversity in the extreme 
habitat conditions that characterize the abyss, such as low 
temperature, very high hydrostatic pressure, little habitat 
complexity, and extremely low food availability, was per-
ceived to be one of the major biogeographic puzzles of our 
time. Despite the potential importance of this vast ecosys-
tem as a reservoir for genetic diversity and evolutionary 
novelty, very little was known about the factors regulating 
deep - sea species richness (Gage  &  Tyler  1991 ; Gray 
 2002 ). CeDAMar therefore aimed to collect new reliable 
data on species assemblages of ocean basins and determine 
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   Study areas of CeDAMar. For explanations of project names see sections  8.4.1  through  8.4.8 .  
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the large - scale distribution of species among these basins. 
Documentation of the actual species diversity of abyssal 
plains provided a baseline for global - change research and 
for a better understanding of historical causes and ecologi-
cal factors regulating biodiversity. 

 Even less is known about the biology of abyssal organ-
isms. One of the unanswered questions in this context 
was the relation between food supply and the number of 
species present in a given deep - sea area. The deep - sea 
benthos depends ultimately on surface production that 
sinks through the water column. Although it seems evident 
that the biomass of deep - sea organisms should be positively 
correlated with food availability (Rowe  1971 ; C.R. Smith 
 et al .  1997 ; Brown  2001 ), the productivity – biodiversity 
relationship is less clear.  

   8.3.2    Specific  C  e  DAM  ar   q uestions 

 Considering our lack of knowledge, CeDAMar focused 
research efforts in a way that would produce tangible 
results within a set timeframe of less than ten years. Deep -
 sea biologists identifi ed the most urgent questions to be 
addressed by CeDAMar expeditions, keeping in mind the 
overarching Census themes of diversity, abundance, and 
distribution. 

   8.3.2.1    Questions  c oncerning  d iversity 

     ●      How does diversity vary at different geographic scales, 
between different size classes of organisms, and with 
differences in food supply?  

   ●      Are there centers of high diversity (hot spots of 
diversity) in the deep sea?  

   ●      What is the role of evolutionary - historic processes in 
determining diversity levels?  

   ●      How do manganese nodules or drop stones infl uence 
benthic diversity?     

   8.3.2.2    Questions  c oncerning  a bundance 

     ●      How do organisms of different size classes respond to 
environmental factors?  

   ●      What is the relation between food availability and 
benthic standing stock?     

   8.3.2.3    Questions  c oncerning  d istribution 

     ●      Do biogeographic barriers affect the distribution of 
abyssal fauna? How endemic is the abyssal fauna?  

   ●      How common are cosmopolitan species in the abyss? 
Is there gene fl ow between distant abyssal communities 
of the same species?  

   ●      Are there latitudinal gradients in species richness? Is 
the diversity of a given basin similar to the diversity of 
basins in other oceans at similar latitudes?       

   8.4    Finding Answers: 
Methods and Programs 
of  C  e  DAM  ar  

 The most prominent reason why the abyss has been 
explored to such a small degree is the diffi culty of reaching 
it. Apart from the scarcity of research vessels, there are 
many logistic challenges, the time required for sampling 
great ocean depths not being the least. To lower sampling 
gear to the seafl oor some 4,500   m below the surface and 
retrieve it back to the ship, several hours are necessary for 
each single sampling. The control of the actual sampling 
process on the bottom is limited by the great depth and 
the amount of wire between ship and gear. The methodol-
ogy that CeDAMar used was more traditional than 
hi - tech, consisting of coring devices (box corer and multi-
corer), epibenthic sledges, Agassiz trawls, and, when pos-
sible, a sediment profi ling camera with or without a video 
camera. This set of gear was used in a standardized way to 
ensure (1) collection of organisms of all size classes from 
bacteria to large epifauna such as corals, sea anemones, 
sponges, holothurians, and stalked crinoids, and (2) com-
parability of results among CeDAMar projects and with 
the existing literature. The Time Series study of the sea-
fl oor in the Porcupine Abyssal Plain used a time - lapse 
camera and sediment traps to monitor processes on the 
seafl oor. 

   8.4.1    Project  DIVA  

 DIVA (diversity gradients in the Atlantic) is the seed project 
of CeDAMar, with the main focus on the question of lati-
tudinal gradients in biodiversity in the southern Atlantic. 
Sampling locations were the abyssal basins off west Africa 
from the Cape to the equator and the Argentine and Brazil 
basins off the east coast of South America.  

   8.4.2    Project  ANDEEP  

 ANDEEP (Antarctic benthic deep - sea biodiversity  –  
colonization and recent community patterns) was dedicated 
to the abyssal waters in the Atlantic sector of the Southern 
Ocean. This region is one of the least investigated and it 
closed the gap between the two study areas of DIVA. It is 
also the location closest to the pole and farthest away from 
the equator, which made it very suitable to prove or dis-
prove that a decline in marine biodiversity is present from 
the equator to the poles.  
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   8.4.3    Projects  KAPLAN  
and  NODINAUT  

 The study area of KAPLAN and NODINAUT was the man-
ganese nodule fi eld in the Clarion - Clipperton Fracture 
Zone (CCZ), with the main focus centered on the question 
of the impact of nodules on biodiversity at different scales. 
Results were used for recommendations concerning marine 
protected areas (MPAs) to protect the fauna in case of 
nodule mining. In light of increasing demand for minerals, 
deep - sea mining has become a realistic possibility.  

   8.4.4    Project Biozaire 

 Biozaire was conducted off West Africa, just inshore of the 
DIVA area, encompassing the deep slope, abyssal plain, 
and a chemosynthetic site (a so - called pockmark). The 
objective was to characterize the  “ benthic community 
structure in relation with physical and chemical processes 
in a region of oil and gas interest ”  (Sibuet  &  Vangriesheim 
 2009 ).  

   8.4.5    Project  LEVAR  

 LEVAR (Levantine Basin Biodiversity Variability) was one 
of the younger projects of CeDAMar, the study area being 
the eastern Mediterranean Sea with its comparatively 
shallow abyss (around 3,000   m), warm water at depth, and 
extremely poor food supply. Stations near Crete were 
sampled during one cruise. The aim was to determine 
whether proximity to shore or the depth was more impor-
tant in infl uencing community composition and the distri-
butions of abyssal biota.  

   8.4.6    Project  CROZEX  

 The relation between surface primary production and 
benthic community composition was also explored during 
three cruises of the CROZEX (Crozet circulation iron 
fertilization and export production experiment) expedi-
tion off the sub - Antarctic Crozet Islands (Indian Ocean). 
The background of this study was a proposal put forward 
by biogeochemists suggesting that natural iron fertilization 
might enhance algal growth, which would sink to the 
abyssal seafl oor, thus sequestering CO 2  and taking it out 
of the atmosphere. By observing processes driven by 
natural fertilization through iron eroded from the islands, 
CROZEX was designed to assess whether artifi cial iron 
fertilization might be a feasible option to fi ght global 
warming.  

   8.4.7    Project Time Series 

 A time - lapse camera system and moorings including sedi-
ment traps have been used to observe the deep ocean fl oor 

in the Porcupine Abyssal Plain since 1989, changing our 
perception of the quiescent, stable abyss to that of a very 
dynamic environment with sometimes radical changes in 
communities. One incident, the so - called  Amperima  Event 
named after the sea cucumber  Amperima rosea , has become 
famous because of substantial changes in abundance related 
to changes in food supply.  

   8.4.8    Project  ENAB  

 Evolution in the deep sea was the focus of ENAB (Evolution 
in the North Atlantic Basin), with a sampling cruise con-
ducted along the famous Gay Head – Bermuda transect that 
in the early 1960s had started biodiversity research in the 
deep sea. The program was dedicated to assessing spatial 
population genetic structure in deep - sea mollusks to deter-
mine patterns of population differentiation, speciation, and 
phyletic evolution.  

   8.4.9     C  e  DAM  ar   d atabase 

 One of the legacies that may prove to be highly valuable 
to deep - sea researchers today and in the future is a freely 
accessible database that will be maintained and updated 
beyond the life of CeDAMar. So far, some 12,000 records, 
representing more than 3,000 species from nearly 4,800 
locations distributed in all oceans can be queried. These 
records are made available to Ocean Biogeographic Infor-
mation System (see Chapter  17 ), the database of the 
Census, from where they can also be accessed by anyone. 
With a special tool, maps can be created with different 
resolutions. Figure  8.2  shows the number of abyssal 
records per area, in this case a grid of 10 degree    ×    10 
degree squares (roughly 100   km    ×    100   km). There are 
four areas with relatively extensive sampling on which 
much of our knowledge of the abyssal fauna is based: 
(1) the northwest Atlantic off the US east coast sampled 
in the 1980s, including stations on the continental slope 
that led to the estimates of deep - sea species richness by 
Grassle  &  Maciolek  (1992) ; (2) the manganese nodule 
area off Peru, where the German DISCOL disturbance 
experiment was performed in the 1980s and 1990s to 
assess recovery of abyssal benthic fauna after massive 
disturbance mimicking possible effects of nodule mining; 
(3) the Porcupine Abyssal Plain and Gulf of Gascogne 
where British and French deep - sea investigations were 
concentrated; and (4) the Kurile – Kamchatka Trench, 
which was a main study area of Russian deep - sea research. 
The remaining area of the abyssal plains is still unsampled 
or poorly sampled, showing that even the substantial 
effort put into abyssal expeditions during CeDAMar has 
relatively little effect on sample coverage from a world-
wide perspective.    
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   Records of abyssal benthic species from the CeDAMar database, shown as species per 10 - degree square (see color code on the right). The numbers 
indicate major research areas with the most extensive sampling activities. (1) US Atlantic slope and rise, (2) Peru Basin, (3) Porcupine Abyssal Plain, 
(4) Kurile – Kamchatka Trench.  
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   Newly described species from 
CeDAMar projects by major 
taxonomic groups. Names on 
the columns indicate smaller 
subgroups.  

   8.4.10    Overcoming the 
 t axonomic  i mpediment 

 As all knowledge about ecosystems is based on knowing the 
identity of species in a particular system, much effort has 
been put into overcoming the so - called taxonomic impedi-
ment. The term means the general lack of specialists for 
identifi cation of marine animals. Workshops and short - term 
stays at participating institutions (taxonomic exchanges) 
have helped to foster communication and intercalibration 
of the numerous personal databases from a broad range of 
projects. For polychaetes, a platform ( www.polychaetes.

info ) was created with the help of the Natural History 
Museum (London) to exchange information by the Internet 
on yet unpublished but already well - defi ned  “ working 
species ” , allowing specialists to share information on an 
additional 50 – 90% of their respective taxa. A more visible 
outcome for the entire scientifi c community was CeDAMar ’ s 
goal to deliver formal descriptions of 500 new abyssal 
species by the end of the fi rst Census in October 2010. The 
goal will have been reached by the time this book is 
published (Fig.  8.3 ). Nearly half of all newly described 
or redescribed species are crustaceans (243 species, 91 of 
which are isopods), followed by nematodes (55 species) and 
mollusks (41 species, including 32 gastropods).     
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   8.5    Major Results 

 Through the results generated by the CeDAMar project 
our perception of the abyss has changed fundamentally. 
This change in perception may be condensed into two 
statements which, although they may seem trivial at fi rst 
glance, are signifi cant changes in how scientists view the 
abyss: (1) extreme is normal; (2) rare is common. 

   8.5.1    Extreme  i s  n ormal 

 Quite surprisingly, scientists even in the twentieth century 
viewed remote habitats on Earth from an anthropocentric 
perspective. The richness of life on abyssal seafl oors showed 
quite convincingly that this habitat, which is extreme or 
even  “ inhospitable ”  to us, is highly habitable for a remark-
able range of organisms. Even though we still know very 
little about the biology of abyssal organisms, it has become 
very apparent that many are well adapted to  “ extreme ”  
conditions; reproduction takes place as well as speciation, 
and observations of a single site over time, such as the 
Porcupine Abyssal Plain (PAP) Time Series project, revealed 
that the abyssal seafl oor can be unexpectedly dynamic. The 
massive bloom of the holothurian  Amperima rosea  in the 
PAP observed in the late 1990s was followed by a signifi -
cant shift in the communities of several other deep - sea 
invertebrates that was documented over a period of 20 
years (Billett  et al.   2009 ). Not all other organisms seem to 
be affected by the alterations of the environment. Some of 
the polychaete populations, for example, did not react in 
any visible way, whereas others showed a signifi cant 
increase in the number of individuals which could be 
related to increased nutrient input.  

   8.5.2    Rare  i s  c ommon 

 In terms of the general structure of benthic communities, 
there are large differences between the abyss and shallower 
environments. Nearly all species found in the abyss are rare, 
at least to our current knowledge. In practical terms it 
means that most species have been recorded as one or two 
individuals from one or two sampling sites, even in large 
programs during which thousands of animals were col-
lected (Fig.  8.4 ). With very few exceptions, none of the 
communities sampled during CeDAMar expeditions were 
characterized by one or a few numerically dominating 
species as is typically the case in shelf communities.    

   8.5.3    Diversity of 
 a byssal  b enthos 

 One of the ways to measure diversity is to look at the 
number of species at one particular site (alpha diversity), 
in addition species turnover along a certain distance (beta 
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   Copepod species numbers ( S ) and corresponding numbers of 
specimens ( N ) collected by multicorer at two stations in the Angola 
Basin (triangles, station 325; circles, station 346) with line of linear 
regression. The number of individuals nearly equals the number of 
species.  From Rose  et al .  2005  .  

diversity) may also be assessed. Both measures of diversity 
were found to be much higher than expected. For example, 
copepods in the southeast Atlantic occurred everywhere 
in high abundances, but most species were undescribed 
(DIVA cruises): 98% of these species had never been seen 
before. Even smaller animals, the unicellular foraminifer-
ans, showed high species turnover rates in the manganese 
nodule fi elds in the Pacifi c. At sampling sites no more than 
roughly 600 miles apart, different communities of foraminif-
erans were found. However, not all foraminiferan distribu-
tions appear to be restricted. In another study, including 
the ANDEEP material, other foraminiferans were discov-
ered that are distributed from pole to pole, obviously 
coping with many very different habitat conditions. 

 Habitat heterogeneity is considered to be one of the 
major drivers of biodiversity because it provides a greater 
range of niches for the formation of new species. The 
abyssal seafl oor was found to be as heterogeneous as shal-
lower areas, perhaps most obviously in manganese nodule 
fi elds of the equatorial Pacifi c and in the Southern Ocean 
where stones drop out of melting icebergs and provide 
greater heterogeneity in substrata. The community struc-
ture of abyssal megafauna and macrofauna in manganese 
nodule fi elds was found to differ not only due to the avail-
ability and quality of food but also because of the hetero-
geneity in physical and chemical properties of the habitat 
(nodules and superfi cial sediment). Studies undertaken at 
the local scale (1 – 5   km in distance) with the manned sub-
mersible  Nautile  showed for the fi rst time that nodule fi elds 
constitute a distinct habitat for infaunal communities, and 
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that macrofauna and meiofauna components differ in abun-
dance depending on the presence of nodules (Miljutina 
 et al.   2009 ). 

 The geologic history of a basin can play an important 
role for biodiversity as well. A good example is the South-
ern Ocean. Its history includes not only periods of anoxia 
in the late Jurassic and cooling in the late Eocene/early 
Oligocene, but also cycles of glaciation and deglaciation 
which led to migration of shallow - water species into bathyal 
and abyssal depths (submergence) as well as recolonization 
of shallow sea bottoms from the deep (emergence). Apply-
ing molecular methods, Raupach  et al .  (2004, 2009)  
showed that shallow - water isopods colonized the deep sea 
at least on four separate occasions. Several isopod families 
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underwent spectacular radiation events in the abyss, result-
ing in an exceptionally high number of species and species 
complexes (Fig.  8.5 ). The Scotia and Weddell Seas, the 
geographic focus of the ANDEEP investigations, are char-
acterized by a complex tectonic history related to the 
Middle Jurassic break - up of the Gondwana supercontinent 
which began around 180 million years (Ma) ago (Storey 
 1995 ). The Scotia Sea is much younger and formed during 
the past approximately 40   Ma (Thomson  2004 ). However, 
it is unknown whether the great biodiversity documented 
for many taxa in the deep Weddell Sea can be explained 
by the age of the ocean fl oor.   

 Another example is the generally low diversity of the 
benthos in the deep Mediterranean Sea, which is related to, 

     Fig. 8.5 

   Phylogenetic tree and distributional patterns 
of deep - sea isopod families based on 
molecular investigations. Families marked in 
blue are found in bathyal and abyssal depths 
but possess eyes, indicating that they 
invaded the deep sea from the shelf.  From 
Raupach  et al.   2004  .  
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among other reasons, the complex paleoecological history 
characterized by the Messinian salinity crisis and the almost 
complete desiccation of the basin. 

   8.5.3.1    Spatial and  t emporal  v ariability in 
 p rimary  p roductivity in the  w orld ’ s  o ceans 
and  i ts  e ffects on  a byssal  c ommunities 
 Changes in primary productivity in the surface waters of 
the world ’ s oceans are mirrored in abyssal communities in 
both space and time (C.R. Smith  et al.   2008a ). Organic 
matter created by photosynthetic production provides the 
food for most deep - sea life. Changes in food production at 
the sea surface, therefore, and the subsequent transport of 
organic matter into the ocean ’ s interior through the bio-
logical carbon pump, have a profound effect on life on the 
abyssal seafl oor. 

 It is well known that in regions where seasons are 
evident in surface waters, seasonal changes occur on the 
deep - sea fl oor within a matter of weeks (Billett  et al.   1983 ; 
C.R. Smith  et al.   1997 ; Beaulieu  2002 ). Large - scale bio-
geographical provinces in surface waters are refl ected in 
broad changes in the structure of abyssal communities 
(Smith C.R.  et al.   2008a ). Decadal - scale shifts in primary 
production, caused by climate - related oscillations, produce 
long - term radical changes in deep - sea communities (Billett 
 et al.   2001, 2009 ; Ruhl  &  Smith  2004 ; Ruhl  2007 ; C.R. 
Smith  et al.   2008a ; Smith K.L.  et al.   2009 ). The fall of the 
carcasses of whales and fi sh (C.R. Smith  &  Baco  2003 ) and 
the mass deposition of jellyfi sh (Billett  et al.   2006 ) provide 
additional, if localized, organic inputs. The abyss is linked 
intimately to processes at the sea surface. 

 CeDAMar projects have contributed signifi cantly to 
recent advances made in our understanding of how surface 
water productivity affects abyssal ecosystems. Spatial vari-
ations in the distribution of species have been related to 
changes in surface water productivity in the Kaplan, DIVA, 
and CROZEX projects. In addition, radical changes in 
abyssal communities with time have been documented at 
the PAP in the Northeast Atlantic Ocean. Similar large - scale 
changes with time have been noted in the northeast Pacifi c 
Ocean (K.L. Smith  et al.   2009 ). 

 At the PAP, CeDAMar has documented how over a 
20 - year time series (1989 to 2009) the abyssal megafauna 
changed in total abundance by two orders of magnitude 
in 1996 (Billett  et al.   2009 ). This was mainly due to 
the increase in the holothurian species  Amperima rosea  
and became known as the  “  Amperima  Event ”  (Billett 
 et al.   2001 ). Signifi cant changes in the abundances of 
several megafaunal taxa occurred, including ophiuroids, 
actiniarians, pycnogonids, tunicates, and holothurians 
other than  A. rosea . The changes were evident over a 
vast area of the abyssal plain (Billett  et al.   2001 ) and 
had a signifi cant effect on the recycling of organic matter 
at the sediment surface (Bett  et al.   2001 ). During the 

CeDAMar project it has been determined that protozoan 
and metazoan meiofauna (Gooday  et al.   2010   ; Kaloge-
ropoulou  et al.   2010   ) and polychaete macrofauna (Soto 
 et al.   2009 ) also increased signifi cantly in abundance 
during the  “  Amperima  Event ” . All elements of the benthic 
community showed a simultaneous change indicative of 
a large environmental event. 

 Protozoan phytodetritus indicator species showed a 
sharp decrease in abundance, whereas trochamminaceans, 
which previously had been comparatively rare, became 
dominant, potentially because of the increased disturbance 
caused by the megafauna (Gooday  et al.   2009 ). In the meta-
zoan meiofauna increases in abundance were seen in the 
nematode and the meiofaunal polychaetes, but not in the 
copepods. Ostracods decreased in abundance. The three 
dominant macrofaunal polychaete families, Cirratulidae, 
Spionidae, and Opheliidae, all increased in abundance but 
no major changes occurred in the community structure and 
dominant species (Soto  et al.   2009 ), unlike the megafauna. 

 These results show that abyssal benthic communities 
change signifi cantly with time. Similar results in the north-
east Pacifi c Ocean indicate that such phenomena are wide-
spread in productive regions of the world ’ s oceans (K.L. 
Smith  et al.   2009 ). The fl ux of organic matter may change 
by about an order of magnitude from one year to the next 
(Lampitt  et al.   2010   ) and abundances in fauna have been 
shown to be correlated to climate indices that infl uence the 
biological carbon pump on regional scales (K.L. Smith 
 et al.   2006, 2009 ). 

 Although many elements of the benthic community 
change at the same time in the Time Series studies, the scale 
of the response is not the same in all taxa or size classes. 
Larger changes in abundance are apparent in the megafauna 
and there are greater changes in the dominant species. This 
has important implications for interpreting geographic vari-
ations in the distributions of species in the different size 
classes of the benthic community. 

 Annual particulate organic carbon (POC) fl ux and 
benthic parameters have been measured together at only a 
few sites in the abyssal ocean. However, where POC fl ux 
has been measured directly, there are strong linear relations 
between POC fl ux and the abundance and/or biomass of 
specifi c biotic size classes, including megafauna, macro-
fauna, and microbes (C.R. Smith  et al.   1997 ; C.R. Smith 
 et al.   2008a   ; K.L. Smith  et al .  2009 ). Average biomass of 
megafauna (Lampitt  et al.   1986 ) and macrofauna (Rowe 
 1971 ) decline signifi cantly with increasing water depth (and 
hence decreasing POC fl ux), resulting in the smaller size 
classes (bacteria and meiofauna) dominating community 
biomass at abyssal water depths (greater than 3,000   m) (Rex 
 et al.   2006 ). Despite this, experimental results (Witte  et al.  
 2003 ) and time - lapse photography (Bett  et al.   2001 ) indi-
cate that larger organisms play important functional roles 
in energy fl ow through food - limited abyssal ecosystems by 
outcompeting the smaller size classes for freshly deposited 
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detritus. Changes in the spatial distribution of abyssal fauna 
therefore not only refl ect the total input of organic matter, 
but also the periodicity and predictability in its supply. In 
addition, changes may be related to the quality of the 
organic matter (Ginger  et al.   2001 ; Wigham  et al.   2003 ; 
FitzGeorge - Balfour  et al.   2010   ). 

 In another CeDAMar study around the Crozet Islands 
in the southern Indian Ocean, the distributions of proto-
zoan and metazoan meiofauna, and of megafauna, were 
studied in relation to an area of natural iron fertilization in 
the oceans (Pollard  et al.   2009 ). Iron carried off the vol-
canic islands of Crozet leads to seasonal phytoplankton 
blooms to the north of the Crozet plateau, as opposed to 
the south of the islands where iron is limiting. The eutrophic 
site had a greater diversity of live foraminiferans, and the 
phytodetritus indicator species  Epistominella exigua  was 
more abundant at this locality (Hughes  et al.   2007 ). In 
contrast, the megafaunal communities in the two areas 
were radically different (Wolff  et al.  personal communica-
tion). The most abundant species  Peniagone crozeti  (Cross 
 et al.   2009 ), found only at the seasonally productive site, 
was new to science. This indicates that megafaunal com-
munities may be the most sensitive to changes in surface 
water productivity, whereas the smaller size fractions may 
show broader distributions, depending on the taxon. 
However, broad generalizations are diffi cult to make 
because certain macrofaunal species, including isopods and 
polychaetes, are restricted to productive areas of the ocean, 
such as the Southern Ocean (Brandt  et al.   2007a, b, c ).  

   8.5.3.2    Latitudinal/ d epth  g radients of 
 b iodiversity in the Atlantic Ocean 
 Latitudinal gradients are the most conspicuous and ubiqui-
tous biogeographic patterns in terrestrial and coastal eco-
systems, but their explanation remains elusive. They were 
long assumed not to occur in the deep sea because the deep 
overlying water column buffered communities from the 
climatic phenomena thought to ultimately shape large - scale 
patterns of diversity. However, there is evidence that lati-
tudinal gradients of diversity do exist in several macrofau-
nal taxa and foraminiferans in bathyal communities (Rex 
 et al.   1993 ; Sun  et al.   2006 ). They have not been examined 
previously at abyssal depths, largely because there are so 
few abyssal samples. The comprehensive DIVA datasets are 
being used to test whether latitudinal gradients do exist at 
abyssal depths. The results will be especially interesting 
because it is unclear whether latitudinal gradients in mac-
rofaunal taxa exist in the southern hemisphere (Rex  et al.  
 2000 ). 

 Results from the ANDEEP expeditions have shown that 
the impact of depth on species richness is not consistent 
among taxonomic groups. Ellingsen  et al.   (2007)  examined 
general macrofaunal response to water depth in the Atlantic 
sector of the deep Southern Ocean using data on poly-

chaetes, isopods, and bivalves collected during the EASIZ II 
(Ecology of the Antarctic Sea - Ice Zone, 1998) and ANDEEP 
I and II cruises (2002), ranging from 774 to 6,348   m depth. 
They found that the isopods displayed higher species rich-
ness in the middle depth range (216 species in 3,000   m 
depth) and lower in the shallower and deeper parts of the 
area (Brandt  et al.   2005 ), as reported for other deep - sea 
areas (see, for example, Gage  &  Tyler  1991 ). However, the 
number of bivalve species showed no clear relation to 
depth, and polychaetes showed a negative relation to depth 
(Ellingsen  et al.   2007 ) (Fig.  8.6 ). Although the data were 
collected over a wide geographical area (58 ° 14 ′  – 74 ° 36 ′  S, 
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   Depth distributions of major taxa in the bathyal and abyssal Southern 
Ocean. Species richness of polychaetes declines with depth  (A) , that of 
isopods peaks at about 3,000   m  (B) , whereas no relation with depth 
can be seen for bivalves  (C) .  
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22 ° 08 ′  – 60 ° 44 ′  W), the numbers of isopod, polychaete, and 
bivalve species did not show any consistent relation to lati-
tude or longitude. Gastropods and bivalves show a variety 
of diversity – depth patterns among deep - sea basins (Allen 
 2008 ; Stuart  &  Rex  2009 ). Brandt  et al.   (2009)  investigated 
the bathymetric distribution patterns of bivalves, gastro-
pods, isopods and polychaetes in the Southern Ocean from 
0 to 5,000   m, and found that the patterns differed between 
the different taxonomic groups.    

   8.5.3.3    Diversity and  b iogeography of 
Antarctic  d eep -  s ea  f auna 
 Within the Southern Ocean, the abyssal benthic realm is 
the largest ecosystem and covers 27.9 million km 2  (Clarke 
 &  Johnston  2003 ). The Southern Ocean is characterized 
by some unique environmental features, which include a 
very deep continental shelf and a weakly stratifi ed water 
column. It is also the source for the deep - water production 
infl uencing the deep circulation throughout the world. 
These physical characteristics led to the assumption that the 
Southern Ocean deep - sea fauna may be related both to 
adjacent shelf communities and to those living in other 
deep oceans. In the past century, Antarctic benthic shelf 
communities have been investigated extensively and are 
known to be characterized by high levels of endemism, 
gigantism, slow growth, longevity, and late maturity. Some 
amphipod, isopod, and fi sh families have adaptive radia-
tions which have led to considerable novel biodiversity in 
these groups. Contrary to the Southern Ocean shelf, little 
was known about life in the vast Southern Ocean deep - sea 
region before the ANDEEP project. ANDEEP was a multi-
disciplinary international project which involved two expe-
ditions to the Weddell and Scotia Seas in 2002 (Brandt  &  
Hilbig  2004 ) and a third expedition (ANDEEP III) in 2005 
to the Cape and Agulhas Basins, Weddell Sea, Bellings-
hausen Sea, and Drake Passage. In total, 40 stations were 
sampled between 748 and 6,348   m water depth with a 
focus on the abyss (Brandt  &  Hilbig  2004 ; Brandt  &  Ebbe 
 2007 ; Brandt  et al.   2007a, b, c ). The analyses revealed an 
astonishingly high biodiversity of several different taxa. 
From the material analyzed, more than 1,400 species were 
identifi ed, and of these, more than 700 were new to science. 
In some groups of organisms, such as nematodes and 
isopods, greater than 90% of the species collected were 
new to science. Among the most important isopod families, 
over 95% of the species collected were unknown (Brandt 
 et al.   2007a ; Malyutina  &  Brandt  2007 ). Although we 
know that some species complexes have radiated in the 
deep Southern Ocean (Br ö keland  &  Raupach  2008 ; 
Raupach  &  W ä gele  2006 ; Raupach  et al.   2007 ), it is 
unclear whether they have evolved here and subsequently 
spread into other ocean basins. Many species ( > 50%) were 
rare or patchy and occurred at only one station. Many 
species were singletons. 

 Biogeographic and bathymetric trends varied between 
groups and were probably related to differences in the 
reproductive mode (Brandt  et al.   2007b, 2009 ; Pearse 
 et al.   2009 ). In the isopods and polychaetes, slope assem-
blages included species that have invaded from either the 
shelf or the abyss through emergence or submergence, 
respectively, whereas in other taxa such as bivalves and 
gastropods, the shelf and slope assemblages were more 
distinct. Abyssal faunas tended to have stronger biogeo-
graphic links to other oceans, particularly the Atlantic, 
but mainly for organisms with good dispersal capabilities 
such as the foraminiferans (Brandt  et al.   2007b ; Pawlowski 
 et al.   2007 ) and polychaetes (Sch ü ller  &  Ebbe  2007 ; 
Sch ü ller  et al.   2009 ). The isopods, ostracods, and nema-
todes, which are poor dispersers, include many species 
currently known only from the Southern Ocean. In some 
groups, such as the Munnopsidae (Isopoda), the highest 
number of species (219) was reported in a worldwide 
biogeographical analysis (Malyutina  &  Brandt  2007 ). The 
ANDEEP results challenge the hypothesis that deep - sea 
diversity is depressed in the Southern Ocean and provide 
a sound basis for future explorations of the evolutionary 
signifi cance of the varied biogeographic patterns observed 
in this remote environment.  

   8.5.3.4    The Mediterranean Sea: Diversity 
 p atterns in a  w arm  d eep  s ea 
 The Mediterranean region is characterized by the presence 
of both low and very high biodiversity, high levels of ende-
mism are apparent, and in some areas strong energetic 
gradients in primary production and food supply to the 
deep occur decreasing from the western to the eastern 
basins and from shallower to deeper sites. The deep Medi-
terranean has generally been considered to have lower 
diversity than other deep - sea regions. Faunal exchange with 
the Atlantic Ocean is impaired by differences in deep - sea 
temperatures (approximately 10    ° C higher in the Mediter-
ranean than in the Atlantic Ocean at the same depth), which 
makes the establishment of incoming deep Atlantic fauna 
diffi cult. In particular, the abyssal basins of the Eastern 
Mediterranean are extremely unusual deep - sea systems 
with water temperatures at 4,000   m in excess of 14    ° C. Bar-
riers to colonization from the Atlantic also include salinity 
gradients and differences in food supply, as well as the 
existence of shallow sills. The deep Mediterranean is thus 
generally considered a  “ biological desert ” , although certain 
areas display such high benthic activity as to be character-
ized as  “ benthic hot spots ” . These areas are in most cases 
located at or near the mouth of submarine canyons that 
transport, through fl ash fl ooding, sediment failures, and 
dense shelfwater cascading, large amounts of sediment and 
organic material to the deep - sea fl oor (Canals  et al.   2006 ). 
Abyssal trenches act as traps of organic matter of either 
terrestrial or pelagic origin (Tselepides  &  Lampadariou 
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 2004 ; Boetius  et al.   1996 ). Large - scale hydrographic 
changes (Eastern Mediterranean Transient) have also been 
implicated in enhancing the productivity of the euphotic 
zone and indirectly structuring the underlying deep benthic 
communities (Danovaro  et al.   2004 ). 

 The Mediterranean differs from other deep - sea ecosys-
tems in terms of its megafaunal species composition (Jones 
 et al.   2003 ). Typical deep - water groups, such as echino-
derms, glass sponges, and macroscopic Foraminifera (Xeno-
phyophora) are absent in the deep Mediterranean, whereas 
other faunistic groups (fi shes, decapod crustaceans, mysids, 
and gastropods) are represented poorly compared with the 
Northeast Atlantic. 

 Although the low - diversity pattern is based on the analy-
sis of macro -  and megabenthos, recent evidence (Danovaro 
 et al.   2008 ) suggests that the Mediterranean deep - sea nem-
atode fauna is rather diverse and cannot be considered 
 “ biodiversity depleted ” . In fact, it was suggested that meio-
faunal benthic biodiversity in the deep Atlantic and Medi-
terranean basins is similar. 

 A detailed analysis of food availability in the deep Medi-
terranean revealed that organic matter composition dif-
fered between the east and the west Mediterranean. Organic 
matter in the east was dominated by a high fraction of 
proteins and lipids. Therefore, although there were reduced 
amounts of organic matter in the east, this was to a certain 
extent compensated for by higher food quality and bio-
availability. It seems that biodiversity patterns are not con-
trolled by the amounts of food resources alone but also by 
the availability of the organic matter. 

 The project LEVAR explored not only the composition 
of benthic communities, but also environmental factors 
such as distance from shore, that is, supply of nutrients 
from shallower areas nearby, versus primary production in 

surface waters right above the sampling site and their 
respective infl uence on diversity. Preliminary results show 
that the benthic fauna at abyssal sites of the eastern Medi-
terranean is extremely poor in terms of abundance during 
normal oligotrophic periods, but can quickly develop high 
biomass when pulses of organic material settle down to the 
seafl oor after unpredictable phytoplankton bloom events in 
surface waters (Figs.  8.7 A and B).    

   8.5.3.5    Abyssal  d iversity  h ot  s pots 
 The diversity of life in the Southern Ocean (Brandt  &  
Hilbig  2004 ) and the central Pacifi c Ocean (Glover  et al.  
 2002 ) is high enough to characterize these areas as abyssal 
biodiversity hot spots. Glover  et al .  (2002)  stated,  “ Local 
polychaete species diversity beneath the equatorial Pacifi c 
upwelling (measured by rarefaction) appears to be unusu-
ally high for the deep sea, exceeding by at least 10 to 20% 
that measured in abyssal sites in the Atlantic and Pacifi c, 
and on the continental slopes of the North Atlantic, North 
Pacifi c, and Indian Oceans. ”  The use of molecular genetic 
methods will likely reveal an even higher diversity as many 
organisms looking alike under the microscope turn out to 
belong to different species, discernible only by differences 
in their genes.   

   8.5.4    Abundance of 
 a byssal  b enthos 

 Studies of the CeDAMar project Biozaire on the continental 
slope of the Gulf of Guinea, adjacent to the DIVA 1 study 
area in the abyss, revealed that benthic communities living 
closer to shore are infl uenced by a very complex system of 
environmental parameters. Nevertheless, as in the PAP, the 

(A) (B)

     Fig. 8.7 

    (A)  Box corer sample taken in 1998 in the Ierapetra Basin at 4,300   m depth. Circular shaped surface structures are  “ lebenspuren ” , made by the highly 
dominant polychaete  Myriochele fragilis .  (B)  Sample from the same site taken in 2006 during LEVAR expedition.  Myriochele fragilis  was no longer found.  
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megafauna seemed to respond most directly to the infl u-
ence of the organic material supplied by the Congo channel, 
whereas densities of smaller organisms  –  macrofauna and 
meiofauna  –  were subject to changes in environmental 
parameters, particularly in trophic inputs, at regional scale 
beyond the effects of the Congo channel (Sibuet  &  Van-
griesheim  2009 ). Two of three study sites were located in 
approximately 4,000   m depth, 15 and 150   km south of the 
Congo channel. They were sampled during three cruises 
that were roughly one and two years apart. 

 Abundance of macro -  and meiofauna increased substan-
tially between 2001 and 2003, but interestingly not near 
the Congo river fan where increased input of organic 
matter was observed but rather at the station away from 
the fan. Obviously it was the quality of the food rather than 
the quantity that had the most profound effect on abun-
dance, the organic matter near the Congo channel being 
mostly terrigeneous and, thus, of lower value for the deep 
benthos. These results agree well with fi ndings from the 
deep eastern Mediterranean Sea.  

   8.5.5    Distributional  p atterns 
in the  a byss:  e ndemism 
 v ersus  c osmopolitanism 

 The traditional view of an abyssal cosmopolitan fauna has 
been strongly favored given the enormous, contiguous 
nature of abyssal environments, and the isolated records of 
apparently conspecifi c animals in separate ocean basins. 
Recent CeDAMar fi eld projects such as the ANDEEP 
cruises in the Southern Ocean, the KAPLAN cruises in the 
central Pacifi c, and the DIVA cruises in the south Atlantic 
have created new opportunities to re - assess degrees of 
cosmopolitanism, which are reviewed here. 

 CeDAMar scientists have focused on a range of domi-
nant abyssal taxa, which exhibit a range of reproductive 
strategies. These include peracarid crustaceans, copepods, 
polychaete worms, mollusks, holothurians, and foraminif-
erans. Peracarids generally brood young in their marsupium 
and there is no distinct larval stage (Brandt  et al.  personal 
communication). Copepods are direct - developing, with 
juveniles and adults both probably distributed by ocean cur-
rents. Polychaetes include species that either brood or 
display a bi - phasic life cycle with free - swimming plankto-
trophic or lecithotrophic larvae: both modes are thought to 
occur in abyssal species (Beesley  et al.   2000 ). Deep - sea gas-
tropods and bivalves generally reproduce by planktotrophic 
or lecithotrophic larval dispersal (Rex  et al.   2005 ). Deep - sea 
holothurians have a broad range of egg sizes, from 180 to 
4,000    µ m (Billett  1991 ). The largest egg sizes are thought to 
lead to direct development of free - swimming juvenile hol-
othurians within the abyssopelagic zone allowing for wide 
dispersal (Billett  et al.   1985 ). Abyssal foraminiferans are 
thought to reproduce asexually (Murray  1991 ). 

 A study of cosmopolitanism in 45 deep - sea peracarid 
species has revealed only 11 species which occur in all oceans 
studied (the North Atlantic, South Atlantic, Southern Ocean, 
North and South Pacifi c, and Indian Oceans) (Brandt  et al.  
personal communication). However, 33 species have distri-
butions across more than one ocean basin, and 16 species 
are shared between the North Atlantic and North Pacifi c. 
Molecular - based studies of asellote isopods have revealed 
cryptic species, but these studies have so far been limited to 
a small range of taxa (Raupach  et al.   2009 ). For benthic 
harpacticoid copepods, a study in the South Atlantic and 
Southern Ocean recorded 19 species of which 11 were 
restricted to particular regions, and eight widespread 
between ocean basins (Gheerardyn  &  Veit - K ö hler  2009 ). 

 In polychaetes, sampling and analysis projects associated 
with CeDAMar have revealed both cosmopolitanism and 
cryptic speciation. Several species of small infaunal deposit -
 feeding spionids from abyssal depths are apparently 
distributed globally, based on examination of gross and 
ultra - structural morphology using scanning electron micro-
scopy (Mincks  et al.   2009 ; A. Glover unpublished data). 
Conversely, specimens of  Aurospio dibranchiata  Maciolek, 
1981 from two central Pacifi c abyssal plain sites appear to 
be cryptic species based on 18S rRNA sequences, a nor-
mally highly - conserved gene (Mincks  et al.   2009 ). A study 
of the distribution of multiple species of Southern Ocean 
abyssal polychaetes has revealed similar trends in terms of 
broad distributions of several species, based on morphol-
ogy. Out of 70 Southern Ocean species studied in detail, 
17 were shown to be cosmopolitan and only 13 apparently 
locally restricted to particular Southern Ocean sites (Sch ü ller 
 &  Ebbe  2007 ). The remainder were at the very least broadly 
distributed, some between ocean basins (for example the 
Southern Ocean and North Atlantic). 

 A review of the distribution of protobranch bivalves in 
the east and west North Atlantic has revealed broadly dis-
tributed species at multiple bathymetric levels (McClain 
 et al.   2009 ). Forty - three percent of the species studied 
were shared between the two ocean basins, of which 88% 
had overlapping depth ranges. The degree of apparent 
cosmopolitanism increased with depth, from 40% in 
bathyal regions to 60% in abyssal. 

 Systematic studies of deep - sea holothurians from the 
 Galathea  expedition revealed several cosmopolitan species 
in the abyss (Hansen  1975 ). Few taxa have been studied 
yet in detail using molecular methods, but the cosmopolitan 
species  Oneirophanta mutabilis  Th é el, 1879 (Fig.  8.8 A) 
and  Psychropotes longicauda  Th é el, 1882 have been recov-
ered from multiple ocean basins. These species are char-
acterized by large egg sizes up to 1   mm, which suggests 
lecithotrophic larvae or direct development (Ramirez -
 Llodra  et al.   2005 ).   

 One of the more enigmatic abyssal groups is the 
Komokiacea, a group of soft - bodied formaminfera that 
produce large branching tests. A recent systematic review 
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(A)

       Fig. 8.8 

    (A)   Oneirophanta mutabilis , a cosmopolitan abyssal elasipod holothurian recovered from 5,000   m on the central Pacific abyssal plain.  (B)   Sphaerosyllis  sp. 
B, a polychaete recovered from a central Indian site, apparently conspecific with specimens from the North Pacific and North Atlantic, with direct - developing 
juveniles visible budding off mid - body segments.  Photographs: A. Glover .  

of komokiaceans from the Southern Ocean has revealed 
nine species, of which fi ve are also present in the North 
Atlantic (Gooday  et al.   2007 ). 

 Some foraminiferans apparently are truly cosmoplitan as 
they cannot be discriminated even with molecular genetic 
methods, indicating that gene fl ow is taking place from pole 
to pole (Lecroq  et al.   2009 ). This global gene fl ow is dif-
fi cult to imagine at fi rst glance, and it may be confi ned to 
organisms with certain traits in their biology. Body size, 
which is inversely related to population size (that is, the 
smaller the organism is, the more individuals there are), 
plays an important role, and so do planktonic dispersal 
capabilities and the ability to survive long periods of famine. 
For example, the cosmopolitan species  Epistominella 
exigua  can live in substrata with organic carbon concentra-
tions spanning orders of magnitude and episodic fl ux to 
small ephemeral patches on a seemingly homogeneous 
seabed (Lecroq  et al.   2009 ). This fl exibility is thought to 
facilitate gene fl ow even under marginal conditions. 

 In summary, available data are sparse yet support the 
view that both cosmopolitanism and basin endemism occur 
across a wide range of taxa in the abyss. These include 
species that exhibit direct development and bi - phasic life 
cycles where larvae can be carried by ocean currents. Evi-
dence from molecular genetics is now starting to challenge 
some of these apparent cosmopolitan distributions, but 
even if many abyssal species are cryptic, it is clear that gross 
morphologies, and in some cases fi ne ultrastructure, are 
highly conserved in the abyss. This pattern may be a result 

of relatively rapid colonization of the abyss from bathyal 
depths and subsequent slow rates of adaptive radiation, in 
response to relatively similar environmental conditions. 

 Studies of reproductive biology are extremely rare, 
and are required to fi nd independent lines of evidence 
for species ranges. Polychaetes with clear direct - develop-
ing offspring have recently been recovered from an iso-
lated, oligotrophic central Indian Ocean abyssal site that 
are apparently conspecifi c with specimens from both the 
north Atlantic and north Pacifi c (Fig.  8.8 B). The simpli-
fi cation of a pattern where only species with larval stages 
are likely to be broadly dispersed is clearly being chal-
lenged, future studies involving physiological data (see, 
for example, Hall  &  Thatje  2009 ) and modeling of avail-
able habitats may yet provide the additional lines of 
evidence required to resolve the paradox of cosmopolitan 
abyssal species. 

 However, as so many animals in the abyss are rare, 
any distributional patterns have to be interpreted with 
great caution.  “ Endemic ”  species may just not have been 
found again in other locations, and all newly described 
species are by default  “ endemics ” . Conversely, many 
species considered to be cosmopolitan may have been 
misidentifi ed, for example, through the use of identifi -
cation keys not pertaining to the area. There is some 
indication that generally, distributional patterns as we 
interpret them from samples taken so far may represent 
extreme patchiness. The scale of this patchiness may be 
rather small (Kaiser  et al.   2007 ), and we may have to 

(B)
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change sampling strategies from large - scale coverage 
of entire ocean basins to concentrated sampling at a 
single site.  

   8.5.6    Evolution and  s peciation in 
the  a byss 

 During the past several decades, much has been learned 
about patterns of species diversity in the deep sea and their 
potential ecological causes. However, we are only now 
beginning to explore the evolutionary processes that gener-
ated this rich and distinctive fauna. How and where did all 
these species originate? Currently, our entire understanding 
of evolution is based on patterns in other ecosystems. 

 Deep - sea mollusks were chosen for a study of deep - sea 
evolution because their basic taxonomy and biogeography 
is particularly well known. The ENAB project is testing 
models of evolution based originally on analyses of shell 
form within species arrayed along depth gradients (Etter  &  
Rex  1990 ). This research suggested that most population 
differentiation occurred at intermediate depths in the 
narrow bathyal zone along continental margins, and that 
the abyss played only a minor role in promoting deep - sea 
biodiversity. However, it was not possible to determine 
whether bathymetric ranges in shell form represented 
evolved genetic differences or simply environmentally 
caused morphological differences. 

 New laboratory methods were developed to extract, 
amplify, and sequence mitochondrial DNA from specimens 
that had been fi xed in formalin and then preserved in 
alcohol, sometimes for decades. The resulting patterns of 
genetic differentiation tended to confi rm that the bathyal 
zone was an evolutionary hot spot (Etter  et al.   2005 ). This 
research has now been expanded to examine very large -
 scale geographic variation in mollusks among deep - sea 
basins in the North and South Atlantic (Zardus  et al.   2006 ). 
A variety of patterns has emerged including differentiation 
at great depths. 

 In the summer of 2008, the fi rst deep - sea sampling 
expedition devoted exclusively to studying evolutionary 
patterns in the deep sea was performed. The objective was 
to collect fresh material in order to sequence both nuclear 
and mitochondrial genes. A broad range of genes is essen-
tial to verifying geographic patterns of differentiation. 
Fresh material also enables us to develop better primers 
to more effectively sequence genes in the vast amount of 
archived preserved material. Being able to use multiple 
genes adds a new dimension to evolutionary studies in the 
deep sea. Except for foraminiferans, there is virtually no 
fossil record of deep - sea assemblages to assist us in 
unraveling long - term adaptive radiation and the global 
spread of higher taxa. Instead, phylogenetic evolution must 
be inferred from molecular genetic data. For the fi rst time, 
we now have broadly distributed material that is amenable 

to phylogeographic analysis. This will allow us to answer 
very fundamental questions, adding an evolutionary - 
historical perspective to our understanding of life in the 
deep sea. One of the most puzzling discoveries of this 
research so far is an apparent genetic break within eury-
bathic species at about 3,300   m, indicating that there is 
limited gene fl ow around this depth. This phenomenon 
not only occurs in mollusks, but was also reported for a 
widely distributed amphipod (France  &  Kocher  1996 ).  

   8.5.7    Nodule Mining and  MPA  s  in 
the Pacific  a byss 

 Manganese nodules, or polymetallic concretions of iron and 
manganese hydroxides, can be abundant at the abyssal sea-
fl oor beneath regions of low to moderate ocean primary 
productivity (Ghosh and Mukhopadhyay  2000 ). In some 
regions, nodules may cover more than 50% of the seafl oor 
(Fig.  8.9 ) and are potential mineral sources of copper, 
nickel, and cobalt. Manganese nodule mining is expected to 
occur in the abyss by the year 2025 and could ultimately be 
the largest scale human activity to directly impact the deep -
 sea fl oor (C.R. Smith  et al.   2008b ). Thirteen pioneer inves-
tor countries and consortia have conducted hundreds of 
prospecting cruises to investigate areas of high manganese 
nodule coverage in the Pacifi c and Indian Oceans, especially 
in the area between the Clarion and the Clipperton fracture 
zones, which covers roughly 6 million km 2  and may contain 
340 million tonnes of nickel and 265 million tonnes of 
copper (Ghosh and Mukhopadhyay  2000 ; Morgan  2000 ). 
Eight contractors are now licensed by the International 
Seabed Authority (ISA) to explore nodule resources and to 

     Fig. 8.9 

   The yellow elasipod holothuroid  Psychropotes longicauda , here shown 
on a dense bed of manganese nodules, is a widely distributed deposit 
feeder and uses its upright  “ sail ”  to use current energy for transport 
along the seafloor. It was collected at 4,900   m in the Clarion - Clipperton 
Fracture Zone.  Photograph: IFREMER.   



Chapter 8 Diversity of Abyssal Marine Life 153

test mining techniques within individual claim areas, each 
covering 75,000   km 2  (Fig.  8.10 ) (C.R. Smith  et al.   2008b ; 
 www.isa.org.jm/en/home ). In addition to harboring mineral 
resources, abyssal Pacifi c sediments in the CCZ may also be 
major reservoirs of biodiversity (Glover  et al.   2002 ). 
However, it has been extremely diffi cult to predict the 
threat of nodule mining to biodiversity (in particular, the 
likelihood of species extinctions) because of very limited 
knowledge of (1) the number of species residing within 
areas likely to be perturbed by single mining operations, and 
(2) the typical geographic ranges of species within the 
nodule provinces (Glover  &  Smith  2003 ). During the 
CeDAMar fi eld projects KAPLAN and NODINAUT, we 
used state - of - the - art molecular and morphological methods 
to begin to evaluate biodiversity and species ranges of three 
key faunal groups in the abyssal Pacifi c nodule province: 
polychaete worms, nematode worms, and foraminiferans. 
Together, these groups can constitute more than 50% of 
faunal abundance and species richness in abyssal sediments 
(Smith  &  Demopoulos  2003 ), and represent a broad range 
of ecological and life - history types.   

 CeDAMar results indicate high, unanticipated levels of 
species diversity for all three sediment - dwelling faunal 
components studied at our individual sites E, C, and W 
(Fig.  8.10 ). Based on morphological analyses, the Foraminif-
era contain at least 252 species at site E and at least 180 
species at site C (Nozawa  et al.   2006 ). Many of these 
species are new to science and appear not to have been 
collected elsewhere (Nozawa  et al.   2006 ; C.R. Smith  et al.  
 2008c ). Based on DNA sequencing studies, the nematode 
worms also exhibit very high within - site diversity, with 73 
molecular operational taxonomic units (or putative species) 
from only 97 sequenced individuals (C.R. Smith  et al.  
 2008c ). Because of a high ratio of one new species for every 
1.3 individuals sequenced, the total nematode species rich-
ness is still grossly undersampled; we can be certain that 
far more species remain to be collected at each of our 
abyssal Pacifi c sites. 

 The polychaetes also exhibit very high within - site diver-
sity for the families studied in detail; for example, Site 
E contains at least 48 polychaete species within 16 poly-
chaete families (C.R. Smith  et al.   2008c ). A high abundance 
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     Fig. 8.10 

   The region of maximum commercial interest in the Pacific nodule province (box in inset) and claim areas licensed to exploration contractors in 2008. The 
Kaplan sites where samples were collected for CeDAMar were located at 15 ° N, 119 ° W (Site E), 14 ° N, 130 ° W (Site C), and 9 ° 30 ′ N, 150 ° W (Site W).  
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of apparently cryptic species found with our molecular 
studies indicates that earlier estimates of polychaete species 
richness within abyssal Pacifi c sites based on morphologi-
cal studies, for example the 170 species from 3   m 2  by 
Glover  et al.   (2002) , are likely to be low by at least a 
factor of two. We speculate that, even based on the rela-
tively limited number of samples we have been able to 
analyze thus far, the total species richness of sediment -
 dwelling foraminiferans, nematodes, and polychaetes (a 
subset of the total fauna) at a single site in the CCZ 
could easily exceed 1,000 species (C.R. Smith  et al.   2008c ). 

 Our combined results for the foraminferans, nematodes, 
and polychaetes suggest that there is a characteristic fauna 
of the Pacifi c abyss, indicating that the abyss is not merely 
a sink of non - reproducing individuals transported from the 
continental margins (Rex  et al.   2005 ; C.R. Smith  et al.  
 2008a ). Many of the hundreds of species of Foraminifera 
identifi ed from our samples appear to be restricted to, or 
at least characteristic of, the abyss (Nozawa  et al.   2006 ; 
C.R. Smith  et al.   2008c ). Seventy of the 73 molecular 
operational taxonomic units (MOTUs) of nematodes 
appear to be new genera distinct from shallow - water 
genera, and thus may well have evolved in the abyss (C.R. 
Smith  et al.   2008c ). The molecular data for the polychaetes 
also indicate numerous cryptic new species in our KAPLAN 
abyssal samples, again suggesting that the abyssal poly-
chaete fauna contains higher species diversity than previ-
ously appreciated, and may include numerous species 
evolved in the abyss. All of these results suggest that the 
central Pacifi c abyss harbors a specially adapted, diverse 
fauna distinct from the fauna of the continental margins. It 
seems very unlikely that all, or even many, species found 
in the CCZ abyss are protected from extinction by popula-
tions residing many thousands of kilometers away at much 
shallower depths on the continental margins (C.R. Smith 
 et al.   2008a ). 

 Although the data are still limited, there is signifi cant 
evidence that community structure of the Foraminifera and 
polychaetes differ substantially on scales of 1,000 – 3,000   km 
across the CCZ. These apparent patterns of faunal turnover 
seem likely to be driven in part by the east to west decline 
in primary productivity thus the fl ux of food to the seafl oor 
across the CCZ , but may also be driven in part by varying 
habitat heterogeneity (C.R. Smith  et al.   2008c ). 

 Using results from the KAPLAN and NODINAUT 
projects, CeDAMar helped to convene a workshop of 
experts to draft recommendations to ISA for the design 
of MPAs in the CCZ to conserve marine biodiversity and 
ecosystem structure and function in the region in the face 
of nodule mining. Based on sound scientifi c principles, it 
was recommended that a network of nine 400   km    ×    400   km 
protected areas (or  “ areas of particular environmental 
interest ” ) be set up within the CCZ where mining would 
be prohibited (Fig.  8.11 ) (International Seabed Authority 
 2008, 2009 ). This network of protected areas would be 

stratifi ed by regional variations in primary productivity 
and protect a total area of 1,440,000   km 2 , placing roughly 
25% of the total CCZ management area under protection 
(International Seabed Authority  2008 ). The ISA is cur-
rently considering these recommendations. If imple-
mented, these CeDAMar recommendations would initiate 
scientifi cally based conservation management in interna-
tional waters, would establish the ISA as a leader in the 
application of modern conservation management, and 
would set a precedent for protecting seabed biodiversity, 
a common heritage of mankind, before the initiation of 
exploitive activities (International Seabed Authority  2008 ).     

   8.6    Remaining Challenges 
and New Questions 

   8.6.1    Natural  h istory and 
 e nvironmental  f actors 

 Although we learned much about the faunal elements of 
abyssal benthos communities, we still know almost nothing 
about the natural history of abyssal animals or environmen-
tal factors structuring abyssal communities. To the human 
eye an abyssal plain looks uniform over hundreds of kilo-
meters. Nonetheless, benthic communities are not nearly as 
homogeneous as originally thought. To abyssal animals, the 
habitat bears enough heterogeneity to cause species turn-
over even within a single ocean basin. However, we are just 
beginning to understand the scale of species turnover in 
abyssal plains. 

 In the deep Southern Ocean, the ANDEEP project has 
revealed patterns of biodiversity within different faunal 
groups, but we still do not know anything about the proc-
esses behind these biodiversity patterns. The ANDEEP 
follow - up International Polar Year project SYSTCO (system 
coupling) therefore focuses on coupling processes between 
atmosphere, water column, and deep - sea fl oor near the 
Polar Front and in the abyssal Weddell Sea and includes 
ecological questions and investigations of the role of deep -
 sea fauna in trophodynamic coupling and nutrient cycling 
in oceanic ecosystems.  

   8.6.2    Speciation in the  a byss 

 On an evolutionary scale, the same gap in our knowledge 
becomes apparent. We know very little about speciation in 
the abyss, and we are just now beginning to gain insights 
into the origin of the abyssal fauna and the very high diver-
sity of abyssal benthic communities. Especially for soft -
 bodied organisms that leave no fossil record, molecular 
clocks have to be developed to reconstruct their evolution-
ary history. ENAB has developed novel techniques which 
are promising for future research.  
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     Fig. 8.11 

   Clarion - Clipperton Zone divided into nine management subregions, with one 400    ×    400   km protected  “ area of particular environmental interest ”  centered in 
each subregion. This figure shows one of many options for location of preservation reference areas within the management subregions (International Seabed 
Authority  2008 ).  

   8.6.3    Abyssal  s pecies  n umbers 
and  t axonomy 

 We will probably never know the true number of species 
in the abyss. The research area is far too large to be sampled 
adequately considering how heterogeneous this habitat 
turns out to be and how high the percentage is of rare 
species which have been recorded from just one site, often 
also by just one individual among thousands. Nevertheless, 
with knowledge gained continuously, scientists continue to 
try to reach better and better estimates. 

 The remarkable gain of knowledge about the abyssal 
benthos, notwithstanding the taxonomic impediment which 
brought about the birth of CeDAMar, is still apparent. We 

are still facing an overwhelming amount of species awaiting 
formal description and a scarcity of specialists to do the 
task. Taxonomic intercalibration, which has come a long 
way during CeDAMar, will have to continue as we have 
just scratched the surface. Molecular genetic and morpho-
logical methods will have to be integrated in a continuing 
effort to understand each other and communicate.   

   8.7    Moving On 

 Although public awareness about the deep sea has risen a 
great deal during CeDAMar, the abyss is still perceived by 
most people as a somewhat remote part of the planet, not 
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affecting humankind in any way worth mentioning, and the 
research is still felt to be somewhat academic. 

 However, the abyss is on its way to become a resource 
for human exploitation very quickly. Industrial harvesting 
of manganese nodules may become a reality before most of 
us notice. Necessary technology is far advanced, largely 
unnoticed by anybody other than those directly involved. 
Even before man - made gear enters this still pristine envi-
ronment, it is quite possible that the abyssal seafl oor, which 
accounts for the largest area on the planet, may warrant 
our close attention because biogeochemical cycles of the 
seafl oor have a strong infl uence on the global climate and 
climate change. 

 Climate warming is expected to increase regional sea 
surface temperatures and thermal stratifi cation in low to 
mid - latitudes, yielding reductions in nutrient upwelling 
(C.R. Smith  et al.   2008b ; K.L. Smith  et al .  2009 ). These 
changes will in turn alter the quantity and quality of food 
fl ux from the euphotic zone to the abyssal seafl oor (Fig. 
 8.12 ). CeDAMar studies suggest that resulting long - term 
declines in POC fl ux to the abyss will cause reductions in 
the abundance and biomass of benthic fauna, and yield 
reductions in species diversity and body size over large 
regions, such as in the equatorial Pacifi c. Substantial shifts 
in the taxonomic composition of abyssal assemblages, espe-
cially the megafauna, are also expected, as well as changes 
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     Fig. 8.12 

   Predictions of the effects of rising atmospheric   pCO2 and climate change on abyssal benthic ecosystems. By increasing mean sea - surface temperature (SST) 
and ocean stratification, and by reducing upwelling, global warming has the potential to shift pelagic ecosystems from  (A)  diatom -  and large zooplankton -
 dominated assemblages with higher export efficiencies to  (B)  picoplankton -  and microzooplankton - dominated assemblages with lower export efficiencies. 
Such pelagic community shifts will reduce overall primary production and the efficiency of organic - carbon export from the euphotic zone into 
the deep ocean, and thus will substantially reduce POC flux to large areas of the abyssal seafloor. Reductions in POC flux will in turn reduce sediment 
community oxygen consumption (SCOC), bioturbation intensities, sediment mixed - layer depths, faunal biomass, and body sizes of invertebrate taxa (for 
example gastropods), and alter a variety of other abyssal ecosystem parameters. Shifts in the quality of sinking POC, for example in fatty acid composition, 
caused by changes from diatoms to picoplankton, will alter the nutritional quality of this food material, favoring reproductive success of some abyssal 
species and reducing reproductive success of others.  



Chapter 8 Diversity of Abyssal Marine Life 157

in basic ecosystem functions at the seafl oor, such as organic 
carbon burial and calcium carbonate mineralization. 
Climate induced reductions in abyssal food fl ux over large 
areas, such as the equatorial Pacifi c biodiversity hot spot, 
have the potential to cause regional species extinctions as 
populations are reduced below reproductively viable levels 
(Rex  et al.   2005 ; C.R. Smith  et al.   2008b ). Because abyssal 
ecosystems are so sensitive to the quantity and quality of 
sinking food material from the upper ocean (C.R. Smith 
 et al.   2008b ; K.L. Smith  et al.   2009 ), impacts on the abyss 
must be considered in predicting the effects of climate 
warming and eco - engineering (for example ocean fertiliza-
tion to mitigate climate change) on the biodiversity and 
ecological functioning of ocean ecosystems.   

   8.7.1    What  n eeds to  b e  d one? 

 When the fi rst Census has ended, keeping the momentum 
of global collaboration has to become our fi rst action item. 
One idea might be to establish an international consortium 
supported by national funding agencies to identify impor-
tant questions that most urgently need answers. Funding 
for taxonomists and molecular biologists needs to be secured 
in the long term to truly overcome the taxonomic impedi-
ment. Sampling strategies need the same global perspective 
as the Census to avoid falling back into competition among 
nations or institutions for the most attractive results. 

 Innovative methods will have to be adopted for the 
exploration of life in the abyss, for example,  in situ  experi-
ments that might tell us something about the biology of 
abyssal organisms, and autonomous vehicles that can travel 
along abyssal plains to collect data over large distances and 
areas. The technically challenging development of suitable 
instruments and research with such methods will require 
substantial additional funding which will be granted only 
if the general public gets involved and educated. Societal 
acceptance of deep - sea research is still measured by that of 
astronomy. Allocating public funds to investigate other 
planets, stars, and even galaxies, immeasurably farther 
away from human reach, is questioned by few, in contrast 
to investigating the portion of surface of our own planet 
which happens to be covered with water. 

 Exhibitions and trade fairs related to boating and diving 
lately included small individual submarines for pleasure, 
designed to dive to about 100   m, driven by the owners 
themselves. Although these submarines are targeted for a 
very wealthy clientele, they may perhaps raise awareness 
for the benthic environment in a different and more direct 
way than anything we can offer through the media.  

   8.7.2    Outlook and  c onclusions 

 The return to a more holistic perspective is perhaps a 
logical process following nearly a century of specialization 
and focus on smaller and smaller details of an ecosystem 

which, as we gathered more and more facts, seemed to 
become more and more diffi cult to comprehend. We may 
have reached a time that is right for taking a step back and 
looking at whole systems from different viewpoints, real-
izing how they all overlap and complement each other. If 
one could understand which factors regulate the presence 
of species in a given area and which factors regulate the 
absolute and relative abundance of these species, then one 
would understand much of the functioning of the ecosys-
tem as a whole. The evaluation of biodiversity  –  defi ned as 
the variety and variability of genomes, populations, species, 
communities, and ecosystems in space and time (Heywood 
 1995 )  –  continues to be a central theme in biology and 
conservation. 

 When the scientifi c scope of CeDAMar was planned, 
exclusion of continental margins, seamounts, and chemo-
synthetic environments was deliberate. Only through focus-
ing on a few of the major abyssal basins of the global ocean 
was it possible to achieve any tangible results in the limited 
timeframe of the Census. Exploring the relations of the 
ecosystem  “ abyssal benthos ”  with neighboring systems is a 
logical second step to be undertaken in the future. Several 
habitats possibly interacting with the abyssal benthos come 
to mind, most obviously the continental margins (see 
Chapter  5 ); on an even larger scale, an integration of water 
column and benthos research is a desirable goal. To be able 
to gain more complete insights both spatially and tempo-
rally, the abyss must be integrated into ocean observing 
systems. 

 Although the rate of discovery of new species is intimi-
dating, it is not equally large for all organisms. Specialists 
do not expect much beyond 10% new species, for example, 
of mollusks (whereas for others such as nematodes the rate 
may be about 90%). Several organisms have been found to 
be widespread, for example, on either side of the Atlantic 
Ocean or in both Polar seas. Although genetic investigations 
have to confi rm these patterns based on morphology, we 
may eventually come to a realistic estimate of the number 
of species in the abyss.  “ Singletons ” , those species known 
from only one specimen, may eventually be recaptured at 
the original site or even elsewhere, and the recapture rate 
may be a good proxy for species richness. 

 Within the past 150 years, we have learned to look at 
the abyss through different lenses. The unfathomed depths 
turned from a mythical place inhabited, at best, by fearsome 
creatures waiting to attack the unwary seaman, to an inte-
gral part of our planet fi lled with a dazzling variety of life, 
well adapted to its environment and of unsuspected beauty 
and grace. There are still many more questions than 
answers. CeDAMar research has lifted some of the myster-
ies, and the facts are even more fascinating than the myths, 
to scientists as well as the general public. There is much 
hope among deep - sea scientists that CeDAMar, together 
with other deep - sea projects within the Census, acted as a 
spark for ongoing research in the decades to follow.   
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    9.1    Life Based on Energy of 
the Deep 

   9.1.1    A spectacular discovery 

 This chapter is based upon research and fi ndings relating 
to the Census of Marine Life ChEss project, which addresses 
the biogeography of deep - water chemosynthetically driven 
ecosystems ( www.noc.soton.ac.uk/chess ). This project has 
been motivated largely by scientifi c questions concerning 

phylogeographic relationships among different chemosyn-
thetic habitats, evidence of conduits and barriers to gene 
fl ow among those habitats, and environmental factors that 
control diversity and distribution of chemosynthetically 
driven fauna. Investigations of chemosynthetic environ-
ments in the deep sea span just three decades, owing to 
their relatively recent discovery. Despite the excitement of 
many discoveries in the deep ocean since the early nine-
teenth century, nothing could have prepared the scientifi c 
community for the discovery made in the late 1970s, which 
would challenge some fundamental principles of our under-
standing of life on Earth. Deep hot water venting was 
observed for the fi rst time in 1977 on the Gal á pagos Rift, 
in the eastern Pacifi c. To the astonishment of the deep - sea 
explorers of the time, a prolifi c community of bizarre 
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animals were seen to be living in close proximity to these 
vents (Corliss  et al.   1979 ). Giant tubeworms and huge 
white clams were among the inhabitants, forming oases of 
life in the otherwise apparently uninhabited deep seafl oor 
(Figs.  9.1 A, B, and C). Most of the creatures fi rst observed 
on vents were totally new to science, and it was a complete 
mystery as to what these animals were using for an energy 
source in the absence of sunlight and in the presence of 
toxic levels of hydrogen sulfi de and heavy metals.    

   9.1.2    Chemosynthetic 
ecosystems: where energy from 
the deep seabed is the source of life 

 Until the discovery of hydrothermal vents, benthic deep - sea 
ecosystems were assumed to be entirely heterotrophic, com-
pletely dependent on the input of sedimented organic matter 
produced in the euphotic surface layers from photosynthesis 
(Gage  2003 ) and, in the absence of sunlight, completely 
devoid of any  in situ  primary productivity. The deep sea is, 
in general, a food - poor environment with low secondary 
productivity and biomass. In 1890, Sergei Nikolaevich 
Vinogradskii proposed a novel life process called chemosyn-
thesis, which showed that some microbes have the ability to 
live solely on inorganic chemicals. Almost 90 years later the 
discovery of hydrothermal vents provided stunning new 
insight into the extent to which microbial primary produc-
tivity by chemosynthesis can maintain biomass - rich meta-
zoan communities with complex trophic structure in an 
otherwise food - poor deep sea (Jannasch  &  Mottl  1985   ). 
Hydrothermal vents are found on mid - ocean ridges and in 
back arc basins where deep - water volcanic chains form new 
ocean fl oor (reviewed by Van Dover  2000 ; Tunnicliffe  et al.  
 2003 ). The super - heated fl uid (up to 407    ° C) emanating 
from vents is charged with metals and sulfur. Microbes in 
these habitats obtain energy from the oxidation of hydro-
gen, hydrogen sulfi de, or methane from the vent fl uid. The 
microbes can be found either suspended in the water column 
or forming mats on different substrata, populating seafl oor 
sediments and ocean crust, or living in symbiosis with 
several major animal taxa (Dubilier  et al.   2008 ; Petersen  &  
Dubilier  2009 ). By microbial mediation, the rich source of 
chemical energy supplied from the deep ocean interior 
through vents allows the development of densely populated 

ecosystems, where abundances and biomass of fauna are 
much greater than on the surrounding deep - sea fl oor. 

 Eight years after the discovery of hydrothermal vent 
communities, the fi rst cold seep communities were described 
in the Gulf of Mexico (Paull  et al.   1984 ). Cold seeps occur 
in both passive and active (subduction) margins. Seep habi-
tats are characterized by upward fl ux of cold fl uids enriched 
in methane and often also other hydrocarbons, as well as 
a high concentration of sulfi de in the sediments (Sibuet  &  
Olu  1998 ; Levin  2005 ). The fi rst observations of seep com-
munities showed a fauna and trophic ecology similar to that 
of hydrothermal vents at higher taxonomical levels (Figs. 
 9.1 D and E), but with dissimilarities in terms of species and 
community structure. 

 The energetic input to chemosynthetic ecosystems in the 
deep sea can also derive from photosynthesis as in the case 
of large organic falls to the seafl oor, including kelp, wood, 
large fi sh, or whales. After a serendipitous discovery of a 
whale fall in 1989, the fi rst links between vents, seeps, and 
the reducing ecosystems at large organic falls were made 
(Smith  &  Baco  2003 ). Bones of whales consist of up to 60% 
lipids that, when degraded by microbes, produce reduced 
chemical compounds similar to those emanating from vents 
and seeps (Fig.  9.1 F) (Treude  et al.   2009 ). Another deep -
 water reducing environment is created where oxygen mini-
mum zones (OMZs, with oxygen concentrations below 
0.5   ml   l  − 1  or 22    µ M) intercept continental margins, occur-
ring mainly beneath regions of intensive upwelling (Helly  &  
Levin  2004 ) (Figs.  9.1 G and H). Only in the second half of 
the twentieth century was it understood that OMZs support 
extensive autotrophic bacterial mats (Gallardo  1963, 1977 ; 
Sanders  1969 ; Fossing  et al.   1995 ; Gallardo  &  Espinoza 
 2007 ) and, in some instances, fauna with a trophic ecology 
similar to that of vents and seeps (reviewed in Levin  2003 ).  

   9.1.3    Adaptations to an 
 “ extreme ”  environment 

 Steep gradients of temperature and chemistry combined 
with a high disturbance regime, caused by waxing and 
waning of fl uid fl ow and other processes during the life cycle 
of a hydrothermal vent, result in low diversity communities 
with only a few mega -  and macrofauna species dominating 
any given habitat (Van Dover  &  Trask  2001 ; Turnipseed 

     Fig. 9.1 

 Hydrothermal vent  (A, B,  and  C) , cold seep  (D  and  E) , whale fall  (F) , and OMZ communities  (G  and  H) .  (A)  Zoarcid fish over a  Riftia pachyptila  tubeworm 
community in EPR vents;  (B)   Bathymodiolus  mussel community in EPR vents ( ©  Stephen Low Productions, Woods Hole Oceanographic Institution, E. 
Kristof, the National Geographic Society, and R. A. Lutz, Rutgers University).  (C)  Dense aggregations of the MAR vent shrimp  Rimicaris exoculata  ( ©  Missao 
Sehama, 2002 (funded by FCT, PDCTM 1999/MAR/15281), photographs made by VICTOR6000/IFREMER).  (D)   Lamellibrachia  tubeworms from the Gulf of 
Mexico cold seeps ( ©  Charles Fisher, Penn State University).  (E)   Bathymodiolus  mussel bed by a brine pool in the Gulf of Mexico cold seeps ( ©  St é phane 
Hourdez, Penn State University/Station Biologique de Roscoff).  (F)  Skeleton of a whale fall covered by bacteria ( ©  Craig Smith, University of Hawaii).  (G)  
Ophiuroids on an OMZ in the Indian margin ( ©  Hiroshi Kitazato, JAMSTEC, and NIOO).  (H)  Galatheid crabs on an OMZ on the upper slopes of Volcano 7, off 
Acapulco, Mexico ( ©  Lisa Levin, Scripps Institution of Oceanography).  
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 et al.   2003 ; Dreyer  et al.   2005 ). The proportion of extremely 
rare species (fewer than fi ve individuals in pooled samples 
containing tens of thousands of individuals from the same 
vent habitat) is typically high, in the order of 50% of the 
entire species list for a given quantitative sampling effort 
(C.L. Van Dover, unpublished observation). 

 Deep - water chemosynthetic habitats have also been 
shown to have a high degree of species endemicity in each 
habitat: 70% in vents (Tunnicliffe  et al.   1998 ; Desbruy è res 
 et al.   2006a ), about 40% in seeps both for mega epifauna 
(Bergquist  et al.   2005 ; Cordes  et al.   2006 ) and macro 
infauna (Levin  et al.   2009a ). In OMZs, the percentage of 
endemism is relatively low (Levin  et al.   2009a ), but has yet 
to be quantifi ed. Some of the most conspicuous of the 
endemic species of reducing environments have developed 
unusual physiological adaptations for the extreme environ-
ments in which they live. These include symbiotic relation-
ships with bacteria, organ and body modifi cations, and 
reproductive and novel adaptations for tolerating thermal 
and chemical fl uctuations of great magnitude. Because 
chemosynthetic habitats are naturally fragmented and 
ephemeral habitats, successful species must also be specially 
adapted for dispersal to and colonization of isolated  “ chemo-
synthetic islands ”  in the deep sea (Bergquist  et al.   2003 ; 
Neubert  et al.   2006 ; Vrijenhoek  2009a ).  

   9.1.4    Chemosynthetic islands: a 
biogeographic puzzle with missing 
pieces 

 Since their discovery just over 30 years ago, more than 700 
species from vents (Desbruy è res  et al.   2006a ) and 600 
species from seeps have now been described and are listed 
on  ChEssBase  (Ramirez - Llodra  et al.   2004 ;  www.noc.soton.
ac.uk/chess/database/db_home.php ). This rate of discovery 
is equivalent to one new species described every two weeks, 
sustained over approximately one - quarter of the past 
century (Lutz  2000 ; Van Dover  et al.   2002 ). Furthermore, 
geomicrobiologists have explored microbial diversity of 
chemosynthetic ecosystems, revealing a plethora of interest-
ing and novel metabolisms, but also signature compositions 
for the different types of reduced habitat, and symbiotic 
organism (J ø rgensen  &  Boetius  2007 ; Dubilier  et al.   2008 ). 

 Although several hundred hydrothermal vent and cold 
seep sites have now been located worldwide (see ChEss web-
pages), only approximately 100 have been studied so far 
with respect to their faunal and microbial composition, and 
even for their ecosystem function. Nevertheless, through 
such investigations, scientists soon noticed the differences 
and in some cases similarities among the animal communi-
ties from different vent and seep sites. For example, why is 
the giant tubeworm  Riftia pachyptila  only found at Pacifi c 
vents whereas shrimp species in the genus  Rimicaris  are only 
found at Atlantic and Indian Ocean vents? Why is the mussel 

genus  Bathymodiolus  generally widespread at vents and 
seeps but largely absent from seeps and vents in the north-
eastern Pacifi c Ocean? In 2002, at the onset of the ChEss 
project, biological investigations of known vent sites pro-
vided enough data to describe six biogeographic provinces 
for vent species (Van Dover  et al.   2002 ) and identifi ed 
several gaps that needed to be closed to complete the  “ bio-
geographical puzzle of seafl oor life ”  (Shank  2004 ) (Fig.  9.2 ). 
In contrast, cold seep and whale fall communities appear to 
share many of the key taxa across all oceans. The ChEss 
project developed a major exploratory program to address 
and explain global patterns of biogeography in deep - water 
chemosynthetic ecosystems and the factors shaping them.     

   9.2    Finding New Pieces of 
the Puzzle (2002 – 2010) 

   9.2.1    Technological 
developments for exploration 

 One of the most signifi cant advances in deep - sea investiga-
tions of chemosynthetic ecosystems, developed and imple-
mented as a new international state of the art technique 
within the lifetime of the ChEss project, has been the use 
of deep - sea autonomous underwater vehicles (AUVs) to 
trace seafl oor hydrothermal systems to their source or to 
map cold seep systems in the necessary resolution to quan-
tify the distribution of chemosynthetic habitats. This 
approach (Baker  et al.   1995 ; Baker  &  German  2004 ; 
Yoerger  et al.   2007 ) was suffi cient for geological investiga-
tions of global - scale heat - fl ux and chemical discharge to 
the oceans. However, the ChEss hypotheses concerning 
global - scale biogeography required more precise location 
of hydrothermal venting and hydrocarbon seepage on the 
seafl oor; ideally with preliminary characterization of not 
only the vent and seep site itself but also a fi rst - order 
characterization of the dominant species present. 

 So far, the method has been applied on seven separate 
hydrothermal vent cruises, from 2002 to 2009, throughout 
the Southern hemisphere, the least explored part of the 
global deep ocean. These expeditions have located 16 differ-
ent new sites on the Gal á pagos Rift (Shank  et al.   2003 ), in 
the Lau Basin (southwest Pacifi c; German  et al.   2008a ), the 
Mid - Atlantic Ridge (MAR) (South Atlantic; German 
 et al.   2008b ; Melchert  et al.   2008 ; Haase  et al.   2009 ), the 
southwest Indian Ridge (Southern Indian Ocean; C. Tao, 
personal communication), the East Pacifi c Rise (southeast 
Pacifi c; C. Tao, personal communication), and the Chile 
margin (C. German, unpublished observation). For cold 
seep mapping, a major success was the combined AUV and 
remotely operated vehicle (ROV) deployment in the Nile 
Deep Sea Fan, leading to the description of several new types 
of hydrocarbon seep in depths between 1,000 and 3,500   m 
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     Fig. 9.2 

 Global map showing the mid - ocean ridge system, the recognized hydrothermal vent biogeographic provinces (colored dots) and the unexplored regions that 
are critical missing pieces of the full evolutionary puzzle. Reproduced from Shank  2004  with permission of the Woods Hole Oceanographic Institution.  

(Foucher  et al.   2009 ; technical details described in Dupr é  
 et al.  ( 2009 )  ). 

 The way the AUV technique works for the exploration 
of vents is described in detail by German  et al.   (2008a) . 
Perhaps most surprising to us, and of widest long - term 
signifi cance, is that, when fl ying close to the seafl oor, the 
techniques have not only been suffi ciently sensitive to 
locate high - temperature  “ black - smoker ”  venting, but also 
sites of much more subtle lower - temperature diffuse fl ow 
(Shank  et al.   2003 ). Building on these successes, future 
investigations will be reliant upon the new generation of 
exploratory vehicles such as a new hybrid AUV – ROV 
vehicle (Bowen  et al.   2009 ), which has already been applied 
in ChEss studies (see below) as a technological precursor 
to future under - ice investigations (Jakuba  et al.   2008 ; 
German  et al.   2009 ).  

   9.2.2    Finding new species 

 In the past decade, we have seen a signifi cant increase in 
molecular tools for studies to understand species evolution, 
metapopulations, and gene fl ow in chemosynthetic regions 
(Shank  &  Halanych  2007 ; Johnson  et al.   2008 ; Plouviez 

 et al.   2009 ; Vrijenhoek  2009b ). New high - resolution and 
high - throughput methods will result in the fi rst insight into 
the structure and biogeography of microbial communities 
of chemosynthetic ecosystems in the Census International 
Census of Marine Microbes (ICoMM) project (see Chapter 
 12 ). However, a major concern today for marine biodiver-
sity analysis is the paucity of taxonomists using morpho-
logical methods, and in particular taxonomists specializing 
in deep - sea species. Both morphological and molecular 
taxonomy are essential to develop fundamental knowledge 
and sustainable management of our marine resources. In 
an effort to raise the profi le of taxonomy once more, ChEss 
set up an annual program of Training Awards for New 
Investigators (TAWNI). These awards have been made to 
a total of 10 scientists from around the globe to develop 
further their taxonomic skills relating to chemosynthetic 
organisms ( www.noc.soton.ac.uk/chess/science/sci_tawni.
php ). As a result, they have collectively achieved impressive 
outputs where many meio - , macro - , and megafauna species 
have been described and new records identifi ed from 
different sites (Table  9.1 ). These descriptions have been 
added to the approximately 200 species that have been 
described and published from vents, seeps, and whale falls 
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  Table 9.1 

  Species new to science described or identifi ed by  TAWNI  awardees during the  C  h  E  ss  project. 

   Group     Family     Species     Location     References     TAWNI  

  Anomura    Kiwaidae     Kiwa  sp. nov.    Costa Rica seeps    Thurber  et al.  in preparation    Andrew Thurber  

  Polychaete    Spionidae    Gen.  &  sp. nov.    New Zealand seeps    Thurber  et al.  in preparation    Andrew Thurber  

  Polychaete    Ampharetidae    Gen.  &  sp. nov.    New Zealand seeps    Thurber  et al.  in preparation    Andrew Thurber  

  Polychaete    Ampharetidae    Gen.  &  sp. nov.    New Zealand seeps    Thurber  et al.  in preparation    Andrew Thurber  

  Harpacticoid copepod    Tegastidae     Smacigastes barti     9 °    50 ′    N EPR vents    Gollner  et al.   2008       Sabine Gollner  

  Nematoda    Monhysteridae     Thalassomonhystera 

fisheri  n. sp.  
  9 °    50 ′    N EPR vents    Zekely  et al.   2006       Julia Zekely  

  Nematoda    Monhysteridae     Halomonhystera hickeyi  
n. sp.  

  9 °    50 ′    N EPR vents    Zekely  et al.   2006     Julia Zekely  

  Nematoda    Monhysteridae     Thalassomonhystera 

vandoverae  n. sp.  
  Mid - Atlantic Ridge 
vents  

  Zekely  et al.   2006     Julia Zekely  

  Nematoda         Anticoma  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Chromadorita  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Daptonema  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Daptonema  sp. 2    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Euchromadora  sp.    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Eurystomina  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Halomonhystera hickeyi     9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Halomonhystera  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Leptolaimus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Metoncholaimus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Microlaimus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Molgolaimus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Paracantonchus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Paralinhomeus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Rhabdocoma  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Nematoda         Prooncholaimus  sp. 1    9 °    50 ′    N EPR vents        Julia Zekely  

  Actiniaria         Amphianthus  sp. nov.    Lau Basin vents        Kevin Zelnio  

  Actiniaria         Anthosactis  sp. nov.    Lau Basin vents        Kevin Zelnio  

  Actiniaria         Bathydactylus  sp. nov.    Lau Basin vents        Kevin Zelnio  

  Actiniaria         Chondrophellia  sp. nov.    Lau Basin vents        Kevin Zelnio  
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   Group     Family     Species     Location     References     TAWNI  

  Actiniaria         Sagartiogeton  sp. nov.    Lau Basin vents        Kevin Zelnio  

  Actiniaria        Gen. et sp. nov.?    Lau Basin vents        Kevin Zelnio  

  Zoanthid        Sp. nov?    Lau Basin vents        Kevin Zelnio  

  Frenulate polychaete    Siboglinidae     Bobmarleya gadensis  
gen. et sp. nov.  

  Gulf of Cadiz mud 
volcanoes  

  Hil á rio  &  Cunha  2008       Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Spirobrachia tripeira  sp. 
nov.  

  Gulf of Cadiz mud 
volcanoes  

  Hil á rio  &  Cunha  2008     Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Lamellisabella denticulata  
(new record in Gulf of 
Cadiz)  

  Gulf of Cadiz mud 
volcanoes  

  Hil á rio  &  Cunha  2008     Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Lamellisabella  sp. nov.    Gulf of Cadiz mud 
volcanoes  

  Hil á rio  et al.  in prep    Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Polybrachia  sp. nov.    Gulf of Cadiz mud 
volcanoes  

  Hil á rio  et al.  in prep    Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Polybrachia  sp. nov.    Gulf of Cadiz mud 
volcanoes  

  Hil á rio  et al.  in prep    Ana Hil á rio  

  Frenulate polychaete    Siboglinidae     Siboglinum poseidoni  
(new record in Gulf of 
Cadiz  )  

  Gulf of Cadiz mud 
volcanoes  

  Hil á rio  et al.  submitted    Ana Hil á rio  

     Fig. 9.3 

 The yeti crab,  Kiwa hirsuta , from the Easter Island microplate 
hydrothermal vents.  ©  Ifremer/A. Fifis.  

since the onset of the ChEss project in 2002. One of the 
most extraordinary animals that has consequently received 
much media attention was discovered on southeast Pacifi c 
vents in 2005: the yeti crab  Kiwa hirsuta  (Fig.  9.3 ). This 
is not only a species new to science, but also represents a 
new genus and new family (Macpherson  et al.   2005 ). 
Recently, a close relative of the vent yeti crab was discov-
ered from Costa Rican cold seeps and is being described 

with the aid of a TAWNI grant (A. Thurber, personal 
communication).      

   9.2.3    Global biogeography 
patterns in deep - water 
chemosynthetic ecosystems 

 Addressing global biogeographic patterns for species 
from all deep - water chemosynthetic ecosystems and the 
phylogenetic links among habitats needed a coordinated 
international effort, with shared human and infrastructure 
resources, that no single nation could attempt alone. In 
2002, ChEss outlined a fi eld program for the strategic 
exploration and investigation of chemosynthetic ecosys-
tems in key areas that would provide essential information 
to close some of the main gaps in our knowledge (Tyler 
 et al.   2003 ). The ChEss fi eld program was motivated by 
three scientifi c questions. (1) What are the taxonomic 
relationships among different chemosynthetic habitats? (2) 
What are the conduits and barriers to gene fl ow among 
those habitats? (3) What are the environmental factors that 
control diversity and distribution of chemosynthetically 
driven fauna? To address these questions at the global scale, 
four key geographic areas were selected for exploration and 
investigation: the Atlantic Equatorial Belt (AEB), the New 
Zealand Region (RENEWZ), the Polar Regions (Arctic and 
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 ChEss field program study sites. Light blue and pink areas are key priority regions:  (A)  Equatorial Atlantic Belt region;  (B)  Southeast Pacific region;  (C)  New 
Zealand region;  (D)  Polar regions. Yellow areas are important for ChEss - related activities: 1, northern MAR between the Iceland and Azores hot - spots; 2, Eastern 
Mediterranean; 3, Brazilian continental margin; 4, southwest Indian Ridge; 5, Central Indian Ridge.  

Antarctic), and the southeast Pacifi c off Chile region 
(INSPIRE) (Fig.  9.4 ). Below, we describe the issues 
addressed and main fi ndings in each area.   

   9.2.3.1    The Atlantic Equatorial Belt: 
barriers and conduits for gene flow 
 The AEB is a large region expanding from Costa Rica to 
the West Coast of Africa that encloses numerous seep (for 
example Costa Rica, Gulf of Mexico, Blake Ridge, Gulf of 
Guinea) and vent (e.g., northern MAR (NMAR), southern 
MAR (SMAR), Cayman Rise) habitats. This region is par-
ticularly signifi cant for investigating connectivity among 
populations and species ’  maintenance across large geo-
graphic areas. Potential gene fl ow across the Atlantic (west 
to east) is subject to the effects of deep - water currents 
(Northeast Atlantic deep water), equatorial jets, and topo-
graphic barriers such as the MAR. When considering a 
north – south direction, gene fl ow along the MAR may be 
affected by mid - ocean ridge offsets such as the Romanche 
and Chain fracture zones. These fracture zones are signifi -
cant topographic features 60 million years old, 4   km high 
and 935   km ridge offset, which cross the equatorial MAR 
prominently, affecting both the linearity of the ridge system 
and large - scale ocean circulation in this region. North 
Atlantic Deep Water fl ows south along the East coasts of 

North and South America as far as the Equator before being 
defl ected east, crossing the MAR through conduits created 
by these major fracture zones (Speer  et al.   2003 ). Circula-
tion within these fracture zones is turbulent and may 
provide an important dispersal pathway for species from 
west to east across the Atlantic (Van Dover  et al.   2002 ), 
for example between the Gulf of Mexico and the Gulf of 
Guinea. The cold seeps in the Pacifi c Costa Rican margin 
were included in this study to address questions of isolation 
between the Pacifi c and the Atlantic faunas after the closure 
of the Isthmus of Panama 5 million years ago. The fauna 
from methane seeps on the Costa Rica margin, just now 
being explored, are yielding surprising affi nities, which sug-
gests that this site operates as a crossroads. Some animals 
appear related to the seep faunas in the Gulf of Mexico 
and off West Africa, whereas others show phylogenetic 
affi nities with nearby vents at 9 °    N on the East Pacifi c Rise 
and with more distant vents at Juan de Fuca Ridge and the 
Gal á pagos (L. Levin, unpublished observations). Further-
more, recent investigations have shown (C. German, C.L. 
Van Dover  &  J. Copley, unpublished observation) there is 
active venting in the ultra - slow Cayman spreading ridge in 
the Caribbean at depths of 5,000   m (CAYTROUGH  1979 ), 
and investigations are underway to determine how the 
animals colonizing these vents are related to vent and seep 
faunas on either side of the Isthmus of Panama. The fi rst 
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 Cold seep communities from different Atlantic Equatorial Belt areas.  (A)  Gulf of Mexico;  (B)  Costa Rica;  (C)  Barbados Prism;  (D)  Congo margin.  ©  Erik 
Cordes, Temple University (photographs A and B);  ©  Ifremer  (photographs C and D courtesy of Karine Olu) .  

plumes were located in November 2009 at depths below 
4,500   m, suggestive of active venting, and these plumes 
were further explored by ChEss scientists in 2010 who 
located the source of active venting at 5,000   m  –  the deepest 
known vent ever found. Exploration on the MAR has also 
led to the discovery of the hottest vents (407    ° C) (Kochin-
sky  2006 ; Kochinsky  et al.   2008 ), as well as another deep 
vent (4,100   m), named Ashadze (Ondreas  et al.   2007 ; 
Fouquet  et al.   2008 ). 

 In the AEB, the connections across the Atlantic have 
been relatively clearly defi ned. The seeps of the African 
margin contain a fauna with very close affi nities to the seep 
communities in the Gulf of Mexico (Cordes  et al.   2007 ; 
Olu - Le Roy  et al.   2007 ; War é n  &  Bouchet  2009 ) and the 
seep communities on the Blake Ridge and Barbados accre-
tionary wedge (Fig.  9.5 ). The communities are dominated 
by vestimentiferan tubeworms and bathymodioline mussels 
and the common seep - associated families of galatheid crabs 

and alvinocarid shrimp. The bathymodioline species com-
plexes on both sides of the Atlantic sort out among the 
same species groupings within the genus  Bathymodiolus , 
with  B. heckerae  from the Gulf of Mexico and Blake Ridge 
and  Bathymodiolus  sp. 1 from the African Margin in one 
grouping, and  B. childressi  from the Gulf of Mexico and 
 Bathymodiolus  sp. 2 from Africa in another group (Cordes 
 et al.   2007 ). However, our understanding of the biogeo-
graphic puzzle beyond this is less clear and requires further 
investigation (E. Cordes, unpublished observation).   

 The discovery of vent sites on the southern MAR (Haase 
 et al.   2007, 2009 ; German  et al.   2008b ) and the morpho-
logical similarity of their fauna to that of NMAR vents, 
suggest that the Chain and Romanche fracture zones are 
less of an impediment to larval dispersal than previously 
hypothesized (Shank  2006 ; Haase  et al.   2007 ). Further 
support for unhindered dispersal of vent fauna along the 
MAR comes from molecular analyses of the two dominant 
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invertebrates of MAR vents,  Rimicaris  shrimp and  Bathy-
modiolus  mussels. These studies showed recent gene fl ow 
across the equatorial zone for these key host species and 
their symbionts (Petersen  &  Dubilier  2009 ; Petersen  et al.  
 2010 ). In addition to fi nding known species, new species, 
including the shrimp  Opaepele susannae  (Komai  et al.  
 2007 ), have been described, and now more than 17 
(morpho - ) species have been identifi ed from the SMAR. 
Many of these have been genetically compared with taxo-
nomically similar fauna on the NMAR and reveal signifi cant 
genetic divergence among species considered  “ the same ”  in 
both regions (T. Shank, unpublished observation).  

   9.2.3.2    New Zealand region: phylogenetic 
links among habitats 
 The New Zealand region hosts a wide variety of chemo-
synthetic ecosystems, all in close geographic proximity. 
During the ChEss/COMARGE New Zealand fi eld program 
(RENEWZ), more than 10 new seep sites were discovered 
off the New Zealand North Island (Baco - Taylor  et al.  
 2009 ). One of these sites (Builder ’ s Pencil) covers 
135,000   m 2 , making it one of the largest known seep 
sites in the world. These initial and ongoing research 
activities aim at locating the sites, describing their envi-
ronmental characteristics, investigating their fauna, and 
determining potential phylogeographic relationships 
among species from vents, seeps, and whale falls found 
in close pro ximity to one another. 

 In the New Zealand region, sampling and description 
of chemosynthetic communities is in its infancy. Baco -
 Taylor  et al.   (2009)  have now provided an initial charac-
terization of cold seep faunal communities of the New 
Zealand region. Preliminary biological results indicate that, 
although at higher taxonomic levels (family and above) 
faunal composition of vent and seep assemblages in the 
New Zealand region is similar to that of other regions, at 
the species level, several taxa are apparently endemic to 
the region. Bathymodiolin mussels and an eolepadid bar-
nacle dominate (in number and biomass) at vent sites on 
the seamounts of the Kermadec volcanic arc. Genetic analy-
sis of mussels from chemosynthetic habitats by Jones 
 et al.   (2006)  revealed the New Zealand vent mussel 
 Gigantidas gladius  to be closely related to species from 
New Zealand and Atlantic cold seeps. 

 New Zealand vents are often characterized by the bar-
nacle  Vulcanolepus osheai  (Buckeridge  2000 ), found at very 
high densities which is different from those found farther 
north in the Pacifi c, and is most similar to an undescribed 
species found on the Pacifi c – Antarctic Ridge (Southward  &  
Jones  2003 ). The most abundant motile species at Kerma-
dec vent sites are caridean shrimp, including two species of 
endemic alvinocarids ( Alvinocaris niwa ,  A. alexander ), and 
one hippolytid ( Lebbeus wera ) (Webber  2004 ; Ahyong 
 2009 ), as well as two species of alvinocarid found else-

where in the western Pacifi c ( A. longirostris ,  Nautilocaris 
saintlaurentae ; Ahyong  2009 ). 

 Only two species of low abundance and sparsely distrib-
uted vestimentiferan worms have been sampled so far from 
Kermadec vent sites (Miura  &  Kojima  2006 ). Of these 
species,  Lamellibrachia juni  has been found elsewhere in the 
western Pacifi c, whereas the other species,  Oasisia fujikurai , 
is closely related to  O. alvinae  from the eastern Pacifi c 
(Kojima  et al.   2006 ). Other species of macro -  and megafauna 
found associated with Kermadec vent sites (Glover  et al.  
 2004 ; Anderson  2006 ; Schnabel  &  Bruce  2006 ; McLay 
 2007 ; Munroe  &  Hashimoto  2008 ; Buckeridge  2009 ) 
suggest that levels of species endemism in the New Zealand 
region are relatively high, although some species are either 
closely related to species, or are found, elsewhere in the 
wider Pacifi c region. Community - level analysis (an update 
of the analysis of Desbruy è res  et al.   (2006b) ) suggests that 
although the New Zealand region does apparently contain 
a vent community with a distinct composition, there is a 
degree of similarity with communities from elsewhere in 
the western Pacifi c (A. Rowden, unpublished observation). 

 In total, the analysis of samples either compiled or col-
lected as part of the ChEss/COMARGE project provide 
some support for the hypothesis that the region may repre-
sent a new biogeographic province for both seep and vent 
fauna. However, there is clearly a need for further sampling.  

   9.2.3.3    Exploring remote polar regions 
 The Polar Regions have received an increasing interest in the 
fi rst decade of the twenty - fi rst century, facilitated by new 
AUV technologies being developed to work in these remote 
areas of diffi cult access caused by ice coverage (Shank  2004 ; 
Jakuba  et al.   2008 ). The exploration of the Arctic Ocean 
revealed, in 2003, evidence for abundant hydrothermal 
activity on the Gakkel Ridge (Edmonds  et al.   2003 ). The 
Gakkel Ridge is an ultra - slow spreading ridge, which lies 
beneath permanent ice cover within the bathymetrically iso-
lated Arctic Basin. The deep Arctic water is isolated from 
deep - water in the Atlantic by sills between Greenland and 
Iceland and between Iceland and Norway. This has impor-
tant implications for the evolution and ecology of the deep -
 water Arctic vent fauna. In July/August 2007, the AGAVE 
(Arctic GAkkel Vent Exploration) project investigated the 
Gakkel Ridge using AUVs and a video - guided benthic sam-
pling system (Camper). Investigations suggested  “ recent ”  
and explosive volcanic activity (Sohn  et al.   2008 ). Extensive 
fi elds and pockets of yellow microbial mats dominated the 
landscape. Microbial samples revealed highly diverse chemo-
lithotrophic microbial communities fueled by iron, hydro-
gen, or methane (E. Helmke, personal communication). 
Macrofauna associated with these mats included shrimp, gas-
tropods, and amphipods with hexactinellid sponges periph-
erally attached to  “ older lavas ” . These communities may be 
sustained by weak fl uid discharge from cracks in the young 
volcanic surfaces (T. Shank, unpublished observation). 
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 So far, the northernmost vent sites that have been inves-
tigated by ROV are at 71 °    N on the Mohns Ridge (Schander 
 et al.   2009 ). The shallow (500 – 750   m) sites located there 
support extensive mats of sulfur - oxidizing bacteria. 
However, of the 180 species described from two fi elds 
explored, the only taxon that is potentially symbiont - 
bearing is a small gastropod,  Rissoa  cf.  griegi , also known 
from seeps and wood falls in the North Atlantic. Arctic cold 
seeps have also been investigated at the Haakon Mosby 
Mud Volcano (HMMV) on the Barents Sea slope (72 °    N) 
at 1,280   m depth (Niemann  et al.   2006 ; Vanreusel  et al.  
 2009 ). This site has large extensions of bacterial mats and 
is dominated by siboglinid tubeworms (L ö sekann  et al.  
 2008 ), with many small bivalves of the family Thyasiridae 
living among them. In terms of macrofauna, the HMMV is 
dominated by polychaetes, with higher abundances and 
diversity at the siboglinid fi elds compared to the bacterial 
mats. The meiofauna is dominated by benthic copepods in 
the active centre, whereas the nematode  Halomonhystera 
disjuncta  dominates in the bacterial mats (Van Gaever  et 
al.   2006 ). The other Nordic margin cold seeps of the 
Storegga and Nyegga systems are also characterized by a 
high abundance of potentially endemic siboglinid tube-
worms in association with methane seepage, as well as the 
occurrence of diverse mats of giant sulfi de - oxidizing bacte-
ria, attracting large numbers of meio -  and macrofauna 
(Vanreusel  et al.   2009 ). 

 In the Southern Ocean, vent exploration in the East 
Scotia Arc and seep investigations on the Weddell Sea have 
addressed the role of the Circumpolar Current in dispersal 
of deep - water fauna as a conduit between the Pacifi c and 
the Atlantic, or as a barrier between these two oceans and 
the Southern Ocean. The ChEsSo (ChEss in the Southern 
Ocean) project explored the East Scotia Ridge in 2009 
and 2010, providing further detail to the vent plume data 
described by German  et al.   (2000) . A follow - up cruise is 
planned for 2011 to investigate further and locate the vent 
source and any potential vent fauna. 

 On the continental margin of the Antarctic Peninsula in 
the Weddell Sea, cold seep communities were discovered 
in 800   m water beneath what was the Larsen B ice shelf. 
The site was once covered by extensive areas of bacterial 
mat and beds of live vesicomyid clams (Domack  et al.  
 2005 ), but hydrocarbon seepage appeared extinct only a 
few years later (Niemann  et al.   2009 ). The discovery of 
vesicomyid clams is evidence that the hydrographic bound-
ary between the southern Atlantic and Pacifi c Oceans with 
Southern Ocean is not a biogeographic barrier, at least for 
this taxon, though it remains to be determined if the 
Weddell Sea vesicomyid has been suffi ciently isolated to be 
genetically distinct from any other vesicomyid species. An 
international team has recently returned to the Larsen B 
seep sites to determine the phylogeographic alliance of 
the Weddell Sea clams with other vesicomyids from the 
Atlantic and Pacifi c Basins.  

   9.2.3.4    Southeast Pacific off Chile: a 
unique place on Earth 
 The southeast Pacifi c region off Chile is of high interest for 
deep - water chemosynthetic studies, especially for the study 
of inter - habitat connectivity through migration and coloni-
zation. Only here can we expect to fi nd every known form 
of deep - sea chemosynthetic ecosystem in very close prox-
imity to one another. A key reason for this unique juxtapo-
sition of chemosynthetic habitats is the underpinning 
plate - tectonic setting. The Chile Rise is one of only two 
modern sites where an active ridge crest is being swallowed 
by a subduction zone and the only site where such subduc-
tion is taking place beneath a continental margin (Cande 
 et al.   1987 ; Bangs  &  Cande  1997 ). Consequently, one 
would expect to fi nd hydrothermal vent sites along the East 
Chile Rise, cold seeps associated with subduction along the 
Peru – Chile trench at the intersection with the Chile Rise, 
and an oxygen minimum zone that abuts and extends south 
along the Peru and Chile margins (Helly  &  Levin  2004 ). 
Along with these geologic/oceanographic occurrences, sig-
nifi cant whale feeding grounds and migration routes occur 
on the southwest American margin (Hucke - Gaete  et al.  
 2004 ), and there is strong potential for wood - fall from the 
forests of southern Chile as the Andes slope steeply into the 
ocean south off approximately 45 °    S (V. Gallardo, personal 
communication). To what extent will the same chemosyn-
thetic organisms be able to take advantage of the chemical 
energy available at all of these diverse sites? Alternatively, 
will each type of chemosynthetic system host divergent 
fauna based on additional factors (for example depth, lon-
gevity of chemically reducing conditions, extremes of tem-
perature, and/or fl uid compositions)? Some seep sites are 
already known further north along the margin (Sellanes 
 et al.   2004 ) and fi rst evidence for hydrothermal activity on 
the medium - fast spreading Chile Rise was suggested by 
metalliferous input to sediments in this region (Marienfeld 
 &  Marching  1992   ). Systematic exploration at the very 
intersection of the ridge - crest and adjacent margin has 
recently been conducted during a joint ChEss – COMARGE 
cruise (February – March 2010) and sources of venting were 
recorded, along with evidence of at least one cold seep site 
relatively close by, thereby confi rming expectations of the 
scientists on board (A. Thurber, personal communication). 

 The Peru – Chile margin and subduction zone contain 
hydrate deposits and seep sites venting methane - rich fl uids 
(Brown  et al.   1996 ; Grevemeyer  et al.   2003 ; Sellanes  et 
al.   2004 ). Until recently these habitats had only been 
sampled remotely by trawl. A recent expedition provided 
the fi rst Chile seep images and quantitative samples using 
a video - guided multicorer (A. Thurber, personal commu-
nication). Based on trawl collections, seeps of the Chilean 
Margin appear to have evolved in relative isolation from 
other chemosynthetic communities. There are at least 
eight species of symbiotic bivalves, including vesicomyids, 
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thyasirids, solemyids, and lucinids, and at least one species 
of the tubeworm  Lamellibrachia  (Sellanes  et al.   2008 ). The 
bivalve species do not appear to have close affi nities to 
the chemosynthetic fauna of other seeps, in particular the 
seeps off the coast of Peru (Olu  et al.   1996 ) or New 
Zealand (Baco - Taylor  et al.   2009 ). The general composi-
tion of the community, including a high diversity of vesi-
comyids (four species) is similar to that of other seep sites 
of the eastern Pacifi c. Further taxonomic resolution of this 
key fauna along with a complete analysis of the Costa Rica 
fauna will help to refi ne further the location of this bio-
geographic puzzle piece.   

   9.2.4    Larval ecology: shaping 
faunal distribution under 
ecological timescales 

 The biological communities that inhabit chemosynthetic 
environments face several challenges that arise from the 
peculiarities of the habitat. Firstly, relatively few species are 
specifi cally adapted to the physical and chemical character-
istics of these habitats. Secondly, these habitats are gener-
ally ephemeral at decadal scales (with the notable exception 
of seeps and OMZs) either because they are geologically 
unstable (vents) or because they are short lived (large 
organic falls). Thirdly, these habitats are patchy and can be 
separated by hundreds to thousands of kilometers of habitat 
unsuitable for the organisms that are adapted to chemosyn-
thetic conditions. An additional challenge is that most of 
the organisms that inhabit chemosynthetic environments 
are either sessile (being attached to a substratum) or show 
limited mobility in their adult life; they rely solely on 
planktonic propagules, mainly larvae (Mills  et al.   2009 ) 
(Fig.  9.6 ) to maintain existing populations and to colonize 
newly opened areas (e.g., after an eruption at a vent or 
when a whale lands on the ocean fl oor). Given the patchy 
distribution and ephemeral nature of their habitat, adapta-
tions during larval life can have pronounced implications 
for the success of these species. Yet, our knowledge of the 
larval ecology of these species, and of deep - sea species in 
general, remains extremely limited (reviewed in Young 
 2003 ; Mills  et al.   2009 ).   

 Most of our current understanding of larval ecology is 
based on species that inhabit hydrothermal vents, and infor-
mation from other chemosynthetic habitats is sorely lacking. 
Larval populations are being increasingly sampled to assess 
their abundance and distribution relative to the hydrother-
mal vent where they most likely originated. In general, 
larvae are found in greater abundance near the ocean fl oor 
than near the plume at hundreds of meters above the 
bottom, suggesting that they may be dispersing along the 
ocean fl oor, taking advantage of the along - axis currents 
there. Although these types of study were initiated in the 
1990s (e.g., Kim  et al.   1994 ; Kim  &  Mullineaux  1998 ), 

they accelerated in the 2000s. However, they have only 
focused at a handful of sites on the Juan de Fuca Ridge 
(Metaxas  2004 ), the East Pacifi c Rise (Mullineaux  et al.  
 2005 ; Adams  &  Mullineaux  2008 ), and the Mid - Atlantic 
Ridge (Khripounoff  et al.   2001; 2008 ). Similar studies were 
initiated in the 2000s and are ongoing at vents in Lau Basin 
and volcanically active seamounts on arcs in the southern 
(Kermadec) and western (Mariana) Pacifi c. These studies 
suggested that hydrodynamics can provide a mechanism of 
both larval retention to re - seed existing populations, as well 
as along - axis transport and dispersal to colonize newly 
opened areas within hundreds of kilometers. Larval abun-
dance in cold seeps has been measured for two species in 
the Gulf of Mexico (Van Gaest  2006 ; Arellano  2008   ), 
indicating that, unlike most species at vents (except some 
crustaceans), larval migration from the seep of origin to 
surface waters likely occurs. 

 Larval colonization is better understood and has 
received more attention than larval dispersal. Since 2002, 
studies have focused on vents, seeps, whale and wood falls 
(see, for example, Mullineaux  et al.   2003 ; Govenar  et al.  
 2004 ; Pradillon  et al.   2005 ; Levin  et al.   2006 ; Braby 
 et al.   2007 ; Kelly  et al.   2007 ; Fujiwara  et al.   2007 ; Tyler 
 et al.   2007 ; Arellano  2008 ). In all habitats, larvae of dif-
ferent species settle and colonize areas in a particular 
sequence that appears to be related to chemical and bio-
logical cues of the environment. We now know that colo-
nization and succession at vents can be quite rapid and 
communities can recover from catastrophic disturbances 
within 2 – 5 years (Shank  et al.   1998 ). It appears that the 
spatial and temporal patterns of colonists are primarily 
related to the physicochemical environment and secondar-
ily to biological interactions. However, the evidence on 
the latter is still scant, and both experimental manipula-
tions and numerical modeling are being used increasingly 
to address this gap (Neubert  et al.   2006 ; Shea  et al.   2008 ; 
N. Kelly, personal communication). 

 The largest gap in our understanding of larval life is 
the factors that affect larval growth and development in 
all chemosynthetic environments. The main challenge is 
larval rearing for species that inhabit deep - water environ-
ments with very particular chemical and physical charac-
teristics. Only a few studies have succeeded in rearing 
larvae of only a handful of species from vents (Marsh  et 
al.   2001 ; Pradillon  et al.   2001 ), seeps (Young  et al.   1996 ; 
Van Gaest  2006 ; Arellano  &  Young  2009   ), and whale falls 
(Rouse  et al.   2009 ), but none were successful in following 
larvae through to the end of that life stage. Larval rearing 
 in situ  has been attempted and has been partly successful 
(Marsh  et al.   2001 ; Pradillon  et al.   2001 ; Brooke  &  Young 
 2009 ). 

 A key unknown aspect of the question of larval develop-
ment is the duration of the larval stage, the period 
that larvae spend in the water column, and thus their poten-
tial dispersal distance. Some specifi c exceptions include 
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     Fig. 9.6 

 Photographs of vent larvae and juveniles collected from the 9 °    50 ′    N EPR vent field.  (A)  larva of the gastropod genus  Lepetodrilus ;  (B)  juvenile of a polynoid 
polychaete;  (C)  megalopa larval stage of decapod crustacean  Bythograea thermydron ;  (D)  larva of the bivalve  Bathymodiolus thermophilus .  ©  Stace Beaulieu 
(photographs A, B, and D) and Susan Mills (photograph C), Woods Hole Oceanographic Institution.  

experiments to estimate dispersal time in the vent tube-
worm  Riftia pachyptila  (Marsh  et al.   2001 ), the whale - fall 
polychaete  Osedax  (Rouse  et al.   2009 ), the vent gastropod 
 Bathynerita  (Van Gaest  2006 ), and the mussel  Bathymodio-
lus  (Arellano  &  Young  2009 ). Other major gaps in knowl-
edge include larval growth rates in relation to temperature, 
pressure, and food availability; the cues that induce them 
to stop swimming and settle onto a suitable habitat (or 

avoid an unsuitable one); and the role of larval behavior in 
vertical positioning while in the water column or near 
bottom. Increased knowledge of larval connectivity and 
colonization processes will add conceptual understanding 
of reducing ecosystems as metapopulations (Leibold  et al.  
 2004 ; Neubert  et al.   2006 ) and their response or resilience 
in the face of natural and anthropogenic disturbance 
(Levin  et al.   2009b   ).   
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   9.3    Limits to Knowledge 

   9.3.1    Understanding remote and 
dynamic ecosystems 

 Discovery of deep - water chemosynthetically driven com-
munities is relatively recent. Thus the investigation of 
these habitats has a very strong exploration component. 
Biologically, the unknowns exceed the knowns. How 
many species are there? What is their distribution and 
why? How do species reproduce, disperse, and colonize 
new sites? What are the evolutionary history and phylo-
genetic relationships of species from different chemosyn-
thetic habitats? The remoteness and abrupt topography 
of deep - water chemosynthetic ecosystems make observa-
tion, sampling, and experimentation diffi cult in these 
habitats. There is a strong need for international col-
laboration and sharing of resources, which has been 
accomplished through projects such as the Census, con-
tributing greatly to our knowledge of chemosynthetically 
driven ecosystems. The ongoing learning process allows 
identifying gaps and provides a driver for science to 
transform the unknowns into knowns (Gomory  1995 ; 
Marchetti  1998 ). 

 Chemosynthetic research depends on our capacity to 
sample, observe, and experiment at great depths in 
 “ extreme ”  physicochemical conditions. Therefore research 
in chemosynthetic ecosystems closely follows technologi-
cal developments. For example, the use of submersibles 
and ROVs made possible direct observation and  in situ  
precise sampling of the ecosystem. AUVs are useful for 
investigation of regions that are not accessible from the 
surface (i.e. oceans under ice) and in revolutionizing the 
effi ciency of deep - sea hydrothermal exploration (German 
 et al.   2008a ; Sohn  et al.   2008 ). Deep - towed sidescan 
sonar instruments can produce detailed acoustic images 
of the deep seafl oor. Submersible - mounted multibeam 
bathymetry can achieve centimeter - scale resolution maps 
of the sea fl oor. High - resolution, high - defi nition cameras 
are being used to produce photo - mosaics of remote habi-
tats, providing a comprehensive overview of the habitat 
and allowing for fi rst interpretations of the relationships 
between habitat and fauna. New types of biogeochemical 
sensor module and incubation instrument allow quanti-
fi cation of the transport of energy and the benthic com-
munity activities  in situ  (Boetius  &  Wenzh ö fer  2009   ). 
Technology is also advancing rapidly in laboratory tech-
niques, for example molecular biology, which has aided 
our understanding of processes that, until recently, were 
hidden from our senses. However, are there limits to 
knowledge? This question can be considered in terms of 
different timescales. At the ecological timescale, one of 
the major limits to knowledge is imposed by society 

itself. The fi rst barrier is one of economics and human 
resources. 

 In the case of the discrete and dynamic deep - water 
chemosynthetic ecosystems, some aspects might be 
unknown and unknowable at any given time. German  &  
Lin  (2004)  have estimated that, for fast -  and intermediate -
 spreading ridges, there should be a volcanic eruption 
approximately every 50 years for any given 100   km of 
ridge section. Slow - spreading ridges may exhibit much 
greater irregularity (German  &  Lin  2004 ). It would take 
the equivalent of one 1 -  to 2 - year expedition to explore 
all of the southern MAR from north to south. Taking 
into account the episodic volcanic activity of mid - ocean 
ridges, we would expect three or four major new erup-
tions to have occurred over the time it would take to 
explore the whole 7,000   km of the MAR. By that reckon-
ing (approximately one new vent area on the MAR each 
year), our current rate of discovery (nine sites on the 
northern MAR since 1986) is not even keeping pace with 
the rate of new production. Here, the limit to knowledge 
is a consequence of the dynamic characteristics of mid -
 ocean ridges. Cold seeps at passive margins are more 
stable ecosystems than vents (Sibuet  &  Olu  1998 ), but 
those on active margins (e.g., Chile, Costa Rica) are subject 
periodically to some of the most violently destructive forces 
on Earth. We can study these systems in their current 
 “ dormant ”  state and investigate their geophysics and geo-
chemistry interactions and associated fauna. However, the 
episodicity of the great earthquakes (an approximate 100 -
 year cycle predicted for the magnitude 9.5 great earth-
quake) may render the responses to such events impossible 
to observe and the extent to which the associated organ-
isms are impacted by  –  or even anticipate  –  major tectonic 
events unknowable. Similar issues apply to stochastic, dis-
crete, and ephemeral  “ habitats ”  such as whale falls and 
large organic falls. The life cycle of vents on fast - spreading 
ridges (i.e. East Pacifi c Rise) or cold seeps on active margins 
is equivalent, in time, to the construction of a cathedral 
in the Middle Ages (approximately 100 years), whereas 
on slower - spreading ridges they can extend to more than 
10,000 years (Cave  et al.   2002 ), longer than the oldest 
known European prehistoric constructs such as Stonehenge 
in the southern United Kingdom. These are unknowables 
for ChEss. 

 Furthermore, the fauna from deep - water vents, seeps, 
and whale falls is often new to science. Although the 
diversity of megafauna is low and the new species are 
described at a pace that keeps with discovery, this is not 
the case for the more diverse meiofauna, where up to 
90% of the species collected can be new to science. The 
inability to keep up the rate of taxonomic identifi cation 
is increasingly affected by the continuous decrease in 
taxonomic expertise among the new generations of marine 
biologists.  
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   9.3.2    Technology: pushing 
backwards the limits to knowledge 

 Despite the best possible combinations of sensors and 
technologies, a limit to progress will remain related to 
accessing the appropriate sections of the global ocean 
using suitable research ships. As we develop AUV - based 
approaches we can improve the rates of exploration and 
discovery. Because AUVs are decoupled from ships ’  posi-
tions and motions (unlike ROVs) and do not put human 
lives in harm ’ s way at the bottom of the ocean (unlike 
manned submersibles), we will be able to expand our 
systematic exploration surveys to higher and higher lati-
tudes. Furthermore, a new generation of AUVs is now 
under construction that will have ranges in excess of 
1,000   km and could ultimately span entire ocean basins. 
At this level, and with artifi cially intelligent control 
systems, we can imagine a day when long - range AUVs 
will be able to conduct fi rst pass investigations along entire 
sections of the global ridge crest, interrogating, processing, 
and interpreting their data underway, to allow second 
pass mapping and, potentially, even photographic surveys 
of the seafl oor. Although such approaches may seem like 
so much science fi ction, preliminary algorithms to inter-
pret hydrothermal fi eld data on - the - fl y have already been 
trialed (for example on the MAR) and a fi rst long - range 
mid - ocean ridge ship - free AUV cruise has already reached 
the planning stage.   

   9.4    Human Footprints in 
Deep - Water Chemosynthetic 
Ecosystems 

 Deep - sea ecosystems support one of the highest biodiversi-
ties of the Planet as well as important natural and mineral 
resources. In the last decades, the depletion of resources in 
the upper layers of the oceans together with technological 
development has fueled the increasing interest of industry 
to explore and exploit deep - sea resources. Industries such 
as mining, hydrocarbon extraction, and fi shing are working 
at great depths (below 1,000   m), and some of these activi-
ties affect chemosynthetic ecosystems. We briefl y discuss 
below only anthropogenic impacts that have been addressed 
by ChEss scientists (i.e. mining, hydrocarbon extraction, 
and trawling), but other impacts such as litter accumulation 
or climate change are also important. 

   9.4.1    Major known impacts 

 Probably the most important industry potentially affecting 
chemosynthetically driven habitats and their fauna is mining 

for precious metals on seafl oor massive sulfi de deposits 
(SMS) from vents. SMS contain signifi cant quantities of 
commercially valuable metals, such as gold, silver, copper, 
and zinc (Baker  &  German  2009 ). Although at a very early 
stage of exploration, the SMS industry is already extremely 
active, with two major companies (Nautilus Minerals and 
Neptune Minerals) developing plans for exploitation in 
national waters of Papua New Guinea and New Zealand. 
ChEss scientists have participated in the environmental 
impact assessment conducted by Nautilus Minerals, who 
have produced an environmental impact statement for 
mining activities in Papua New Guinea, and considerable 
baseline research has been done (Levin  et al.   2009b ; Erick-
son  et al.   2009 ; see EIS at  www.cares.nautilusminerals.
com/Downloads.aspx ). Although it seems highly likely that 
economically viable extraction of sulfi des from the deep - sea 
fl oor may begin within the next decade, the true nature of 
mining impact on the ecosystem is still mostly unknown. 
There are several potential environmental effects of mining 
that are of concern to some stakeholders. These include 
direct physical damage to the seabed at the operation site 
and the surrounding area; potential extinction of isolated 
populations; production of sediment plumes and deposi-
tion of sediment, which will affect marine life by smother-
ing or inhibiting fi lter feeders; alteration of fl uid - fl ow paths 
at a vent, on which the benthic, often sessile, vent fauna 
rely; noise pollution; wastewater disposal; and equipment 
failure which may result in leakage (ISA  2004 ; Van Dover 
 2007 ). ChEss has been instrumental in instigating key col-
laborations including all stakeholders, conducting baseline 
research, participating in workshops and discussion fora, 
and contributing to the  “ Code for Environmental Manage-
ment of Marine Mining ”  (IMMS  2009 ) and the Interna-
tional Seabed Authority ’ s guidelines for environmental 
baselines and monitoring programs (International Seabed 
Authority  2004 ; Van Dover  2007 ), which both serve to 
monitor and mitigate the potential effects of deep - sea 
mining. 

 Another important extractive industry is oil and gas 
exploitation. Seep communities often coincide with large 
subsurface hydrocarbon reservoirs and the outcropping of 
gas hydrates. Thus they may also be susceptible to damage 
from oil and methane exploration and extraction activities 
in the future. One of the most intensive areas of deep - water 
oil industry activity is in the Gulf of Mexico, leased and 
monitored by the US Minerals Management Service. Col-
laborations between scientists and the Minerals Manage-
ment Service in the Gulf of Mexico are well established 
(Fisher  et al.   2007 ; Roberts  et al.   2007 ), and exploration 
for new sources of hydrocarbons often coincides with the 
discovery of new biological communities. As new high -
 density biological communities are discovered, the Miner-
als Management Service establishes  “ mitigation areas ”  to 
prevent oil industry activity from impacting these sensitive 
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areas. ChEss has also established strong collaborations with 
Fondation Total to promote science in chemosynthetic 
ecosystems. 

 Finally, ChEss scientists have been involved in issues 
related to deep - water trawling that affect chemosynthetic 
sites. Recent exploration of the eastern margin of New 
Zealand provided not only the fi rst descriptions of seep 
communities in the region but evidence that seep sites have 
been subjected to bottom fi shing (Baco - Taylor  et al.   2009 ), 
with visible accumulations of coral or vesicomyid shell 
debris, lost trawl gear, or trawl marks in seep adjacent sedi-
ments. Similarly, signs of trawling have been found on the 
California margin at 500   m depth (Levin  et al.   2006 ) and 
on the Chilean margin, where the commercially fi shed Pat-
agonian toothfi sh is closely associated with seeps (Sellanes 
 et al.   2008 ).  

   9.4.2    Marine protected areas 

 As vent sites have become the focus of intensive, long - term 
investigation, both governmental and non - governmental 
organizations have been discussing the need to introduce 
appropriate measures that combine preservation of habitat 
with scientifi c interests, tourism, and, potentially, mining 
(Mullineaux  et al.   1998 ; Dando  &  Juniper  2000 ; Santos 
 et al.   2003 ). The ChEss project has been an active participant 
in the planning of biogeographically representative net-
works of sites of interest for conservation and continued 
scientifi c research. ChEss scientists have contributed also to 
the Convention of Biological Diversity effort, to produce 
scientifi c criteria and guidance for the identifi cation of eco-
logically or biologically signifi cant marine areas and the 
designation of representative networks of marine protected 
areas (MPAs) (Convention on Biological Diversity  2009 ). So 
far, ecological reserves and/or MPAs have been proposed at 
the Mid - Atlantic Ridge and the East Pacifi c Rise, and have 
already been established on the Juan de Fuca Ridge ( http://
www.dfo-mpo.gc.ca/oceans/marineareas-zonesmarines/
mpa-zpm/pacifi c-pacifi que/factsheets-feuillets/endeavour-
eng.htm ). At the MAR, three sites  –  Lucky Strike, Menez 
Gwen, and Rainbow  –  were proposed to be included on the 
network of MPAs of The Convention for the Protection of 
the Marine Environment of the North - East Atlantic (OSPAR) 
maritime region V (the wider Atlantic). In the New Zealand 
region, some hydrothermal vent sites are currently protected 
from bottom trawling by a Benthic Protected Area. Although 
licenses that have been issued for exploratory mineral mining 
overlap with this area, it is expected that collaborations 
among stakeholders will instigate new prospects for conser-
vation. The scientifi c community has recognized also the 
potential impact of continuous research activities at certain 
sites. This led to the  “ Statement of Responsible Research 
Practices at Hydrothermal Vents ” , developed by InterRidge 
with the collaboration of ChEss scientists (Devey  et al.  
 2007 ). Following on those steps, the OSPAR convention 

also proceeded with the design of a Code of Conduct for 
Research on Hydrothermal Vents, which included the use-
fulness of MPAs (OSPAR draft background report  2009 ).   

   9.5    Conclusions 

 Under the ChEss project, the scientifi c community has 
expanded our knowledge beyond the vent biogeographic 
regions recognized in the early twenty - fi rst century (Van 
Dover  et al.   2002 ). New technologies have been devel-
oped, making available the necessary tools to explore and 
investigate remote habitats of diffi cult access in a very effi -
cient way, resulting in the discovery of new sites in all 
oceans on Earth. The number of species described from 
vents, seeps, whale falls, and OMZs is constantly growing, 
providing essential data to understand global biodiversity 
and phylogenetic links among habitats to refi ne existing 
biogeographic provinces and defi ne new ones. 

 Indeed, Bachraty  et al.   (2009)  have recently addressed 
the biogeographic relationships among deep - sea vent 
faunas at a global scale using statistical analysis of com-
prehensive vent data. They delineate six major hydrother-
mal provinces and identify possible dispersal pathways. 
Furthermore, detailed ecological investigations (for 
example trophic structure, reproduction, larval ecology) 
of known sites have resulted in a better understanding of 
ecosystem functioning and the role played by the environ-
ment in shaping deep - water chemosynthetic communities. 
Table  9.2  summarizes some of the key contributions the 
ChEss project participants have made toward a better 
global understanding of the distribution of chemosynthetic 
environments, the species that inhabit them, and some 
underlying ecological processes. Nevertheless, there are 
important geographic gaps in the global chemosynthetic 
biogeographic puzzle that remain to be explored and gaps 
to knowledge that remained unanswered in 2010. The 
momentum created by the Census and ChEss initiatives 
has promoted major international collaborations and 
strengthened existing ones. This synergy between labora-
tories around the globe, sharing expertise and resources 
in joint research projects, will continue beyond 2010 as 
one of the main legacies of ChEss. The scientifi c results 
obtained are crucial for the development of conservation 
and management options in an ecosystem that is already 
affected by human activities.    
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  Table 9.2 

  Summary of key discoveries, new technological developments and conclusions from the  C  h  E  ss  project. 

   Key Discovery/Insight/Tools     References  

  Hottest known hydrothermal vent discovered on MAR (407    ° C).    Kochinsky  2006 ; Kochinsky  et al.   2008   

  Deep vent (Ashadze) discovered at 4,100   m on MAR. Fauna here is strikingly different from 
that of other Atlantic sites.  

  Ondreas  et al.   2007 ; Fouquet  et al.   2008   

  Deepest known vent discovered at 5,000   m on Cayman Rise in 2010.    German, Copley, Connelly, Tyler, unpublished observation  

  First vent sites discovered south of the equator on the southern Mid - Atlantic Ridge (SMAR).    Haase  et al.   2007 ; German  et al.   2008b   

  New species discovered from SMAR vents.    Komai  et al.   2007   

  Morphological similarity of fauna from SMAR and NMAR suggestive of unhindered larval 
dispersal.  

  Shank  2006 ; Haase  et al.   2007 ; Petersen, personal 
communication; van der Heijden, personal communication  

  Faunal affinities discovered between seep species across Atlantic Equatorial Belt. 
Communities dominated by vestimentiferan tubeworms, bathymodioline mussels, and the 
common seep - associated families of galatheid crabs and alvinocarid shrimps.  

  Cordes  et al.   2007 ; Olu - Le Roy  et al.   2007 ; War é n  &  
Bouchet  2009   

  More than 10 new seep sites discovered off of the New Zealand North Island including one of 
largest cold seeps known covering about 135,000   m 2  (approximately 33 acres) (Builder ’ s 
Pencil).  

  Baco  et al.   2009   

  Initial characterization of cold seep faunal communities of the New Zealand region.    Baco  et al.   2009   

  Species of macro -  and megafauna found associated with Kermadec vent sites suggest that 
levels of species endemism in the New Zealand region are relatively high.  

  Glover  et al.   2004 ; Anderson  2006 ; Schnabel  &  Bruce 
 2006 ; McLay  2007 ; Munroe  &  Hashimoto  2008   ; 
Buckeridge  2009   

  Overall, the analysis of samples either compiled or collected as part of the ChEss project, 
provide some support for the hypothesis that the New Zealand region may represent a new 
biogeographic province for both seep and vent fauna.  

  Rowden, unpublished observation  

  Abundant hydrothermal activity revealed on Gakkel Ridge, Arctic Ocean, bathymetrically 
isolated from Atlantic Ocean. Yellow microbial mats supporting shrimps and amphipods 
discovered.  

  Edmonds  et al.   2003 ; Sohn  et al.   2008 ; Helmke, personal 
communication; Shank, unpublished observation  

  The northernmost vent sites investigated by ROV discovered at 71 °    N on the Mohns Ridge.    Schander  et al.   2009   

  Arctic cold seeps investigated at the Haakon Mosby Mud Volcano on the Barents Sea slope 
(72 °    N) at 1280   m depth revealed large extensions of bacterial mats, siboglinid tubeworms, 
small bivalves, polychaetes, benthic copepods, and nematodes.  

  Niemann  et al.   2006 ; Van Gaever  et al.   2006 ; L ö sekann 
et al.   2008 ; Vanreusel  et al.   2009   

  ChEss has begun to explore the Southern Ocean for chemosynthetic communities during the 
ChEsSo programme in 2009 and 2010. Investigations to continue in 2011.  

  Tyler, unpublished observation; Connelly, personal 
communication  

  Initial studies of vesicomyid clams from Weddell Sea cold seeps suggest that the 
hydrographic boundary between the southern Atlantic and Pacific Oceans with Southern 
Ocean is not a biogeographic barrier at least for this taxon. Further work is planned for 2010.  

  Domack  et al.   2005 ; Niemann  et al.   2009 ; Van Dover, 
unpublished observation  

  Based on trawl collections, seeps of the Chilean Margin appear to have evolved in relative 
isolation from other chemosynthetic communities. There are at least eight species of 
symbiotic bivalves including vesicomyids, thyasirids, solemyids, and lucinids, four seep 
gastropods, and at least one species of the tubeworm  Lamellibrachia .  

  Sellanes  et al.   2008 ; Waren, personal observation  

  Studies of vent larval abundance suggest that hydrodynamics can provide a mechanism of 
both larval retention to re - seed existing populations, as well as along - axis transport and 
dispersal to colonize newly opened areas within hundreds of kilometers. In cold seeps, larval 
migration likely occurs from the seep of origin to surface waters. Some estimates of larval 
dispersal times have been made.  

  Metaxas  2004 ; Mullineaux  et al.   2005 ; Van Gaest  2006 ; 
Adams  &  Mullineaux  2008 ; Arellano  2008 ; Khripounoff  et 

al.  2008 ; Arellano  &  Young  2009 ; Rouse  et al.   2009   
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   Key Discovery/Insight/Tools     References  

  Since 2002, larval colonization studies have focused on vents, seeps, whale and wood falls. 
In all habitats, larvae of different species settle and colonize areas in a particular sequence 
that appears to be related to chemical and biological cues of the environment.  

  Mullineaux  et al.   2003 ; Govenar  et al.   2004 ; Pradillon 
 et al.   2005 ; Levin  et al.   2006 ; Neubert  et al. ,  2006 ; Braby 
 et al.   2007 ; ; Fujiwara  et al.   2007 ; Kelly  et al.   2007 ; Tyler 
 et al.   2007 ; Arellano  2008 ; Shea  et al.   2008 ; Kelly, 
personal communication  

  Development and implementation of AUV and AUV – ROV hybrid technology for vent and seep 
exploration and investigation (including under - ice investigations).  

  Baker  et al.   1995 ; Baker  &  German  2004 ; Shank  2004 ; 
Yoerger  et al.   2007 ; German  et al.   2008a ; German 
 et al.   2008b ; Jakuba  et al.  2008 ; Melchert  et al.   2008 ; 
Dupre  et al.   2009 ; Foucher  et al.   2009 ; German 
 et al.   2009 ; Haase  et al.   2009   

  Significant increase in molecular tools for studies to understand species evolution, 
metapopulations, and gene flow in chemosynthetic regions.  

  Shank  &  Halanych  2007 ; Johnson  et al.   2008 ; Plouviez 
 et al.   2009 ; Vrijenhoek  2009b   

  New types of biogeochemical sensor module and incubation instrument to quantify the 
transport of energy and the benthic community activities  in situ .  

  Boetius  &  Wenzh ö fer  2009   

  Approximately 200 species have been described and published from vents, seeps, and whale 
falls since the onset of the ChEss programme in 2002.  

  ChEssBase:  www.noc.soton.ac.uk/database   

  TAWNI outputs: many meio - , macro - , and megafauna species have been described and new 
records identified from different vent and seep sites.  

  Zekely  et al.   2006 ; Gollner  et al.   2008 ; Hil á rio  &  Cunha 
 2008 ; Hil á rio, personal communication; Thurber, personal 
communication  

  The much publicized yeti crab  Kiwa hirsuta  discovered on the Pacific vents represents a new 
species, genus, and family. A close relative of this crab has also been discovered from Costa 
Rican cold seeps and is being described with the aid of a TAWNI grant.  

  Macpherson  et al.   2005 ; Thurber, personal communication  

  Cold seep species from Costa Rica Margin are related to those from cold seeps in the Gulf of 
Mexico and West Africa, and to seep species in the Pacific.  

  Levin  &  Waren, unpublished observation  

  Novel reproductive adaptations found in vent animals, including seasonality.    Young  2003 ; Hil á rio  et al.   2005   ; Tyler  et al.   2007 ; Rouse 
 et al.   2009   

  Adaptations to hypoxia and thermal tolerance in vent and seep animals.    Hourdez  &  Lallier  2007     

  ChEss scientists have provided leadership on global hydrothermal vent conservation.    ISA  2004 ; Van Dover  2007 ; Fisher  et al.   2007 ; Roberts 
 et al.   2007 ; CBD 2009; IMMS  2009   
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    10.1    Introduction 

 The Arctic Ocean Diversity project (ArcOD), one of the 
regional fi eld projects of the international Census of Marine 
Life, is an international collaborative effort to inventory 
biodiversity in Arctic marine realms on a pan - Arctic scale. 
Over 100 scientists in a dozen nations have contributed to 
ArcOD - related efforts, including many conducted during 
the International Polar Year 2007 – 9. 

 The Arctic seas are among the most extreme regions on 
Earth. Total darkness in winter is paired with low tempera-
tures, strong winds, and heavy snow cover, whereas in 
summer permanent light produces ice and snow melt with 
temperatures around the freezing point. Arctic marine biota 
must deal with extreme seasonality of light, temperature, 
salinity, and sea ice, and year - round seawater temperatures 
that are close to freezing. The prevalence of such conditions 
for millions of years has led to the evolution of truly unique 
Arctic endemic fl ora and fauna. 

 The in -  and outfl ow of water, mainly through Fram 
Strait and Bering Strait (Fig.  10.1 ), and cross - Arctic cur-
rents plus animal migrations make the Arctic Seas a mixing 
bowl of different species assemblages that compete for 
resources like light, substrate, nutrients, and food. Never-
theless, distinct community patterns have arisen within 

individual Arctic seas, realms, and/or water masses. These 
biological communities sustain very productive marine 
food webs regionally and provide subsistence foods around 
the Arctic.   

 Historical collections and identifi cation of marine organ-
isms are valuable resources for today ’ s Arctic research. 
They not only led to the description of many new species, 
for example by Steller during Bering ’ s expedition (1738 –
 1740), but also to industrial exploitation of the Arctic seas 
by commercial whalers and quick extinction of the great 
auk (in 1844) and the Arctic Steller ’ s sea cow (in 1768) 
shortly after their description. The central Arctic Ocean 
was the focus of scientifi c curiosity for decades, including 
theories of an ice - free central Arctic Ocean in the nine-
teenth century by German geographer Petermann 
(Tammiksaar  et al.   1999 ). Although many of the ideas 
about the central Arctic were wrong, they promoted Arctic 
exploration. The  FRAM  drift led by F. Nansen (1893 – 1896) 
is particularly noteworthy because of the wealth of physical 
and biological data collected, including species descriptions 
of then unknown ice biota. 

 During the mid - twentieth century, drifting ice stations 
became long - term research platforms for the USA and the 
Soviet Union (Kosobokova  1980 ; Perovich  et al.   1999 ). In 
1991, modern non - nuclear research vessels sampled the 
North Pole area for the fi rst time in a systematic way (see, 
for example, Gradinger  &  N ü rnberg  1996 ). Even today, 
the central Arctic remains the domain of ice camps and ice 
breakers with access mainly in the summer months. In 
contrast, the shallow seasonally ice - covered Arctic shelves 
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 The Arctic data records compiled by ArcOD. Red dots are records already available on OBIS ( www.iobis.org ). Yellow dots are records prepared for posting 
online, but not online yet.  

have always been more accessible. On the extensive Russian 
shelves faunistic exploration began over 200 years ago: in 
the late seventeenth century, the Zoological Museum in St. 
Petersburg acquired its fi rst collections from the Barents, 
Kara, and White Seas, with these extensive Russian collec-
tions leading to a detailed species list of Arctic invertebrates 
(Sirenko  2001 ). On the North American shelf, the onset of 
oil drilling in the nearshore Beaufort Sea in the late 1970s 
initiated major research efforts, resulting in a wealth of 
biological data (see, for example, Horner  1981 ). 

 Over recent decades drastic changes have occurred in 
the Arctic, most notably in the physical settings. Sea ice has 
decreased in the summer months, reducing not only the 
substrate for ice - related fl ora and fauna, but also increasing 
light levels and temperatures in regions previously covered 
with ice continuously (Perovich  et al.   2007 ). Although 

some of the observed changes are related to natural causes, 
the main driver is thought to be the human footprint, and 
a completely ice - free Arctic (in summer) is predicted for 
2030 – 2050, or at the latest by 2100 (Walsh  2008 ). 

 The predicted total loss of summer ice and the increased 
human presence will alter Arctic ecosystem functioning 
(Fig.  10.2 ) with regional changes in primary production, 
species distributions (including extinctions and invasions), 
toxic algal blooms, and indigenous subsistence use (Bluhm 
 &  Gradinger  2008 ). To address these issues scientifi cally, 
new research in poorly studied regions is needed with 
the rescue of historical data on species ’  distributions. 
Using recent ArcOD achievements, we discuss some of 
the urgent issues listed above, and suggest future research 
and Census activities in the Arctic beyond the end of 
the fi rst Census.    
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 The Arctic ’ s three realms: sea ice, water column, 
and benthos. The realms are tightly linked through 
life cycles, vertical migration, and carbon flux.  

   10.2    The Background 

 ArcOD ’ s main effort focused on the least explored waters 
of the Arctic Ocean with its southern boundaries in Bering 
Strait of the Pacifi c Sector, and Fram Strait and the Barents 
Sea of the Atlantic sector, while including the sub - Arctic to 
some extent. True Arctic boundaries are diffi cult to defi ne, 
as currents and ice drift distribute biota within and outside 
the above boundaries. Defi nitions vary among countries, 
agencies, and habitats in focus. Based on water temperature 
and ice cover, the Arctic extends well south of the Arctic 
Circle on the western side of the North Atlantic and North 
Pacifi c. In contrast, Arctic waters are displaced by com-
munities of more southern fauna along the eastern side of 
the North Atlantic in the Barents Sea, and by Pacifi c water 
in the Bering and Chukchi Seas. Consequently the Arctic 
Ocean ’ s fl ora and fauna are a varying mixture of Pacifi c, 
Atlantic, and true Arctic endemic species. 

   10.2.1    The environment 

 The Arctic Ocean contains 31% of the world ocean ’ s 
shelves with 53% of the Arctic Ocean shallower than 200   m 
(Jakobsson  et al.   2004 , Fig.  10.1 ). Shelf extent varies from 
very narrow shelves in the Beaufort Sea to the wide Russian 
shelves. The central Arctic is a deep - sea system divided into 
abyssal basins by the Gakkel and Lomonosov ridges. The 
only current deep water connection to the world ’ s ocean is 
through Fram Strait. The connection to the Pacifi c has 
opened and closed several times over the past few million 
years related to glacial and interglacial periods, with its last 
deep water connection about 80 million years ago (Bilyard 
 &  Carey  1980 ). 

 The well - adapted Arctic marine biota comprises viruses, 
bacteria, protists, and metazoans, including marine 
mammals. Abiotic forcing factors shape biological patterns 
and community composition, and cause strong seasonality 
of biological production and animal migrations. Arctic seas 
are exposed to winter months of complete darkness fol-
lowed by intense summer solar irradiance that exceeds daily 
irradiances measured at the equator. Sea ice and associated 
snow cover with high albedo and attenuation effectively 
reduce the available light for phytoplankton growth to a 
few percent of surface irradiance (Perovich  et al.   2007 ) 
making the timing and extent of sea ice and its melt a major 
controlling factor throughout the Arctic. 

 Sea ice covers the entire Arctic during winter with its 
maximum extent in February (around 14 million km 2 ) 
(Thomas  &  Dieckmann  2009 ) and a minimum summer ice 
extent in September of historically around 7 million km 2  
(so - called multi - year ice). Recent trends indicate a drastic 
loss in the extent of the summer multi - year ice by about 
8.6% per decade (Serreze  et al.   2007 ) and a decrease in sea 
ice thickness (Rothrock  et al.   1999 ). Arctic pack ice drifts 
with ocean currents in two major drift systems, 
the anticyclonic Beaufort Gyre and the Transpolar Drift 
System. Some seasonal coastal sea ice is attached to land 
and stationary, therefore called fast - ice. 

 The central Arctic Ocean is permanently stratifi ed owing 
to the input of fresh water from huge, mostly Russian 
river systems that reduce the salinity of Arctic surface 
waters to typically less than 32, whereas deep - water salini-
ties typically exceed 34. River plumes can extend for 
hundreds of kilometers into the central Arctic. Melting 
of relatively fresh sea ice causes reduced - salinity lenses 
that are 5 – 40   m thick in the marginal ice zones (Perovich 
 et al.   1999 ). Inorganic nutrient concentrations exhibit 
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strong regional gradients from high nutrient regimes, like 
the Chukchi Sea shelf, to oligotrophic conditions in the 
Beaufort Gyre (Gradinger  2009a ) that are maintained by 
ocean currents combined with upwelling along shelf slopes 
and by riverine inputs. 

 Sea fl oor sediments are typically muddy on the outer 
shelves and in the central basins, and coarser with sand and 
gravel on the inner shelves or at locations with stronger 
ocean currents (Naidu  1988 ). Local accumulations of boul-
ders and rocky islands like Svalbard provide hard sub-
strates. Sedimentation is often dominated by terrigenous 
materials from riverine discharge and coastal erosion or by 
glacial deposits, while organic content is greatest in areas 
of high nutrient concentration and productivity.  

   10.2.2    Knowledge of Arctic 
marine species before the Census 

 Before the Census, the only web - based resource containing 
Arctic marine information was the non - searchable database 
by the US National Marine Fisheries Service on plankton. 
Additional information was scattered in reports, publica-
tions, and reviews mainly for pelagic and benthic biota. The 
most complete taxonomic list had been compiled by Sirenko 
 (2001)  (Table  10.1 ) listing 4,784 free - living invertebrate 
species.   

   10.2.2.1    Biota in sea ice 
 Sea ice is a habitat, feeding ground, refuge, breeding and/
or nursery ground for several metazoan species (Fig.  10.3 ), 
as well as autotrophs, bacteria, and protozoans (Fig.  10.2 ) 
including ice - endemic species. The specialized, sympagic 
( = ice - associated) community lives within a brine fi lled 
network of pores and channels or at the ice - water interface. 
Several hundred diatom species are considered the most 
important sympagic primary producers (Horner  1985 ; 
Quillfeldt  et al.   2003 ), while realizing the signifi cance of 
fl agellated protists (Ik ä valko  &  Gradinger  1997 ). Ice algal 
activity exhibits strong regional gradients (Gradinger 
 2009a ) with maximum contributions of approximately 
50% of total primary productivity in the central Arctic 
(Gosselin  et al.   1997 ). Typically ice algal blooms start mid -
 March and are released during ice melt.   

 Protozoan and metazoan ice meiofauna, in particular 
acoels, nematodes, copepods, and rotifers, can be abundant 
in all ice types, whereas nearshore larvae and juveniles of 
benthic taxa like polychaetes migrate seasonally into the ice 
matrix (Gradinger  2002 ). The variety of under - ice struc-
tures provides a wide range of different microhabitats for 
a partly endemic fauna, mainly gammaridean amphipods 
(Bluhm  et al.   2010b ). Amphipod abundances vary from 
fewer than 1 to several hundred individuals per square 
meter. They transfer particulate organic matter from the 
sea ice to the water column through the release of fecal 

pellets and are a major food source for Arctic cod ( Bore-
ogadus saida ) that occurs with sea ice and acts as the major 
link from the ice - related food web to seals and whales 
(Gradinger  &  Bluhm  2004 ). 

 Biodiversity in sea ice habitats was  –  and still is  –  poorly 
known for several groups, but sea ice faunal species richness 
is low compared with water column and interstitial sedi-
ment faunas, with only a few species per higher taxonomic 
group (Table  10.2 ), likely because of extreme temperatures 
(to below  − 10    ° C), high brine salinities (to greater than 100) 
in the ice interior during winter and early spring, and 
because of size constraints within the brine channel network 
(Gradinger  2002 ).    

   10.2.2.2    Biota in the water column 
 Pelagic communities are intricately coupled to the seasonal 
cycles of pelagic primary production and the seasonal 
downward fl ux of ice - algae during breakup (section  10.2.1 ). 
Typically phytoplankton production begins with ice melt 
in April and ends in early September with a growth curve 
characterized by a single peak in primary production in late 
June to early July (Sakshaug  2004 ). Enhanced plankton 
activity occurs on the Arctic shelf areas, where the seasonal 
retreat of the sea ice allows for the formation of ice - edge 
algal blooms with reduced surface salinity increasing verti-
cal stability. The often large herbivorous zooplankton 
species accumulate substantial lipid reserves for winter 
survival and early reproduction in the following spring 
(Pasternak  et al.   2001 ). Predatory zooplankton species rely 
on continuous availability of their prey, and generalists and 
scavengers show broad fl exible diets (Laakmann  et al.  
 2009 ). In all cases, the low metabolic rates at cold tempera-
tures allow low rates of annual primary production to 
support relatively large stocks of zooplankton. 

 Phytoplankton blooms in spring are mainly dominated 
by diatoms and  Phaeocystis pouchetii  (Gradinger  &  
Baumann  1991 ). Arctic estuarine systems harbor defi ned 
phytoplankton species assemblages, dominated by fresh-
water, brackish water, or full marine taxa (N ö thig  et al.  
 2003 ); however, relatively few studies have closely exam-
ined the taxonomic composition of the phytoplankton 
communities (Booth  &  Horner  1997 ). The relevance of 
bacteria and heterotrophic protist communities and their 
role in the Arctic ecosystem (Sherr  et al.   1997 ) was largely 
unknown, causing large uncertainties regarding their con-
tribution to the Arctic carbon cycle (Pomeroy  et al.   1990 ). 

 Owing to high abundance and ease of capture, the 
taxonomic composition and life history of the larger more 
common copepods in the Arctic Ocean was relatively 
well understood (Smith  &  Schnack - Schiel  1990 ). Histori-
cally, effort has concentrated on abundant copepods of 
the genus  Calanus ; however, although smaller copepod 
taxa are numerically dominant, relatively few studies have 
used suffi ciently fi ne meshes to assess their contribution 
fully (Kosobokova  1980 ). A broad assemblage of other 
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  Table 10.1 
  Species numbers of free - living invertebrates in the Arctic Seas. 

   Reference  

   Total 
invertebrate 
species  

   White 
Sea  

   Barents 
Sea  

   Kara 
Sea  

   Laptev 
Sea  

   East 
Siberian 
Sea  

   Chukchi 
Sea  

   Canadian 
Arctic  

   Central 
Basins  

  Zenkevitch  1963     N/A    1,015    1,851    1,432    522    N/A    820          

  Sirenko  &  Piepenburg 
 1994   

  3,746    1,100    2,500    1,580    1,337    962    946          

  Sirenko  2001     4,784    1,817    3,245    1,671    1,472    1,011    1,168        837  

  Sirenko  2004  a ; Sirenko 
 &  Vassilenko  2009  b ; 
P. Archambault 
personal 
communication c ; 
ArcOD d   

   > 5,000 d                 1,793 a         1,469 b      > 1,405 c      > 1125 d   

(A)

(B) (C)

     Fig. 10.3 

 Examples of Arctic sea ice fauna. ( A ) Arctic cod, 
 Boreogadus saida  (about 10   cm long). ( B ) Under - ice 
amphipod,  Apherusa glacialis  (approximately 1   cm 
long). ( C ) Sea ice hydroid,  Sympagohydra tuuli  
(approximately 400    µ m long), a species new to 
science. Photographs: A, K. Iken; B, B. Bluhm; 
C, R. Gradinger; all University of Alaska Fairbanks.  

holoplanktonic groups was only occasionally reported 
in full detail (Mumm  1991 ). These understudied non - 
copepod groups held the greatest promise for discovery 
of new species and trophic importance. Like other oceans, 
knowledge of deep - water zooplankton was poor because 
of the time and logistics associated with their collection 
(Kosobokova  &  Hirche  2000 ). 

 Among the non - copepod groups, larvaceans ( = appen-
dicularians) are abundant in Arctic polynyas (Deibel  &  
Daly  2007 ) and the central Arctic (Kosobokova  &  Hirche 
 2000 ). The basic biodiversity and importance of gelatinous 
animals were particularly under - appreciated (Stepanjants 
 1989 ; Siferd  &  Conover  1992 ). Arctic chaetognaths repre-
sent considerable biomass (Mumm  1991 ), and can control 



Part II Oceans Present – Geographic Realms188

 Calanus  populations (Falkenhaug  &  Sakshaug  1991 ) as can 
hyperiid amphipods (Auel  &  Werner  2003 ). 

 Sirenko  (2001)  (Table  10.1 ) listed about 300 species of 
multicellular holozooplankton with about half of these 
copepods, and the arthropods contributing about three -
 quarters total. Of the remainder, the cnidarians contributed 
about 50 species, whereas others contributed a dozen 
species or less each. Sirenko ’ s list also contained about 125 
species of planktonic heterotrophic protists, with several 
important heterotrophic groups still unconsidered. The 
number of described phytoplankton taxa has increased over 
time from 115 to more than 300 (Sakshaug  2004 ).  

   10.2.2.3    Biota at the sea floor 
 Benthic communities generally depend on food supplied 
from the water column, with sediment and water mass 
characteristics as environmental forcing factors (section 
 10.2.1 ). In high latitudes, the quantity of settling food 
particles rather than temperature per se is restraining the 
growth and survival of benthic organisms. Faunal densities 
generally decrease with water depth and sediment thickness 
in response to the decreasing food supply (Schewe  &  
Soltwedel  2003 ). On the Arctic shelves, organic particle 
input is relatively large over the ice - free period, and 
benthos, therefore, plays a greater role in the marine carbon 
cycle than at lower latitudes (Grebmeier  &  Barry  1991 ). 
High benthic biomass in some areas provides major feeding 
grounds for resident and migrating mammals and sea birds 
(see, for example, Gould  et al.   1982 ) in particular at frontal 
systems, polynyas, and along ice edges (Schewe  &  
Soltwedel  2003 ). The Arctic shelf macro -  and megafauna 
had received the most attention whereas meiofauna and 
microbial communities were considerably less studied. 

 Nematodes and copepods are the most abundant meta-
zoan meiofauna (Schewe  &  Soltwedel  1999 ). Less common 
taxa include kinorhynchs, tardigrades, rotifers, gastro-
trichs, and tantulocarids. Foraminifera dominate unicel-
lular meiofauna and can constitute more than 50% of 
total meiofauna abundance (Schewe  &  Soltwedel  2003 ). 
Macrofaunal abundance and biomass are typically domi-
nated by crustaceans, in particular amphipods, polychaetes, 
and bivalve mollusks (Grebmeier  et al.   2006 ) with massive 
biomass levels on some Arctic shelves like the northern 
Bering and southern Chukchi Seas (Sirenko  &  Gagaev 
 2007 ). The most species - rich macrofaunal groups include 
amphipods and polychaetes (Sirenko  2001 ). Studies on 
slope and deep - sea benthos found low infaunal abundances 
and biomass (Kr ö ncke  1998 ) dominated by deposit feeding 
groups (Iken  et al.   2005 ), with abundances overlapping 
with the lower values from the North Atlantic deep 
sea. Epibenthic megafauna (visible fauna on underwater 
imagery and caught in trawls) was mostly studied on 
shelves, where echinoderms, particularly ophiuroids, domi-
nated with up to several hundred individuals per square 
meter (Piepenburg  et al.   1996 ). Other abundant epibenthic 

faunal taxa include crabs, anemones, sea urchins, and 
sea cucumbers (Feder  et al.   2005 ). For shelf epifauna, 
bryozoans and gastropods are particularly species rich, 
followed by sponges and echinoderms (Sirenko  2001 ; 
Feder  et al.   2005 ). 

 Over 90% of the Arctic invertebrate species inventory 
are benthic, and most are macrofaunal (Sirenko  2001 ) 
(Table  10.2 ). By far the highest numbers of species were 
recorded for the Barents Sea, largely because of its long 
research history and the occurrence of many boreal - 
Atlantic species. In other Arctic Seas, numbers ranged from 
just over 1,000 to almost 3,000, again mostly benthic. 
Before ArcOD - related research, approximately 350 – 400 
benthic macro -  and megafauna species were listed for the 
deep central Eurasian Arctic.    

   10.3     A  rc  OD  Activities 

 ArcOD was from the beginning an international pan - Arctic 
effort initiated mainly by US and Russian scientists, but 
including many European and Canadian researchers. In 
addition to its international character, ArcOD also placed 
emphasis on rescuing and consolidating historic and new 
data and making those available through the Census data-
base, the Ocean Biogeographic Information System (OBIS). 
So far (April 2010), ArcOD has posted 42 datasets to OBIS 
representing 200,000 records (Fig.  10.1 ), likely exceeding 
250,000 by the end of 2010. 

 ArcOD scientists collected new samples and generated 
new observations. Challenges of sampling in ice - covered 
waters are numerous and they impair the ability to tow 
collecting gear that collect the most mobile species or reach 
the area of interest because of ice. In a few cases, failure to 
generate the interest of professional taxonomists in a less 
common group has created gaps. ArcOD identifi ed the 
need for a complete set of taxonomic guides for all Arctic 
groups that is coming to fruition under the leadership of 
Zoological Institute of the Russian Academy of Sciences 
(Vassilenko  &  Petryashov  2009 ; Sirenko  &  Buzhinskaya, 
personal communication). Online species pages ( www.
arcodiv.org ) provide additional information and imagery 
useful to the interested public as well as ecologists and 
taxonomists, and will ultimately become accessible through 
the Encyclopedia of Life initiative. 

 Much knowledge has been gained in the fi eld of Arctic 
biodiversity in the past decade under ArcOD, other pro-
grammatic umbrellas, and many individual studies with 
a signifi cant fraction of this information, including most 
results gathered during the International Polar Year 
2007 – 9, to be published after this book is printed. Below, 
we summarize knowledge gained in specifi c areas with 
strongest ArcOD participation, including examples of 
progress based on taxonomic, regional, methodological, 
and hypothesis - driven efforts. 
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   10.3.1    Improvements in 
traditional and molecular 
taxonomic inventories 

 ArcOD ’ s discovery of over 60 invertebrate species new to 
science is based on substantial efforts dedicated to new 
collections and to more complete re - analyses of previously 
collected materials in different habitats and Arctic regions. 

 In the sea ice realm, ArcOD - related efforts added to the 
ice - associated species inventory in all size classes and in a 
variety of taxa. Sea - ice cores from Bering Sea shelf pack ice 
are currently being analyzed for bacterial and archaeal 
diversity using molecular tools (R. Gradinger  &  G. Herndl, 
unpublished observations). A comprehensive review of the 
pan - Arctic literature ice - associated protists (excluding cili-
ates) resulted in a list of more than 1,000 sympagic species 
(M. Poulin  et al. , personal communication). For meiofauna, 
the fi rst true predator in the brine channel system, the 
hydroid  Sympagohydra tuuli , was described (Piraino  et al.  
 2008 ) (Fig.  10.3  and Table  10.2 ). Juveniles of the poly-
chaete  Scolelepis squamata  were identifi ed as a seasonally 
common taxon in coastal fast ice in the Chukchi and Beau-
fort Seas (Bluhm  et al.   2010a ) with other less common 
polychaete species yet to be identifi ed. Specimens of the 
groups Acoela, Nematoda, Harpacticoida, and Rotifera 
from various types of sea ice are currently with European 
taxonomists for species identifi cations. Within the macro-
fauna, we discovered large aggregations of an Arctic 
euphausiid ( Thysanoessa raschii ) under Bering Sea ice in 
spring 2008, the fi rst record of winter ice - association for 
the Arctic (R. Gradinger, B.A. Bluhm,  &  K. Iken, unpub-
lished observations). We also discovered that sea - ice pres-
sure ridges might be crucial for survival of sympagic fauna 
during periods of enhanced summer ice melt (Gradinger 
 et al.   2010   ) because sea - ice ridges protrude into the deeper 
higher - salinity water, and hence may be a less stressful 
environment than encountered under level ice. 

 Within the plankton, at least six new species of small 
primarily epibenthic copepods have recently been discov-
ered and are under description (V. Andronov, personal 
communication) (Table  10.2 ). Deepwater expeditions 
increased the known range of several amphipod species 
(T.N. Semenova, personal communication), as well as dis-
covered a new pelagic ostracod species (M. Angel, personal 
communication). As expected, the largest gain in knowl-
edge for the zooplankton has occurred within gelatinous 
groups. By using a remotely operated vehicles (ROV), more 
than 50 different  “ gelatinous ”  taxa were identifi ed in the 
Canada Basin (Raskoff  et al.   2010   ). Of fi ve new species of 
ctenophores, only two could be placed within known 
genera ( Bathyctena ,  Aulacoctena ) (Table  10.2 ). Within the 
cnidarians, a new species of hydromedusae was described 
within a new genus (Raskoff  2010 ) (Fig.  10.4 ) that was 
surprisingly common at a depth of approximately 1   km. At 

least four described species of hydromedusae were observed 
in the Arctic for the fi rst time (Raskoff  et al.   2010 ). Within 
the pelagic tunicates one new species was collected at great 
depth, several other likely new species were observed by 
ROVs, and the fi rst records of  Fritillaria polaris  and  Oiko-
pleura gorksyi  were made outside of their type locality 
(R.R. Hopcroft, unpublished observation). Russian taxono-
mists continue to go through more recent ArcOD deep -
 water collections to characterize these communities better.   

 Most of the new species discovered during ArcOD 
research were in the benthic realm (Table  10.2 ), where 
species richness is generally highest. Most of those were 
found in the Arctic deep sea, specifi cally in the polychaetes 
and crustaceans (Gagaev  2008, 2009 ), two particularly 
species - rich groups in soft sediments. More unexpected was 
the fi nding of fi ve new bryozoan species around Svalbard 
(Kuklinski  &  Taylor  2006, 2008 ) (Fig.  10.5 ), because Sval-
bard ’ s fjords, in particular Kongsfjorden and Hornsund 
Fjord, are well - studied by the many international fi eld sta-
tions located there. Similarly noteworthy are the fi nds of 
three new gastropod species in the Bering and Chukchi Seas 
(Chaban  2008 ; Sirenko  2009 ), two of which were actually 
collected over 70 years ago. All of these and other species, 
including several amphipods (B. Stransky, unpublished 
observations), cnidarians (Rodriguez  et al.   2009 ), and a sea 
cucumber (Rogacheva  2007 ), are in the larger and better 
studied size fractions. Considerably less taxonomic effort 
was spent on meiofaunal groups during ArcOD, but new 
species were recorded among benthic and hyperbenthic 
copepods (see, for example, Kotwicki  &  Fiers  2005 ), 
Komokiacea (O. Kamenskaya, unpublished observations), 
and the nematodes (   J. Sharma, personal communication). 
A benthic boundary layer study in the Beaufort Sea 
(Connelly  2008 ) discovered six new copepod species.   

 The compilation of close to 10,000 data records of 
western Arctic fi shes and verifi cation of most of the iden-
tifi cations in museums around the world has resulted in 
major improvements regarding the taxonomy and distribu-
tion of Arctic fi shes (Mecklenburg  et al.   2007, 2008 ). Some 
species like Pacifi c cod,  Gadus macrocephalus , now present 
in the western Arctic were historically absent from the area 
(C.W. Mecklenburg, personal communication). The black 
snailfi sh  Paraliparis bathybius  collected from the Canada 
Basin in 2005 is the fi rst record of this species from the 
western Arctic. For other species, the known range in the 
region was extended further north: walleye pollock,  Thera-
gra chalcogramma , was found 200   km north of its previous 
northernmost record (Mecklenburg  et al.   2007 ). Instances 
of misidentifi cations were uncovered, for example virtually 
all Arctic specimens identifi ed as sturgeon poacher, 
 Podothecus accipenserinus , turned out to be the veteran 
poacher  P. veternus . 

 Most of the discoveries of new species were related to 
(1) the exploration of previously poorly studied areas such 
as the Canada Basin (Gradinger  &  Bluhm  2005 ; Bluhm 
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  Table 10.2 

  Arctic marine species inventory by taxa and realm. Estimates are primarily based on Sirenko  (2001)  with estimates for additional taxa per references provided. 
Updates to Sirenko ’ s estimates are based on contributions by  A  rc  OD  researchers (mostly cited in the text) and are to be considered conservative. 

   Taxon  
   Species numbers, marine Arctic 
(Sirenko  2001  and updated)  

   Arctic 
sea ice  

   Arctic 
plankton  

   Arctic 
benthos  

   Species new to science 
(range extensions) in 
ArcOD  

  Bacteria    4,500 – 450,000  a       > 115  b      1,500  c      ?    Many  

  Archaea    Up to 5,000  a      ?    1,400  d      ?    Many  

  Cyanobacteria    1        1          

  Macrophytes    130 – 160  e              130 – 160      

  Bacillariophyta    1,227  f      731  f      1059  f            

  Other Protista    1,568  f      296  f      815  f      570      

  Porifera    163            163      

  Cnidaria    227    1    83    161    5 (7)  

  Ctenophora    7        7        5  

  Tentaculata    341            341    6  

  Sipunculida    12            12      

  Plathelminthes    137     > 3        134      

  Gnathostomulida    1            1      

  Nemertini    80        2    78      

  Aschelminthes    422     > 11    16    403      

  Mollusca    487        5    482    3 (7)  

  Annelida    571    4    6    565    11 (27)  

  Tardigrada    7            7      

  Arthropoda    1,547     > 20    214    1,317    31 (12)  

  Chaetognatha    5        5          

  Hemichordata    1            1      

  Echinodermata    151            151    1 (1)  

  Urochordata    60        3    57    1 (2)  

  Pisces    415    2            (3)  

  Aves    82                  

  Mammalia    16    7        3      

    a    Estimates, C. Lovejoy  et al. , unpublished observations  .  
   b    Brinkmeyer  et al.   (2003) .  
   c    Actually found, D. Kirchman  et al. , unpublished observations.  
   d    Actually found, surface and deep waters, Galand  et al.  (2009) .  
   e    R. Wilce and D. Garbary, personal communication.  
   f    M. Poulin  et al. , unpublished observations, for  “ Other Protista ”  combined with Sirenko  (2001) .   
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(A)

(C)

(B)      Fig. 10.4 

 Examples of Arctic zooplankton. ( A ) Copepod, 
 Euaugaptilus hyperboreus  (about 1   cm long). 
( B ) Species of narcomedusa new to science (up to 
3   cm). ( C ) Close - up of anterior nectophore region of 
siphonophore,  Marrus orthocanna  (whole specimen 
up to 2   m). Photographs: A, R. Hopcroft, University 
of Alaska Fairbanks; B and C, K. Raskoff, Monterey 
Peninsula College.  

 et al.   2010a ), (2) study of poorly studied taxonomic groups 
such as gelatinous zooplankton (Raskoff  et al.   2005 ,  2010 ), 
(3) little - studied habitats such as the benthic boundary layer 
(Connelly  2008 ), or (4) the All - Taxa - Biodiversity - Inventory 
program in Svalbard. This long - term survey, the fi rst of its 
kind, part of the European Union ’ s marine biodiversity 
program BIOMARE, so far assembled over 1,400 marine 
taxa from an area of approximately 50   km 2  and depths 
ranging from 0 to 280   m ( http://www.iopan.gda.pl/projects/
biodaff/ ). The estimated number of species, assessed from 
species accumulation curves, shows near completeness for 
single taxa like Mollusca (Wlodarska - Kowalczuk  2007 ), but 
substantial gaps for other taxa like minute Crustacea. Alto-
gether, more than 2,000 metazoan species are expected to 
be identifi ed in this small coastal Arctic area. The number 
of families of Polychaeta, for example, is a good indicator 
of marine species diversity for soft bottom Arctic benthos 
(Wlodarska - Kowalczuk  &  Kedra  2007 ). This implies that, 
at least for Hornsund, species richness of a single, well -
 known taxon might be an indicator for general species 
richness of the area. 

 New records of known species are at least as important 
as new species discoveries. Recent intense taxonomic 
study in the Chukchi Sea added over 300 species to the 
Sirenko  (2001)  inventory, doubling the number of known 
species since Ushakov  (1952)  (Sirenko  &  Vassilenko 
 2009 ). The recent additions were primarily in groups 
such as Foraminifera, Polychaeta, and Mollusca, whereas 
other groups such as Plathelminthes, Nematelminthes, and 
Harpacticoida are still poorly studied. New records for 
the Canada Basin relative to the Sirenko  (2001)  list 
include at least 40 benthic species, mainly polychaetes 
from one expedition, 21 of which were not listed to 
occur anywhere in the Arctic (MacDonald  et al.   2010   ). 
Reasons for new records may be previous poor sampling 
or actual range extensions possibly related to climate 
warming (Mecklenburg  et al.   2007 ; Sirenko  &  Gagaev 
 2007 ). 

 In addition to traditional species identifi cations and 
descriptions, ArcOD has contributed to the international 
Barcoding effort. Molecular  “ barcoding ”  uses a short DNA 
sequence from the cytochrome  c  oxidase mitochondrial 
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     Fig. 10.5 

 Examples of Arctic benthos. ( A ) Sea star,  Ctenodiscus crispatus  (5   cm 
across). ( B ) Sea cucumber  Kolga hyalina  (about 2   cm long). ( C ) A new 
bryozoan species,  Callopora weslawski . Photographs: A and B, B. 
Bluhm, University of Alaska Fairbanks; C, P. Kuklinski, Institute of 
Oceanology Polish Academy of Sciences.  

region (MtCOI) as a molecular diagnostic for species - level 
identifi cation (Hebert  et al.   2003 ). Within the microbes, 
metagenomics and pyrosequencing are additionally applied 
(Sogin  et al.   2006 ). Conservative estimates of the number 

of distinct Arctic bacteria are now approximately 1,500 (D. 
Kirchman  et al. , unpublished observations) and approxi-
mately 700 for the Archaea (Galand  et al.   2009 ) in both 
surface and deep waters. At present, extrapolating these 
estimates to the various water masses presenting the entire 
Arctic has large uncertainty, but 4,500 – 45,000 types of 
Eubacteria, 500 – 5,000 types of Archaea, and 450 – 4,500 
eukaryotic protists might exist in the Arctic (C. Lovejoy, 
personal communication). Viral diversity still remains 
largely unknown, but fi rst inventories are underway for 
Svalbard (B. Wrobel, personal communication). 

 Within the metazoan zooplankton, Bucklin  et al.  ( 2010   ) 
sequenced 41 species, including cnidarians, arthropod crus-
taceans, chaetognaths, and a nemertean (Table  10.3 ). 
Overall, MtCOI barcodes accurately discriminated known 
species of 10 different taxonomic groups of Arctic Ocean 
holozooplankton. Work continues on building a compre-
hensive DNA barcode database for the Arctic holozoo-
plankton in conjunction with the Census of Marine 
Zooplankton (see Chapter  13 ).   

 Within the Arctic benthos, over 300 species from 96 
families were barcoded (C. Carr, personal communication; 
S. Mincks, personal communication), mostly polychaete 
(116) and amphipod species (63) (Table  10.3 ). For several 
morphological species, several unique haplotypes were 
found that could represent different species based on the 
molecular evidence (C. Carr, personal communication). 

 Within the fi sh, 93 species were barcoded from the 
North Pacifi c, the Aleutians, and the northern Bering 
and Chukchi Seas (Mecklenburg  &  Mecklenburg  2008 ) 
(Table  10.3 ; more in progress). Results supported the 
distinction between some species whose validity had been 
questioned, whereas other accepted species appear to be 
synonymous (Mecklenburg  &  Mecklenburg  2008 ). The 
method has also linked juvenile stages with the adults 
of the species, which previously had not been recognized 
as such. 

 Ongoing collaboration with the Census of Antarctic 
Marine Life (see Chapter  11 ) seeks to determine if bipolar 
species are truly bipolar based on MtCOI. Sequences for 
other target regions have also been published to help aid 
and resolve the separation of sibling species (see, for 
example, Lane  et al.   2008 ), and to resolve haplotype 
structure within populations (Nelson  et al.   2009 ).  

   10.3.2    Regional inventories: 
the Chukchi Sea and adjacent 
Canada Basin 

 Two expeditions in 2002 and 2005 aimed at improving 
the biological baseline of the Canada deep - sea Basin, one 
of the least explored regions in the Arctic Ocean 
(Gradinger  &  Bluhm  2005 ; Bluhm  et al.   2010a ). Although 
biomass and abundance of the sea ice meiofauna (mainly 
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  Table 10.3 

  Arctic marine taxa barcoded under the  A  rc  OD  umbrella. 

   Taxon  
   Number of 
species barcoded  

   Number of 
families barcoded     Investigators/reference  

  Cnidaria: Hydrozoa    6 (pelagic)    6    Bucklin  et al.   2010   

  Cnidaria: Scyphozoa    1    1    Bucklin  et al.   2010   

  Cnidaria: Anthozoa    2    2    S. Hardy Mincks, personal communication  

  Nemertea    1 (pelagic)    1    Bucklin  et al.   2010   

  Polychaeta    152 (benthic)    26    C. Carr  &  A. Smith, personal communication  

  Mollusca: Bivalvia    7    6    S. Hardy Mincks, personal communication  

  Mollusca: Gastropoda    12    6    S. Hardy Mincks, personal communication  

  Mollusca: Polyplacophora    1    1    S. Hardy Mincks, personal communication  

  Copepoda    28 (pelagic)    12    Bucklin  et al.   2010   

  Amphipoda    5 (pelagic) 
 63 (benthic)  

  16    Bucklin  et al.   2010 ; C. Carr  &  A. Smith, personal 
communication; S. Hardy Mincks, personal 
communication  

  Decapoda    1 (pelagic) 
 5 (benthic)  

  1 
 3  

  Bucklin  et al.   2010  
 S. Hardy Mincks, personal communication  

  Euphausiacea    1    1    Bucklin  et al.   2010   

  Chaetognatha    2    2    Bucklin  et al.   2010   

  Urochordata, Ascidiacea    1    1    S. Hardy Mincks, personal communication  

  Echinodermata: Asteroidea    13    5    S. Hardy Mincks, personal communication  

  Echinodermata: Ophiuroidea    2    2    S. Hardy Mincks, personal communication  

  Echinodermata: Holothuroidea    2    2    S. Hardy Mincks, personal communication  

  Pisces    92    27    C.W. Mecklenburg and D. Steinke, personal communication  

  Total    397    121      

Acoela, Nematoda, and Harpacticoida) (Fig.  10.6 ) and 
amphipods was similar to records from other Arctic off-
shore regions (Gradinger  et al.   2005, 2010 ), abundances 
were signifi cantly higher along deep - reaching keels of sea 
ice ridges (Gradinger  et al.   2010 ). Community structure of 
net - caught zooplankton, mainly copepods (Fig.  10.6 ), was 
distinctly depth - stratifi ed, with composition comparable to 
other Arctic basins, except for the several Pacifi c expatri-
ates present (Hopcroft  et al.   2005 ; Kosobokova  &  
Hopcroft  2010   ). Assemblages of gelatinous zooplankton 
were also depth - stratifi ed with shallower stations domi-
nated by siphonophores and ctenophores and deeper sta-
tions by medusae (Raskoff  et al.   2005 ,  2010 ). Large 

predatory scyphomedusae in the upper 100   m were domi-
nant in the chlorophyll maximum layer, where copepod 
biomass was also highest. Smaller cnidarian and cteno-
phore species occurred immediately underneath the sea ice 
(Purcell  et al.   2009 ).   

 Abundance, biomass, and diversity of benthic macro-
fauna (approximately 100 taxa) declined with increasing 
water depth and clustered into groups characterized by 
depth and location with overall low abundances and 
biomass similar to fi ndings from the Eurasian Arctic deep 
sea (Bluhm  et al.   2005 ; MacDonald  et al.   2010 ). High 
abundance of the sea cucumber  Kolga hyalina  (Fig.  10.6 ) 
characterized a suspected pockmark on the Chukchi Cap 
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     Fig. 10.6 

 Composition of Arctic net - caught zooplankton  (A) , benthic macrofauna 
communities  (B) , and sea ice meiofauna  (C) . Example is from the 
Canada Basin (2005). Data from Gradinger  et al.   (2010) , Kosobokova 
 &  Hopcroft  (2010) , and MacDonald  et al.   (2010) .  

(MacDonald  et al.   2010 ). Only six putative demersal fi sh 
species were observed from ROV imagery (Stein  et al.  
 2005 ). During opportunistic visual surveys, six and seven 
marine mammal species were encountered in 2002 and 
2005, respectively, and 16 bird species were encountered 
in 2005 with highest sighting numbers related to specifi c 
oceanographic features (Harwood  et al.   2005 ; Moore 
 et al.   2010   ). A long (stable - isotope - based) food web of 
four trophic levels points towards low food availability 
and a high degree of organic matter reworking (Iken 
 et al.   2005 ). 

 The Russian – American Long - term Census of the Arctic 
(RUSALCA) conducts long - term research relevant to 
climate change in Bering Strait and the Chukchi Sea (Bluhm 
 et al.   2009 ). Zooplankton communities were represented 
by six assemblages coinciding with prevalent thermohaline 
water mass characteristics (Hopcroft  et al.   2008 ). One of 
the numerically dominant copepod genera,  Pseudocalanus , 
was represented by three species with distinct spatial distri-
bution patterns, although their weight - specifi c egg produc-
tion rates were similar (Hopcroft  &  Kosobokova  2010   ). 

Small demersal fi shes (see Mecklenburg  et al.   (2007)  for 
taxonomy) and ichthyoplankton on the Chukchi Shelf 
also formed distinct regional assemblages related to 
hydrographical features and sediment type (Norcross  et al.  
 2010   ). 

 High abundances and biomass of macrobenthos north-
west of Bering Strait were dominated by the bivalve  Macoma 
calcarea  (Sirenko  &  Gagaev  2007 ) and were linked to local 
hydrography retaining the larval pool. Benthic epifaunal 
biomass was dominated by echinoderms and crustaceans 
and represented in six distinct assemblages, separated 
largely based on substrate type and latitude with less infl u-
ence by indices of food availability (Bluhm  et al.   2009 ). 
Comparisons with previous studies in the region suggest an 
increase in overall epibenthic biomass since 1976. Regional 
differences in mean stable isotopic signatures in the benthic 
food web were mainly driven by the isotopically depleted 
particulate organic matter source in the Alaska Coastal 
Water (Iken  et al.   2010 ).  

   10.3.3    Natural variability versus 
climate warming 

 Concern over global biodiversity loss is widespread, and 
Arctic biodiversity is believed to be changed by climate 
warming (Bluhm  &  Gradinger  2008 ). Although Arctic 
endemic taxa may be endangered, overall species numbers 
might increase with species - rich warm - water communities 
thriving in the region. Only a few long - term studies, some 
with ArcOD involvement, have been performed: several in 
Svalbard including a 30 - year - long study of the rocky sublit-
toral (Beuchel  et al.   2006 ), a 10 - year - long zooplankton 
survey (Hop  et al.   2006 ), and a 10 - year - long study of the 
soft bottom (Kedra  et al.   2009 ). Repeated sampling efforts 
included a shelf megafauna survey at Svalbard resurveyed 
after 50 and 100 years (Dyer  et al.   1984 ), occurrence of 
Decapoda in Isfjorden investigated after 50 and 100 years 
(Berge  et al.   2009 ), a soft bottom survey in VanMijen Fjord 
after 20 years (Renaud  et al.   2007 ), and a Svalbard intertidal 
survey repeated after 20 years (Wiktor  &  W ę sławski  2008   ). 
The results of those surveys demonstrate the high stability 
of the presence of the species pool in coastal – fjordic waters 
and very drastic interannual changes in the occurrence of 
single species. With ongoing warming, warmer - water 
species replaced cold - water species, but played the same 
role in the ecosystem. Examples of such species pairs include 
species in the genera  Sclerocrangon ,  Calanus ,  Themisto , 
 Gammarus , and  Limacina  (W ę sławski  et al.   2008   ). 

 Low Arctic biodiversity is usually associated with high 
population density of a few species. The charismatic icons 
of the Arctic are huge numbers of seabirds, seals, and wal-
ruses, unmatched anywhere on Earth during the feeding 
season. The underlying reason is the large size of polar 
marine herbivores (copepods, krill, pteropods) and their 
high lipid content (Pasternak  et al.   2001 ). Exceptionally 
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asteroid species dominating on the Arctic shelves belong to 
genera that dispersed from the Pacifi c Ocean. The ratio of 
species of Pacifi c origin decreases from the Barents Sea 
towards the Laptev Sea, but then increases in the East -
 Siberian Sea and the Chukchi Sea. The East - Siberian Sea 
acts as a barrier for the dispersal of species, which can be 
seen in various biogeographical indicators, such as species 
richness, biogeographical structure of fauna, patterns of 
vertical distribution, and the ratio of cold - temperature to 
warm - temperature species (A.N. Mironov  &  A.B. Dilman, 
unpublished observations).  

   10.3.5    Beyond the Arctic and 
 A  rc  OD : Arctic – Antarctic 
comparisons 

 The common textbook notion is that biodiversity in Arctic 
seas is low compared with the Antarctic and particularly 
compared with temperate and warm waters. Although this 
is supported by higher total species numbers in warmer 
seas, it is less supported when comparing species numbers 
in specifi c comparable habitats, or within comparable 
taxonomic groups. Kendall and Aschan ( 1993   ), who ana-
lyzed soft - bottom benthos from tropical, temperate, and 
Arctic sites, found almost identical values for indices of 
diversity at all sites when including the same type of 
sediment and water depths. More recently, polychaete 
diversity was found to be equal at an evolutionary 
old Antarctic site and evolutionary young Arctic site 
(Wlodarska - Kowalczuk  et al.   2007 ). This implies that dif-
ferences in total species richness between areas are driven 
by habitat diversity. In the Arctic, biogenic reefs, caves, 
and deep rocky structures are rare, absent or, in some 
cases, un(der) - sampled such as the deep - sea Arctic benthos. 
Complete lists on overall species richness for the Arctic 
and Antarctic are still being compiled and numbers 
for metazoan species currently range around 8,200 for 
the Antarctic ( www.scarmarbin.be/rams.php?p=stats ) and 
about 6,000 for the Arctic (Table  10.2 ) (see Chapter  11 ). 
Extensive Arctic – Antarctic comparisons are ongoing in 
collaboration with the Census of Antarctic Marine Life.   

   10.4    Unknown Aspects 

 Arctic regions contain a variety of complex habitats that 
are diffi cult to access and historically have not been in the 
focal point of political and scientifi c interests. Despite a 
recent increase in overall interest, numerous Arctic research 
cruises, well - equipped fi eld - stations, drifting stations, and 
easier access to many areas (because of substantial shrink-
age of the ice cover), certain geographic areas, taxa, and 
habitats still remain poorly sampled. The previous lack of 
interest is now leading to uncertainties about the extent of 

effi cient and often short polar food chains (diatom – krill –
 whale) are now under change because of increasing infl ow 
of warm, Atlantic waters that bring smaller species of her-
bivores. This leads directly to a change in food web struc-
ture as primary production is going to be dissipated among 
several small, fast - growing subarctic species (W ę s ł awski 
 et al.   2007 ,  2008 ) and a higher contribution of pelagic 
versus benthic secondary production (Carroll  &  Carroll 
 2003 ). 

 To separate this temporal from spatial variability one 
needs to know the scale of patch sizes of equal biodiversity. 
Several recent studies, testing this problem in nested sam-
pling approaches (see, for example, Wlodarska - Kowalczuk 
 &  Weslawski  2008 ), demonstrated that on even, fl at soft -
 sediment seabed, the patch size of uniform biodiversity 
was several hundreds of meters in diameter. The uniformity 
was lower (diversity is more patchy) in undisturbed shelf 
areas, and higher (diversity is low and even) at coastal 
sites under the infl uence of siltation and strong glacial 
sedimentation. Similar analyses were performed for Arctic 
sea ice, which supports mosaic and patchy distribution of 
organisms, based on local differences in snow cover, ice 
thickness, undersurface of ice, sediment load, etc. (Wiktor 
 &  Szymelfenig  2002 ; Gradinger  et al.   2009, 2010 ). Low 
diversity of marine habitats appears to contribute to the 
overall low species richness in the Arctic.  

   10.3.4    Biogeography 

 Global changes of climate, water mass circulation, and geo-
morphology in the Pliocene and Pleistocene modifi ed the 
composition and distribution of Arctic benthic fauna over 
time. In ArcOD we evaluated the different origins of modern 
Arctic fauna as a whole, as well as of faunas of certain large 
regions and bathymetric zones in the Arctic Ocean. Faunis-
tic elements recognized in the modern Arctic benthos 
include (1) faunas originating from the North Pacifi c and (2) 
North Atlantic, (3) deep - sea cosmopolitans, and (4) endemic 
species of autochthonous (local) origin. The opening of 
Bering Strait approximately 5.3 million years ago resulted 
in intensive colonization of the Arctic Basin from the North 
Pacifi c. Formation of the warm Gulf Stream moved dis-
tribution limits of many boreal species northward. Geomor-
phological and hydrological changes of the Faeroe – Iceland 
Rise opened dispersal pathways into the Arctic Basin to the 
North Atlantic deep - sea fauna that in turn has strong links 
to the Antarctic. At the same time, changes in the Arctic 
Basin stimulated local species radiation. 

 Although a comprehensive review will be published by 
A.N. Mironov and A.V. Gebruk (editors), some example 
results are given here. For Arctic shallow - water asteroid 
fauna (A.B. Dilman, unpublished observations) the number 
of species of Atlantic origin exceeds that of Pacifi c origin. 
The only exception is the Chukchi Sea, where more species 
are in common with the Pacifi c. At the same time, however, 
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ongoing changes. The ecological consequences and implica-
tions of ongoing change to biodiversity can never be under-
stood if we do not fully understand the status quo with its 
regional and temporal variability. 

   10.4.1    Taxonomic gaps: microbes 

 Contrary to earlier opinions (Pomeroy  et al.   1990 ), recent 
fi ndings indicate an active microbial contribution in the 
Arctic (Kirchman  et al.   2009 ) (see Chapter  12 ). We now 
know that viruses (Le Romancer  et al.   2007 ; B. Wrobel, 
personal communication), Archaea, Eubacteria, and pro-
tists (Lovejoy  et al.   2006 ; C. Lovejoy  et al. , unpublished 
observations) thrive in all Arctic habitats, from nearshore 
to deep water, with gaps in their regional patterns, biodi-
versity inventory, and physiological adaptations. Arctic and 
Antarctic eubacterial communities are distinctly different 
(Bano  et al.   2004 ), and Arctic bacterial diversity in Arctic 
samples is lower than Antarctica (Junge  et al.   2002 ; 
Fuhrman  et al.   2008 ). Microhabitats (Meiners  et al.   2008 ) 
add to bacterial diversity together with unique habitats like 
naturally occurring methane and oil seeps along slopes and 
ridges (LaMontagne  et al.   2004 ). However, most bacteria 
have never been cultured to study their physiology 
(Ducklow  et al.   2007 ) and we do not know how microbial 
diversity connects to the Arctic food web structures. 

 Although species diversity for protists with hard struc-
tures like diatoms has been studied in Arctic waters for 
decades (Horner  1985 ; M. Poulin  et al. , unpublished obser-
vations), only limited information on species inventories 
and abundance is available for other fl agellated taxa. 
Cyanobacteria appear to be less relevant in offshore regions, 
but more abundant close to shore (Waleron  et al.   2007 ) 
whereas fl agellated eukaryotes (for example prasinophytes) 
occur in high abundances with apparently low diversity 
(Lovejoy  et al.   2006 ).  

   10.4.2    Regional gaps 

 Despite considerable sampling efforts in the past decade, 
the Arctic deep - sea remains undersampled for all realms 
(Fig.  10.1 ). Biodiversity inventories of other deep - sea areas 
have revealed increased species numbers with increasing 
sampling effort (Brandt  et al.   2007 ). Based on species dis-
coveries during two recent deep - sea cruises and a lack of 
an asymptote in species accumulation curves (B.A. Bluhm 
 et al. , unpublished observations), we estimate that possibly 
hundreds of species (excluding microbes) await discovery 
in the Arctic deep sea. 

 Of the shelf seas, the East Siberian Sea is the most under-
studied in terms of biodiversity (Fig.  10.1 ) whereas other 
Russian seas were intensively sampled. Information is also 
scarce in the Canadian Archipelago and northern Green-
land, partly related to the typically heavy ice cover. Biodi-
versity work there has primarily concentrated around fi eld 

stations and research institutes, like in Disco Bay, northeast 
Greenland or Resolute Bay (Conover  &  Huntley  1991 ; 
Michel  et al.   2006 ).  

   10.4.3    Poorly explored habitats 

 Examples of underexplored habitats include the deep - sea 
ridge systems that extend thousands of kilometers across 
the Arctic sea fl oor. Although biodiversity on both ridge 
sides may not be that different (Schewe  &  Soltwedel  1999 ; 
K.N. Kosobokova  et al. , unpublished observations), faunal 
diversity and densities may vary greatly between ridge tops 
and sides (Kosobokova  &  Hirche  2000 ), possibly related 
to variability in the overlying nutrient concentrations and 
primary production. The scarceness of studies, however, 
precludes general conclusions on the biodiversity at any of 
the prominent Arctic ridge systems. 

 Within the realm of the sea ice, sea - ice pressure ridges 
house major unknowns with respect to their biology. Ridges 
form when ice piles up under pressure, reaching drafts 
greater than 20   m even in summer (Eicken  et al.   2005 ). 
Based on ArcOD fi ndings (Gradinger  et al.   2010 ), we 
propose that pressure ridges will be especially relevant for 
the survival of sea - ice - related invertebrates over the coming 
decades in areas of dramatic sea ice loss. 

 Biodiversity is probably better studied in nearshore 
areas around fi eld stations or logistics centers than any-
where else in the Arctic, but is not studied at all in other 
nearshore locations, because larger research vessels cannot 
venture into shallow water. The highly localized geo-
graphic coverage relative to transect - oriented station grids 
typically used elsewhere is problematic because even rela-
tively nearby locations of similar habitats can have rather 
different biotic inventories (Iken  &  Konar  2009 ). Projects 
like an inventory of many coastal Chukchi Sea sites in 
2010 (S. Jewett  &  D. Dasher, personal communication) 
will improve the situation. 

 Arctic seamounts and pockmarks are poorly mapped and 
inventoried. An ArcOD survey of a suspected pockmark 
feature on the Chukchi Plateau showed elevated densities of 
megafauna but no signs of seepage (MacDonald  et al.   2010 ), 
but it is unclear if this observation can be generalized.  

   10.4.4    Underexplored temporal 
variability 

 Environmental conditions in the Arctic are extremely vari-
able and natural variability is overlaid by  –  and often dif-
fi cult to separate from  –  long - term climate change. As the 
most climatically sensitive region of the Northern hemi-
sphere, the Arctic has experienced changes exceeding the 
natural variability, including shrinkage of the sea ice cover 
and thickness, increased precipitations and river run off, 
seasonal warming and other atmospheric changes, increased 
ocean mixing, wave generation, and coastal fl ooding (Walsh 
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 2008 ). Yet, few time series of biological variables have been 
collected because of the diffi culty associated with re - 
sampling communities throughout the year and/or over 
multiple years or even decades. Seasonal changes in algal 
and faunal abundance and diversity are most dramatic in 
sea ice and the water column (Story - Manes  &  Gradinger 
 2009 ; Makabe  et al.   2010   ), with dampened variability in 
benthic communities because of their typically slower 
growth rates and longer lifespans. Interannual and inter-
decadal alterations have been detected both in pelagic 
(Brodeur  et al.   2002 ) and benthic habitats (Grebmeier  
et al.   2006 ). 

 Opposing trends, the diffi culty to identify underlying 
causes clearly, the overall scarceness of even short time 
series, and the lack of complete inventories stress the need 
for the creation of integrated ecosystem biological observ-
ing systems as part of the global ocean observing system 
effort (section  10.5 ). Different ecosystem components 
respond to variability in different ways and should not 
be evaluated independently of each other. Some efforts 
underway in this direction are outlined in section  10.5.1 .   

   10.5    Into the Future 

   10.5.1    Time series, networks, 
monitoring strategies 

 Long - term time series using a combination of both tradi-
tional and recent sampling technologies are essential to 
understand the changing Arctic. Future observational net-
works will need to consist of regional nodes, connected in 
a pan - Arctic scheme, as regional trends may differ. For 
example, the Chukchi and Beaufort Seas have experienced 
substantial thinning and reduction of the ice cover (Serreze 
 et al.   2007 ), whereas less change (if any) occurred north of 
Greenland (Melling  2002 ). 

 No comprehensive pan - Arctic observational network is 
currently in place to assess changes in biodiversity. Several 
networks, however, are under discussion such as through 
the International Arctic Council, where ArcOD participates 
in the marine expert group within the Conservation of 
Arctic Flora and Fauna (CAFF) program (Vongraven  et 
al.   2009 ). These could be operational as the fi rst Census 
draws to a close in late 2010 with the caveat that little 
fi nancial support will be in place at that time. On a 
national level, the Study on Environmental Arctic Change 
(SEARCH), an interagency US - based effort to understand 
system - scale change in the Arctic, has as one of their 
science - guiding questions  “ what changes in populations, 
biodiversity, key species, and living resources are associ-
ated with Arctic Change ”  (yet none of their 70 projects 
include  “ biodiversity ”  in the title). Some successful exam-
ples for national programs do exist. Any future network 

must be interdisciplinary in nature, linking changes in 
ocean physics and chemistry to biological patterns, in 
order to create meaningful predictions. 

 Key components within monitoring networks are the 
following: 

   ●      a series of long - term monitoring sites (biological 
observatories) situated around the Arctic shelves and 
in the deep basins (section  10.5.3 );  

   ●      pan - Arctic surveys using largely autonomous 
methodologies (section  10.5.2 );  

   ●      exploratory expeditions completing the Arctic species 
inventory and conducting new research that augments 
the observatories.    

 For biodiversity research, the strategy must be to fi rst 
identify a set of indices to assess changes in biodiversity, 
and make the connections between those changes and 
potential stressors (Vongraven  et al.   2009 ). Such indices 
could, for example, include biomass of key ecosystem com-
ponents, abundance of dominant or commercially impor-
tant taxa, traditional biodiversity indices, distribution 
ranges, or ratios of Arctic to sub - Arctic species. Process 
measurements should also be included, as organic carbon 
partitioning between pelagic and benthic food webs is pre-
dicted to shift towards pelagic - dominated food webs 
(Carroll  &  Carroll  2003 ; Bluhm  &  Gradinger  2008   ). Such 
food web shifts will cascade through all trophic levels, and 
could change the key species within the affected regions. 
Indices should provide the information required to make 
sound political decisions to mitigate negative impacts to the 
ecosystems and Arctic human populations. 

 In addition to continuing the few existing time series, 
new observatories should be placed in regions where the 
rates of change appear to be greatest (Chukchi Sea: Hopcroft 
 et al.   2010   ; Barents Sea: Stempniewicz  et al.   2007 ). From 
a logistical perspective, the relative proximity of these 
regions to major research ports, and their longer ice - free 
season, greatly simplifi es access to them relative to the 
central Arctic. Areas that have historically been perpetually 
covered by ice remain worthy of basic exploratory survey 
because they are so poorly characterized.  

   10.5.2    Technological 
developments 

 A major impediment in understanding the biological 
impacts of Arctic change is owing to logistical constraints. 
Few icebreakers are capable of hosting multidisciplinary 
research teams and expeditions are major investments for 
funding agencies. International cooperation is needed to 
connect national efforts, to standardize techniques, and 
create an operational network with fast data transfer and 
delivery. 
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 Technology should extend the short - term observations 
made by traditional expeditions to year - round observa-
tions, although the broadest taxonomic coverage will 
remain achievable only using ships and land - based stations. 
Moored video systems, or even ice - mounted webcams in 
nearshore waters, can collect information during seasons 
when access to the region of interest is diffi cult. Autono-
mous underwater vehicles with image capturing capabilities 
will extend our options to look at the distribution of larger 
taxa on scales of hundreds of kilometers, even in ice - 
covered waters (Dowdeswell  et al.   2008 ). ROVs (Fig.  10.7 ) 
place an observer virtually into the deep - sea environment 
to survey the larger, rarer, and more mobile animals 
(Raskoff  et al.   2005 ,  2010 ). Moored instrumentation, 
including  in situ  imaging fl ow cytometers, video plankton 
recorders, or fi sh - tracking networks, is now commercially 
available. Autonomous underwater vehicles and gliders 
equipped with listening devices might extend the range of 
acoustic curtains, and record the presence of marine 
mammals in ice - covered waters. The major hurdle appears 
not to be readiness of scientists or instrumentation, but 
suffi cient logistic and fi nancial commitment by Arctic 
nations to put such a network in place.    

   10.5.3    Forward look 

 ArcOD has contributed to the considerable recent progress 
regarding biodiversity of the Arctic. The most urgent 
current need now is to determine how the human footprint 
is affecting the Arctic Ocean ’ s fl ora and fauna, and the 
overall properties of the ecosystem these organisms col-
lectively shape. Current model projections suggest climatic 
changes may become even more exaggerated over the 
coming decades (Overland  &  Wang  2007 ). Despite the 
need for continued observation, there is as yet no strong 
indication that species - level surveys will be expanded in the 
Arctic. This leads to the situation where our understanding 
of long - term patterns will be built upon temporally and 
regionally fragmented observations often focused on spe-
cifi c ecosystem components or by reducing the Arctic ’ s 
complexity down to biogeochemical units. 

 As an indirect consequence of ice reduction, the human 
footprint within the Arctic is already increasing in numer-
ous ways (Gradinger  2009b ). Ice - free Arctic seas are con-
sidered the future shipping corridor between the industrial 
centers in the North Pacifi c and Europe. Reduced summer 
sea ice will allow intensifi ed resource exploration, as evi-
denced by the recent oil and gas lease sales on the US 
Chukchi Sea shelf, and expanding exploration on the 
Russian and Norwegian shelves. The opening of Arctic 
seas in summer could allow commercial extraction of 
living marine resources in areas currently untouched by 
commercial exploitation. Increased human presence will 
inevitably leave its trace in the marine environment in 

(A)

(B)

(C)

     Fig. 10.7 

 Traditional and modern sampling techniques used in ArcOD. ( A ) Sea ice 
sampling using an ice corer. ( B ) Water column and benthic sampling 
using an ROV that can be operated in pack ice. ( C ) Under - ice sampling 
by SCUBA divers in Arctic pack ice. Photographs: A and B, B. Bluhm; 
C, S. Harper, both University of Alaska Fairbanks.  
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the form of industrial contaminants, harmful species, 
and changes in food web structure through commercial 
harvests. 

 Using historical information and estimates of what 
might happen over the next century (see, for example, 
Bluhm  &  Gradinger  2008 ; Gradinger  2009b ) we believe 
the following patterns are likely. The currently observed 
changes in species patterns and ecosystem functioning 
will continue over the next decade(s), likely at an accel-
erated rate with changes at all trophic levels. These 
changes will impact the use of Arctic living resources by 
humans, both commercial and subsistence, and may even 
lead to long - term biodiversity changes in the Pacifi c and 
North Atlantic Oceans as increased species exchange 
occurs across the Arctic. The Pacifi c diatom  Neodenticula 
seminae  has already been observed in the North Atlantic 
(Reid  et al.   2007 ). Arctic endemic biota will likely be 
most negatively affected, whereas less ice and higher 
temperatures will allow sub - Arctic species to move north-
ward. The design of observational networks documenting 
biological change should develop benchmarks against 
which to follow such change. A discussion and agreement 
on the biological components of an ocean observing 
network is long overdue.   
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Marine Life in the Antarctic  
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    11.1    Introduction 

 The Southern Ocean covers 35 million km 2  and comprises 
about 10% of the Earth ’ s oceans. Of the 4.6 million km 2  
of continental shelf, one - third is covered by fl oating ice 
shelves (Clarke  &  Johnston  2003 ). The sea ice oscillates 
between a coverage of 60% in winter and 20% in summer 
and is, together with the sea beneath, the main driver of 
the Antarctic ecosystem and the Earth ’ s ocean circulation. 
These conditions have caused a partial isolation of the 
ecosystem in the past 30 million years, and the unique 
environment has allowed an evolutionary dispersal of Ant-
arctic species into the adjacent ocean ’ s deep sea and vice 
versa. Recent ecological conditions in Antarctic waters not 
only attract the charismatic great whales, but also birds and 
deep - sea invertebrates from the entire world ’ s ocean. The 
Census of Marine Life recognized that the Southern Ocean 
is home of a key component of the Earth ’ s biosphere and 
launched the Census of Antarctic Marine Life (CAML) in 
2005, considered the major marine biodiversity contribu-
tion to the International Polar Year 2007 – 8. It followed 
international initiatives such as the SCAR projects 
 “ BIOMASS ”  (see BIOMASS Scientifi c Series),  “ Ecology in 
the Antarctic Sea - Ice Zone (EASIZ, Arntz  &  Clarke  2002 ; 
Clarke  et al.   2006 ),  “ Evolution in the Antarctic ”  (EVOL-
ANTA, Eastman  et al.   2004 ), and  “ Evolution and Biodiver-
sity in the Antarctic ”  (EBA, results of the 10th SCAR - Biology 
Symposium to be published as a special volume of  Polar 

Science ) as well as the projects  “ European Polarstern Study ”  
(EPOS, Hempel  1993 ),  “ Investigaci ó n Biol ó gica Marina en 
Magallanes relacionada con la Ant á rtida ”  (IBMANT, Arntz 
 &  R í os  1999 ; Arntz  et al .  2005 ),  “ ANtarctic benthic DEEP -
 sea biodiversity (ANDEEP, Brandt  &  Ebbe  2007 ), and 
 “ Latitudinal Gradient Project ”  (LGP, Balks  et al.   2006 ). 
Consequently, CAML was based on a very active interna-
tional scientifi c community and covered a broad spectrum 
of organisms ranging from microbes to mammals. It coop-
erated closely with other Census projects, especially the 
Ocean Biogeographic Information System (OBIS), Census 
of Marine Zooplankton (CMarZ), Biogeography of Deep -
 Water Chemosynthetic Ecosystems (ChEss), Arctic Ocean 
Diversity (ArcOD), and Census of Diversity of Abyssal 
Marine Life (CeDAMar), because of two aspects. First, by 
combining all three other oceans by the Antarctic Cir-
cumpolar Current (ACC), the Southern Ocean provides a 
link for most large marine ecosystems. Second, a consider-
able part of the rich Antarctic fauna is unique and thus 
contributes signifi cantly to the world ’ s total marine 
biodiversity. 

 The scientifi c aim of CAML was to provide essential 
knowledge to answer the most challenging question of the 
future of the Antarctic ecosystem in a changing world. The 
strategic objective was to create a network of knowledge 
within the research community and to provide a forum for 
communication, including the most intensive outreach 
activities that ever concerned the work of Antarctic marine 
biologists. Thanks to the CAML two overarching initia-
tives, the biogeographic data portal SCAR - MarBIN and the 
barcoding initiative, intensifi ed their effi ciency, providing 
essential tools for scientists to share data. CAML was one 
of the leading Antarctic projects of the International Polar 
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Year 2007 – 8 and was part of the biology program of the 
Scientifi c Committee on Antarctic Research (SCAR). 
Although the Census/CAML was able to support scientifi c 
coordination, the fi eld work was funded by the national 
Antarctic research programs. 

 This review is compiled at an early stage of CAML ’ s 
synthesis phase. It provides a preliminary overview and 
concentrates mainly on results from core projects presented 
in the Genoa workshop in May 2009, to be published in 
 Deep - Sea Research II  in 2010 and edited by S. Schiaparelli 
 et al . All references cited herein as  “ submitted ”  refer to this 
special CAML volume.  

   11.2    The Background 

   11.2.1    Environmental  s ettings 

 The extreme seasonality in the Antarctic results in a per-
manently dark winter and a summer with 24 hours sun-
shine south of 66 °  33 ′  S. The low temperature, and 
consequently the formation of the sea ice, is due to the low 
angle of irradiation of the sun, the high albedo of ice, and 
the zonal atmospheric and oceanographic circulation. The 
marine habitat is geographically limited to the south by a 
glaciated coast. The ACC combines all three other ocean 
basins and in the north it adjoins warmer waters at the 
Antarctic Convergence (Fig.  11.1 ). Over evolutionary time 
the Antarctic ecosystem experienced a permanent advance 
and retreat of continental glaciation which started with the 
formation of the ACC 25 million to 30 million years ago 
and has continued with obvious glacial – interglacial cycles 
in the past 900,000 years.    

   11.2.2    History of Antarctic 
 r esearch and  e xploitation 

 The era of early naturalists was related to both the discov-
ery of the unknown region and the exploitation of natural 
resources. One example is the German naturalist Georg 
Forster, who participated with his father Johann Reinhold 
in James Cook ’ s second trip around the world (1772 – 75, 
Fig.  11.2 ). Another example is the Weddell seal, which was 
named after the Scottish sealer James Weddell who in 1823 
reached 74 ° 34 ′  S, the most southerly position ever reached 
at that time. The famous Ad é lie penguin was named after 
the wife of the French explorer Jules Dumont d ’ Urville, 
who traveled twice to Antarctica between 1838 and 1840. 
Milestones of taxonomic surveys (Dater  1975 ) started with 
the famous  Challenger  expedition (1872 – 76) which resulted 
in 38 volumes of scientifi c results: 4,714 new species were 
discovered of which several were from the Antarctic. The 
 Belgica  undertook the fi rst truly scientifi c expedition to 
high - latitude Antarctic waters, during which she advanced 

farther south than any ship before and overwintered in 
1898 – 99 west of the Antarctic Peninsula. The  Valdivia  
expedition of 1898 – 99 contributed substantially to the 
understanding of global oceanography and included bio-
logical deep - sea sampling in the sub - Antarctic. Highly effi -
cient were also the German Antarctic expedition with the 
 Gauss  (1901 – 03), the Swedish South Polar Expedition with 
the  Antarctica  (1901 – 04), and the British  Scotia  expedition 
(1902 – 04) which conducted trawling and dredging studies 
of pelagic and benthic organisms. The period 1925 – 39 was 
dominated by the  Discovery  expeditions from which pub-
lications, including those of recent surveys, are still ongoing.   

 The exploitation of natural resources started at the 
beginning of nineteenth century. Populations of Antarctic 
fur and elephant seals crashed close to extinction by the 
1820s. Whaling started at the beginning of the twentieth 
century. The biomass of the largest species  –  blue, fi n, 
humpback, southern right, and sei whales  –  were reduced 
to between 50% and 0.5% of their original worldwide 
stock whereas the smallest, the Antarctic minke, became 
most abundant (Laws  1977 ). Thus, the natural dominance 
pattern of whale species was turned upside - down. Interest-
ing calculations have been made about the negative impact 
of the whaling to deep - sea animals since whale carcasses 
have no longer been important food sources for marine 
organisms (Jelmert  &  Oppen - Berntsen  1995 ). Bottom 
trawling in the 1960s reduced the stocks of the marbled 
rock cod ( Notothenia rossii ) and mackerel ice fi sh ( Champ-
socephalus gunnari ) west of the Antarctic Peninsula (Kock 
 1992 ) within very short periods, and devastated slow - grow-
ing benthic communities. The exploitation of natural 
resources was the most effective anthropogenic impact that 
Southern Ocean biodiversity ever experienced. However, 
the hitherto inviolacy of most high - latitude Antarctic 
marine habitats is almost unique on Earth, but the ecosys-
tem is increasingly threatened by the new longline fi shing 
and by the impact of climate change.  

   11.2.3    Modern  p re -  CAML  
 b iodiversity  s tudies 

 In the 1980s, ecological analyses using bulk parameters 
(see, for example,  http://ijgofs.whoi.edu ) tried to solve so -
 called  “ process orientated ”  questions without spending 
much time determining species diversity. Among the few 
studies with high taxonomic resolution, outstanding 
progress was made by the work on the evolutionary radia-
tion of fi sh (Eastman  &  Grande  1989 ). In this phase the 
macrobenthos became known to be regionally dominated 
by sessile suspension feeders (Bullivant  1967 ); their com-
munities later turned out to be more dynamic than previ-
ously expected (Dayton  1990 ; Arntz  &  Gallardo  1994 ; 
Gutt  2000, 2006 ; Gutt  &  Piepenburg  2003 ; Potthoff  et al . 
 2006 ; Barnes  &  Conlan  2007 ; Seiler  &  Gutt  2007 ; Smale 
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     Fig. 11.1 

   Temperature of the Southern Ocean; at the sea 
surface  (A) , where the Antarctic Convergence is 
clearly indicated by the sharp gradient between 
warm (red) to cold (blue) temperatures, white areas 
within Antarctic waters indicate no data due to 
sea - ice cover; at the sea floor  (B) . For details of the 
occurrence of relatively warm water west of the 
Antarctic Peninsula, see Clarke  et al.   (2009) . Graph 
by H. Griffiths and A. Fleming, British Antarctic 
Survey; data: NASA.  
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     Fig. 11.2 

   Original drawing of the chinstrap penguin,  Pygocelis antarctica  
(J.R. Forster,  1781   ) by Georg Forster,  Handschriftenabteilung der 

Th ü ringischen Universit ä ts -  und Landesbibliothek Jena , Germany, 
MsProv.f 185 (1).  

 et al .  2008 ). Plankton studies added substantial information 
to the traditional view of the simple Antarctic pelagic 
system consisting only of algae, krill ( Euphausia superba ), 
and few apex predators. Small organisms became known 
to contribute to the microbial loop by being relevant for 
the re - mineralization in a partly iron - limited  “ high nutrient 
 –  low chlorophyll ”  system. Improved sea - ice research elu-
cidated the diversity not only of unicellular algae but also 
of metazoans living in and associated with this unique 
habitat (Thomas  &  Dieckmann  2009 ), including the trophic 
key species of the Antarctic food web, the Antarctic krill 
(Thomas  et al .  2008 ).   

   11.3     CAML  Projects: 
Advancing Knowledge 

   11.3.1    The  s cientific  s trategy 

 At fi rst the term  “ census ”  had to been interpreted literally: 
species and specimens were identifi ed and counted. Sec-
ondly, CAML researchers raised the question why some of 

these species co - exist in specifi c communities whereas 
others do not, the answers demanding both evolutionary 
and ecologically approaches at various spatial scales.  

   11.3.2    What  w ere the 
 m ajor  g aps? 

 The scientifi c effort during the pre - CAML phase refl ected 
the good accessibility of the area around the Antarctic 
Peninsula and historical developments in poorly accessible 
areas  –  for example the inner Weddell and Ross Seas  –  with 
large gaps in between. The Antarctic deep sea was only 
known from studies with selective samples with a reduced 
taxonomic scope. Life in some typical Antarctic habitats 
was very poorly known, especially from under the ice 
shelves and the permanent pack ice. The biodiversity not 
only of microorganisms, but also of rare charismatic species, 
for example toothed whales, had almost been overlooked 
and some historic data were hardly accessible. The identi-
fi cation of many invertebrate eggs and larvae to the species 
level was impossible, and only hypotheses existed in rela-
tion to cryptic species. The question about the relation 
between ecosystem functioning and biodiversity has a long 
tradition but it is still  –  at least for the Antarctic  –  diffi cult 
to address. Finally, the pre - CAML era was characterized 
by the knowledge that climate change would not stop at 
the Antarctic Circle, but background information and 
observations on its impact to the ecosystem were scarce.  

   11.3.3    Approaches to 
 c losing  g aps 

 Core strands of CAML were scientifi c expeditions and the 
data management allowing overarching analyses. Success 
has also been reached through the standardization of fi eld 
methods, for example by using the standard nets, continu-
ous plankton recorders, video - equipped remotely operated 
vehicles (ROVs), or sleds. The major tool for ensuring 
information management is the  “ Marine Biodiversity 
Information Network of SCAR ”  (SCAR - MarBIN,  www.
scarmarbin.be ), being the local node of the Census of 
Marine Life/UNESCO OBIS network. It was initiated by the 
Royal Belgian Institute of Natural Sciences and CAML 
became its major research partner. So far, over 1 million 
geo - referenced records from 156 datasets are available. The 
Register of Antarctic Marine Species (RAMS) comprises 
6,551 primarily benthic and 702 pelagic species (as at May 
2010) and is constantly updated by over 70 editors and con-
tributing scientists (De Broyer  &  Danis submitted). Datasets 
range from historic information going back to 1781 to 
recent and genetic data. A barcode manager supported 
CAML scientists in analyzing over 11,000 sequences (Grant 
 &  Linse  2009 ). Thus, CAML contributes to the Barcode of 
Life project (BOLD;  www.barcodinglife.org ) and the  “ Fish 
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Barcode of Life Initiative ”  (FISH - BOL,  www.fi shbol.org ). 
Spatially explicit ecological models were developed, for 
example to predict potential fi sh habitats and to simulate 
the succession of biodiversity after disturbance (Potthoff 
 et al.   2006 ). A new tool,  “ GeoPhyloBuilder ”  ( www.nescent.
org/wg_EvoViz/GeoPhyloBuilder ), and network analyses 
(Raymond  &  Hosie  2009 ) are being used to visualize 
phylogeographic data.  

   11.3.4    Evolutionary  l arge -  s cale 
 p atterns and  n on -  c ircumpolar 
 c ryptic  s pecies 

 The question of bipolar species experienced a renaissance 
under CAML. No doubt exists about the annual pole - to -
 pole migrations of the blue, humpback and fi n whales as 
well as seabirds such as the Arctic tern. In addition, a 
bipolar occurrence of a few benthic and pelagic inverte-
brate species had been controversially discussed. A recent 
comparison between the Register of Antarctic Marine 
Species and the ArcOD database revealed approximately 
230 species names to which occurrences from both polar 
regions were attributed. Recent attempts to provide evi-
dence for their existence with genetic methods were suc-
cessful, for example for the amphipod  Eurythenes gryllus  
occurring at the upper slopes of the Canadian Arctic, 
around Antarctica, and in the deep sea in between (France 
 &  Kocher  1996 ;s De Broyer  et al .  2007 ). Such evidence 
failed for the pteropod  Limacina helicina , being so far 
considered as one species but having 32% divergence 
between both polar regions (J.M. Strugnell, unpublished 
observations). Another weak example is the sponge  Stylo-
cordyla borealis , which has two sympatric distinct growth 
forms even within the Antarctic, one with a thick stalk, the 
other like a lollipop. For the widespread and well - known 
deep - sea holothurian  Elpidia glacialis , which has strong 
polar emergence, six subspecies are known and, using tra-
ditional methods, it is only a matter of interpretation not 
to consider these as six true species. A morphologic and 
genetic documentation of the existence of bipolar species 
among deep - sea komokiaceans and other foraminiferan -
 like protists was highlighted by Brandt  et al.   (2007a) . A 
high genetic and morphologic similarity was found for the 
planktonic anthomedusa genus  Pandea  between the north 
Pacifi c near Japan and East Antarctica (D. Lindsay  et al. , 
unpublished observations). In conclusion, it remains open 
whether genetic methods will continue to confi rm the 
bipolar occurrence of species and, consequently, gene - fl ow 
over extremely long distances or whether true bipolar 
species will remain rare exceptions. 

 Before we can understand the role of the Southern 
Ocean within global biodiversity patterns and underlying 
evolutionary processes, our knowledge of geographic cov-
erage has to be completed, especially for the deep sea of 

the Southern Ocean covering 27.9 million km 2 . Recent 
investigations, especially those of the ANDEEP expedi-
tions, revealed an extraordinarily high species richness at 
abyssal depths. More than 1,400 species of invertebrates 
were identifi ed (from only the taxa investigated) and more 
than 700 of these were assumed to be new to science 
(Brandt  et al.   2007a ). For example, within protists, the 
formaminiferan - like komokiaceans were not known from 
the Southern Ocean deep sea. Now 50 species are reported 
from that area of which 35 are undescribed (Godday  et al.  
 2007 ). Within the macrofauna, the isopods were the most 
diverse taxon with 674 species, of which 87% are putative 
new species. If we compare these numbers with the more 
than 4,400 known marine isopod species from the world 
oceans, the recent Southern Ocean deep - sea expeditions 
will add approximately 15% to our knowledge on the 
worldwide zoogeography of that taxon. For the megafauna, 
the occurrence of new Hexactinellida (glass sponges) and 
carnivorous demosponges and the fi rst report of Southern 
Ocean calcareous sponges (Calcarea) were among the most 
surprising results (Janussen  &  Reiswig  2009 ; Rapp  et al.  
in press). 

 Despite the incomplete faunal knowledge, several studies 
show linkages between the Antarctic fauna and that of the 
adjacent deep sea. These studies benefi ted from a new bio-
logically orientated view on Antarctic seawater tempera-
ture. Satellite images show that the well - known Southern 
Ocean hydrodynamic isolation separating warm surface 
water in the north from cold water in the south along the 
Antarctic Convergence is superimposed by horizontal gyres 
(Fig.  11.1 ). These allow fl oating material, for example 
larvae, other pelagic organisms, pieces of algae, or material 
serving as substratum for benthic species to penetrate this 
boundary in both directions (Clarke  et al.   2005 ; Barnes 
 et al.   2006 ). Thus, it is mainly the temperature difference 
that allows only very few species to survive at both sides of 
the Antarctic Convergence, rather than the front acting as 
a hydrodynamic barrier. The comparison between the 
surface and near - seabed temperature shows more obviously 
than ever before how less isolated are the Antarctic bottom -
 dwelling fauna  –  including those on the Antarctic shelf  –  
from those in the adjacent deep sea (Fig.  11.1 ). This has 
relevance not only for future scenarios under climate 
change but also major implications for the dispersal of 
animals at evolutionary and ecological timescales. 

 Hypotheses have always existed about such large - scale 
dispersal processes. The colonization of the deep sea by 
Antarctic organisms seemed to be most likely and most 
common, after the post - Gondwana breakup and establish-
ment of the ACC. Using genetic techniques, phylogenetic 
trees can be better linked to plate tectonics, especially the 
opening of deep - water basins between Antarctica and adja-
cent continents and the resulting global water mass cir-
culation. Recently, evidence has been provided for an 
evolutionary dispersal of deep - sea octopods that evolved 
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from common Antarctic ancestors around 30 million years 
ago into the northerly adjacent deep sea, called tropic sub-
mergence (Strugnell  et al.   2008 ). Similar development can 
be reconstructed for isopods (Asellota, Antarcturidae, 
Acanthaspidiidae, Serolidae, Munnidae, and Paramunni-
dae; Raupach  et al.   2004, 2009 ; Brandt  et al.   2007b ), the 
amphipod  Liljeborgia , of which the Antarctic representa-
tives still have eyes whereas their deep - sea relatives are 
blind (d ’ Udekem d ’ Acoz  &  Vader  2009 ), and the mollusk 
 Limopsis  (K. Linse, unpublished observations). In the oppo-
site direction, multiple evolutionary invasions from the 
deep sea to the Antarctic shelf, called polar emergence, are 
very likely for some other isopods, for example Munnop-
sidae, Desmosomatidae, and Macrostylidae because of their 
lack of eyes (Raupach  et al.   2004, 2009 ). Similar interpre-
tations are made for representatives of the deep - sea 
octopod  Benthoctopus  (Strugnell  et al.  in press). Such 
examples of long - term evolutionary dispersal have also 
been described for other taxa such as hexactinellid sponges, 
pennatularians, stalked crinoids, and elasipod holothurians 
but have never been studied in detail. Using techniques to 
decipher the molecular clock, the echinoid  Sterechinus  and 
the ophiuroid  Astrotoma agassizii  (Hunter  &  Halanych 
 2008 ; D í az  et al.  in press) were found to be examples of 
a split between shallow Antarctic and subantarctic species, 
which occurred not more than 5 million years ago when 
glacial – interglacial cycles started. This was long after Ant-
arctica disconnected from South America and the Antarctic 
Convergence formed. Similar results are available for the 
limpet  Nacella  (Gonz á lez Wevar  et al.  in press) and the 
bivalve  Limatula  (Page  &  Linse  2002 ). Perhaps the most 
extreme example for cryptic speciation is the sea slug  Doris 
kerguelensis , from which approximately 29 lineages are 
derived (Wilson  et al.   2009 ). This puts the development 
of the Antarctic Convergence 25 million years ago as a 
main agent of vicariance in question. Surprisingly, this rela-
tively recent split of species within a broad geographical 
range happened independently of their dispersal potential, 
because these taxa clearly differ from each other in their 
early life history traits. 

 If, despite these few faunistic teleconnections, Antarc-
tica ’ s fauna differs considerably from that of the adjacent 
slope and the deep sea, for example in the Weddell Sea 
(Kaiser  et al.  in press) and from that north of the Antarctic 
Convergence as for deep - sea gastropods (Schwabe  et al.  
 2007 ; Schr ö dl  et al.   submitted ), the reasons must be 
searched for in polar - , slope - , or deep - sea - specifi c environ-
mental parameters. At the level of evolution one major 
mechanism to generate such biogeographical heterogeneity 
on the Antarctic shelf is the climate diversity pump, being 
a modifi ed vicariance concept (Clarke  &  Crame  1989 ). 
Until a few years ago this concept was used to explain a 
relatively high richness of species with a predominantly 
circumpolar distribution. It was assumed that during glacial 
periods populations were spatially separated by grounded 

ice shelves and as a consequence a radiation of species 
occurred. At the end of a glacial period when the ice 
retreated, these new species supposedly mixed around the 
continent but were obviously not able to interbreed 
anymore. This has resulted in sibling species, for example 
ten sympatric octopods of the genus  Pareledone  (Allcock 
 2005 ; Allcock  et al.   2007 , in press), analogous to approxi-
mately eight cryptic species of the isopod  Ceratoserolis  
(Raupach  &  W ä gele  2006 ) and six allopatric species of 
 Glyptonotus  (Held  2003 ; Held  &  W ä gele  2005 ; Leese  &  
Held  2008 ; C. Held, unpublished observations). Mostly 
allopatric cryptic species also occur among the dendro-
chirote and aspidochirote holothurians, for example 
among  Laetmogone wyvillethomsoni  and  Psolus charcoti  
(O ’ Loughlin  et al.  in press) and the amphipod  Orchomene  
sensu lato (Havermans  et al.  submitted). Signifi cant genetic 
differences have also been found among the pantopod 
 Nymphon  in the East Antarctic Peninsula and Weddell Sea 
(Arango  et al.  in press) and the comatulid crinoid  Proma-
chocrinus  west of the Peninsula and in the Weddell Sea 
(Wilson  et al.   2007 ) as well as off East Antarctica (L. 
Hemery  &  M. El é aume, unpublished observations). The 
narcomedusa  Solmundella bitentaculata  was previously 
thought to be a single ubiquitous species but molecular 
studies suggest that it contains at least two cryptic species 
(D. Lindsay  et al. , unpublished observations). 

 Resulting from this, a milestone in evolutionary biodi-
versity research of the past years might be the paradigm 
shift from an assumed circumpolar macrobenthos to an 
obviously long - term patchy occurrence of closely related 
sibling or cryptic species in many taxa. 

 If, however, the large - scale pattern of the shelf - inhabit-
ing Antarctic macrobenthos is analyzed, using the current 
best available dataset (Fig.  11.3 ), only one single bioregion 
is found (Griffi ths  et al.   2009 ). The exception is gastropods 
following the pattern of a split into the Scotian subregion 
mainly comprising the Antarctic Peninsula and the High 
Antarctic Province, as proposed by Hedgpeth ( 1969 ), 
which was already questioned a few years later (Hedgpeth 
 1977 ). The difference between the interpretations is that 
the one - bioregion result is based on fully reproducible pres-
ence/absence datasets with an incomplete systematic cover-
age. Hedgpeth ’ s conclusion of two provinces included 
impressions of abundances and consequently of dominance 
patterns referring mainly to higher taxa and life forms. 
Additional bias can be caused by the fact that traditional 
results from the Peninsula were mainly from shallow waters 
whereas the rest of the Antarctic shelf was sampled at 
greater depth.   

 The Southern Ocean Continuous Plankton Recorder 
(CPR) Survey (Hosie  et al.   2003 ) was the major contribu-
tion of the CAML to the research on the Antarctic pelagic 
system and provided a close link to the Convention on the 
Conservation of Antarctic Marine Living Resources 
(CCAMLR). Use of the CPR has signifi cantly increased our 
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     Fig. 11.3 

   Species richness represented by color - coded 
residuals. Red implies higher than expected 
numbers of species (for the number of samples) 
and green lower than expected. Numbers of 
species ranged from 1 to 400 benthic  (A)  and from 
1 to 52 pelagic  (B) . The benthic group covers a 
broad range of invertebrates. Pelagic includes all 
zooplankton, fish, sea birds, seals, penguins, and 
whales. Neither group includes plants and microbes 
as the available data are insufficient. Residuals are 
calculated from the regression of observed species 
number on sample number per 3 °     ×    3 °  grid cell in 
benthic and pelagic data from the 122 datasets 
available in SCAR - MarBIN as of May 2009 ( www.
scarmarbin.be/scarproviders.php;  De Broyer  &  
Danis). Sampling effort is eliminated statistically, 
but intensive sampling by the Continuous Plankton 
Recorder off East Antarctica remains visible (see 
also Griffiths  et al.  submitted). Graph and data 
processing: H. Griffiths and B. Danis.  
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knowledge of Antarctic plankton communities by extend-
ing the time series and increasing the geographic coverage 
of the Southern Ocean CPR Survey to approximately 70% 
of the region, with the highest resolution off East Antarc-
tica. In the 2007/2008 CAML - campaign alone, 15 nations 
were involved using eight ships conducting 88 successful 
tows and over 23 transects at 10   m water depth. Since 
1991, 25,791 samples have been taken with a resolution of 
5 nautical miles, covering a total of 128,955 nautical miles 
(Southern Ocean CPR Data Set;  http://data.aad.gov.au/
aadc/cpr ). In terms of large - scale patterns, previous analyses 
of the Southern Ocean CPR data have shown latitudinal 
zonation of zooplankton across the ACC, the Sub - Antarctic 
Front (SAF) acting as a geographic barrier with different 
species found north and south of it (Hunt  &  Hosie  2003, 
2005 ). The copepod  Oithona similis  is not only an example 
for the large - scale pattern (Fig.  11.4 ) but also for temporal 
changes (see below).   

 South of the SAF and moving toward the continent, 
distinct assemblages could be identifi ed which were associ-
ated with zones within the ACC. Differences between the 

assemblages were subtle and based primarily on variation 
in abundances of species relative to each rather than differ-
ences in species composition itself. The CAML provided 
the opportunity to assess circum - Antarctic patterns. Only 
night data from the period between December and Febru-
ary were used, rare taxa were excluded, adults and juveniles 
were merged, and unidentifi ed groups removed. The results 
on the fauna sampled by the CPR showed no clear longi-
tudinal differences between sectors. In other words, the 
species composition and abundances of zooplankton within 
any band of the ACC are effectively the same: it is one 
community. Tows in January 2008 across Drake Passage 
did show lower abundances and diversity, but no substan-
tial differences from other transects were observed later in 
February. The Bellingshausen Sea did show very low abun-
dances and fewer plankton species. The large concentra-
tions of krill, especially in the West Atlantic sector (see 
Atkinson  et al.   2008 ), were not suffi ciently covered by this 
survey. Probably because of the method used, a neritic 
community only became obvious among the semipelagic, 
cryopelagic (ice preferring), and pelagic fi sh (Koubbi  et al.  
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     Fig. 11.4 

   Predictions for the spatial patterns of relative 
abundance of the cyclopoid copepod  Oithona 

similis  in January using boosted regression tree 
modeling. Data from the Southern Ocean 
Continuous Plankton Recorder survey were 
combined with environmental variables such as 
chlorophyll  a , bathymetry, ice cover, sea surface 
temperature, and nutrients, to predict the 
circum - Antarctic distribution of  O. similis  for 
bioregionalization. Gray indicates areas with 
insufficient combined data.  From Pinkerton  et al.  
( 2010 ); oceanographic fronts according to Orsi 
 et al.   (1995)  .  
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 submitted ), which is dominated west of the Antarctic Penin-
sula by Antarctic rock cod  Notothenia  and at high Antarctic 
latitudes by  Trematomus , Channichthyidae (icefi sh) (Fig. 
 11.5 A), and the pelagic  Pleuragramma antarcticum  
(O ’ Driscoll  et al.  in press). Other planktonic studies embed-
ded in CMarZ (see Chapter  13 ) used nets with smaller 
mesh sizes and sampled at greater depth than before. As a 
consequence, not only were the planktonic fauna more 
diverse than previously thought, but also many new species 
were discovered, including the ice - associated fauna.   

 Microorganisms and the gelatinous plankton likely 
belonged to the most under - represented groups of organ-
isms in Antarctic surveys. During the CAML phase, the 
understanding of both the extent and ecological variability 
of Antarctic marine bacterioplankton diversity was greatly 
enhanced. In just one study approximately 400,000 
sequence tags spanning a short hypervariable region of 
the SSU rRNA gene were determined for 16 samples 
collected from four regions (Kerguelen Islands, Antarctic 
Peninsula, Ross Sea, and Weddell Sea) (Ghiglione  &  
Murray, unpublished observations). This effort revealed 
over 25,000 different sequence tags, of which 13,000 
represented equivalents to new species (at a distance greater 
than 0.03 from the nearest known sequence in public 
databases). Samples at a low - activity cold seep in the Larsen 
B area, west of the Antarctic Peninsula, revealed 29 seep -
 related operational taxonomic units of bacteria and 10 
of Archaea, of which 20 – 30% have no closely cultivated 
relatives (Niemann  et al.   2009 ). The numbers of gelatinous 
plankton species increased by a factor of 2 – 3, especially 
among hydromedusae, siphonophores, and scyphomedusae, 
particularly within the neritic assemblage (Lindsay  et al. , 
unpublished observations). 

 Apex predators were also included in the CAML studies. 
An extensive census in the Atlantic sector of the Southern 
Ocean, mainly west and east of the Antarctic Peninsula 
(Scheidat  et al.   2007a ), showed that whale diversity was 
higher than expected. Four rare toothed whales from the 
family of the beaked whales (Ziphiidae) were registered: 
Arnoux ’ s beaked whale ( Berardius arnuxii ), Gray ’ s beaked 
whale ( Mesoplodon grayi ), strap - toothed whale ( M. layar-
dii ), and southern bottlenose whale ( Hyperoodon plani-
frons ), the last with occurrences only in waters deeper than 
500   m. Some of the sightings were southernmost records 
(Scheidat  et al.   2007b ).  

   11.3.5    Ecologically  d riven 
 c ommunity  h eterogeneity 
between  e xtremes 

 One milestone to which CAML researchers contributed is 
a paradigm shift from a supposed Antarctic circumpolar 
benthos being rich in species, life forms, and biomass (Figs. 
 11.5 B, C and D) to the general understanding that there is 

a full range of benthic assemblages from extremely diverse 
to extremely meager (Fig.  11.6 ).   

 Within such a heterogeneous patchwork, poor assem-
blages were already known decades ago; however, during 
the CAML phase these were more intensively studied, for 
example on seamounts (Fig.  11.5 E) (Bowden  et al.  submit-
ted) and in areas formerly covered by the ice shelf (Fig. 
 11.5 F) (Gutt  et al.  in press). This extreme variability can 
also be attributed to the pelagic system, where on the one 
hand krill swarms are extremely rich in biomass, but on the 
other hand extremely low biomass and production are 
known from the winter season, with a deepest - ever recorded 
Secchi depth of 80   m, measured on October 13, 1986 in 
the Weddell Sea (Gieskes  et al.   1987 ). At the seafl oor, 
extremely low abundances can be found in different habi-
tats; at shallow depths with permanent disturbance, in fresh 
iceberg scours (Gutt  &  Piepenburg  2003 ), and under the 
ice shelf (Gutt  2007 ). The question of how extremely low 
abundances can be explained is especially challenging. 
Unfavorable environmental conditions can lead to the total 
absence of specifi c life forms or ecological guilds, such as 
fi lter feeders. If food supply is poor then perhaps no more 
than a few individuals the size of a tennis ball in an area of 
a tennis court could exist. However, abundances in the 
formerly ice shelf covered Larsen B area east of the Antarc-
tic Peninsula remained at obviously even lower levels, 
observed  in situ  during a  Polarstern  expedition in 2007, 
fi ve years after the ice shelf disintegrated (Gutt  et al.  in 
press). Because reduced long - term dispersal capacity, at 
least of species with a circumpolar distribution, can hardly 
explain this alone, a hypothesis was developed that a poor 
temporal predictability of food supply during the early life 
phase could explain extremely rare abundance of adults 
(Gutt  2007 ). 

 Very low biodiversity is also known from different 
seamounts. At the Admiralty Seamount (East Antarctic), 
high local densities of stalked crinoids (Hyocrinidae, Fig. 
 11.5 E), brachiopods, and suspension - feeding ophiuroids 
( Ophiocamax ) may refl ect ecological conditions such as 
low predation pressure and low food supply or evolution-
ary factors (Bowden  et al.  submitted). The sediment here 
was dominated by crinoid ossicles, indicating a long per-
sistence of these populations. In contrast, the benthos of 
the Scott Seamount less than 400   km away at the same 
latitude was characterized by a higher abundance of preda-
tors, including lithodid crabs, regular sea urchins, and sea 
stars. A very similar pattern had previously been found 
on the Spiess Seamount, with large specimens of sea 
urchins ( Dermechinus horridus ) as well as lithodid crabs 
( Paralomis elongata ) being the most conspicuous species 
and, like the Admiralty Seamount, the seafl oor was almost 
completely covered by spine debris (   J. Gutt, unpublished 
observations). 

 These differences of dominant species might not only 
represent temporal parallel ecological processes leading 
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    (A)  Antarctic ice fish ( Pagothenia macropterus ) exhibit the most developed adaptation to low temperatures. Thus they are traditionally a target of 
evolutionary, physiological, genetic, and ecological studies. Repository reference DOI: 120.1594/PANGAEA.702107, also for Fig. 5F. (Photograph: J. Gutt and 
W. Dimmler;  ©  AWI/Marum, University of Bremen.)  (B)  Hexactinellid sponges ( Rossella nuda ,  Scolymastra joubini ) are common on the Antarctic shelf, 
where they grow to a size of up to 2   m. They indicate areas free of disturbance for long periods owing to their slow growth when they are adult. Eastern 
Weddell Sea, 233   m water depth. (Photograph: J. Gutt and W. Dimmler;  ©  AWI/Marum, University of Bremen.)  (C)  Concentrations of bryozoans can form 
together with hydroids and demosponges a microhabitat for other animals (for example holothurians) as seen here north of D ’ Urville Island, West of the 
Antarctic Peninsula, at  ca . 230   m water depth. Owing to their life traits, they can serve as indicator species for Vulnerable Marine Ecosystems for CCAMLR. 
 (Courtesy of S. Lockhart and D. Jones;  ©  US - AMLR program.)   (D)  The concentrations of hydrocorals of the genus  Errina  and other sessile organisms such 
as sponges (background) at the George V Shelf, 65.7 °  S 140.5 °  E, 680   m depth, were the reason for designating this area as a  “ Vulnerable Marine 
Ecosystem ” .  (Courtesy of A. Post and M. Riddle;  ©  Australian Antarctic Division.)   (E)  Stalked crinoids (Hyocrinidae) dominate the macro - epibenthos on 
parts of Admirality Seamount (67 °  S 171 °  E) at 550 – 600   m depth. They are unknown from elsewhere on the Antarctic shelf.  (Courtesy of D. Bowden, 
National Institute of Water and Atmospheric Research;  ©  Land Information New Zealand.)   (F)  Ascidians ( Molgula pedunculata ) can form almost 
monospecific assemblages in highly dynamic areas owing to iceberg scouring or disintegrating ice shelves. The Larsen B area, east of the Antarctic 
Peninsula, was covered by ice shelf five years before the photograph was taken, 188   m water depth. (Photograph: J. Gutt and W. Dimmler;  ©  AWI/Marum, 
University of Bremen.)  
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   Scheme of Antarctic macro - benthic assemblages.  From Turner  et al.  
 (2009) , modified after Gutt ( 2007 ) .  

to different results: they could also represent differently 
advanced stages of long - term developments because stalked 
crinoids resemble ancient Palaeozoic assemblages and 
predators indicate a more modern benthos. Generally,  in 
situ  images of crinoids could even be used to sample 
wide - range information on near - bottom current, which is 
important in explaining benthic community structures 
(El é aume  et al.  in press). Also, early recolonization stages 
of iceberg scours or areas after ice - shelf disintegration can, 
but do not necessarily always, consist of almost monospe-
cifi c assemblages such as bryozoans, cnidarians, or ascidians 
(Fig.  11.5 E). A dominance of one single species due to 
an assumed competitive displacement seems to be rare on 
the Antarctic shelf, but was observed, for example for the 
sponge  Cinachyra barbata  in the Weddell Sea. Favorable 
environmental conditions can cause a clear dominance on 
shallow hard and soft substrata, for example of the scallop 
 Adamussium colbecki , the limpet  Nacella concinna  (Barnes 
 &  Clarke  1995a ; Chiantore  et al.   2001 ), or the infaunal 
clam  Laternula elliptica  and the deep - sea holothurian 
 Elpidia glacialis  (Gruzov  1977 ; Gutt  &  Piepenburg  1991 ). 
The richness of species of the Southern Ocean deep sea 
has already been discussed and does not support the 
hypothesis of a gradient of decreasing richness toward 
the south (Brandt  et al.   2007a ). Even the opposite was 
found for gastropods (Schr ö dl  et al.   submitted ), which is 
in contrast to shallow habitats. Communities on the shelf 
can reach extremely high values for wet weight biomass, 
up to 12   kg   m  − 2  (Gerdes  et al.   2003 ), with relatively high 

biodiversity compared with the Arctic shallow water. And 
they are not always defi ned by the well - known sponge 
concentrations: recently an assemblage shaped by the else-
where rare hydrocoral  Errina  has been discovered 
(CCAMLR  2008 ) (Fig.  11.5 D). 

 A high geographical turnover of macrobenthic assem-
blages within larger regions can generally be explained 
mainly by sea - ice conditions and proxies for food supply 
such as current and pigments in the sediment (Gutt  2007 ; 
V. Cummings, unpublished observations). Such a regional 
co - existence of different communities is found almost 
everywhere, at the Antarctic Peninsula (Lockhart  &  Jones 
 2008 ), at smaller places such as the well - investigated 
Admiralty Bay including macroalgae (Sici ń ski  et al.  submit-
ted), in the Weddell and the Ross Seas (Gutt  2007 ; V. 
Cummings, unpublished observations), or off East Antarc-
tica (Gutt  et al.   2007 ). For selected deep - sea polychaetes, 
the challenging question of how allied species can co - 
exist without out - competing each other was answered by 
their different food preferences, analyzed by biochemical 
analyses (W ü rzberg  et al.   submitted ). 

 Use of the CPR to study plankton patterns has shown 
that the large - scale zonation around Antarctica (subant-
arctic, sea ice, neritic) is consistent with latitudinal ocean-
ographic zones as defi ned by Orsi  et al   (1995)  or Sokolov 
and Rintoul  (2002) ; see also Takahashi  et al.   (2002) , 
Umeda  et al.   (2002) , Hunt  &  Hosie  (2003, 2005, 2006a, 
b) , and Takahashi  et al.  ( 2010 ). These patterns are super-
imposed by the sea - ice margin and related melting proc-
esses, which directly affect the success of some species 
and consequently the entire community (Raymond  &  
Hosie  2009 ). The Bellingshausen Sea, for example, exhib-
ited low diversity and abundances. Temporal changes 
during the past decade have been observed with a decrease 
in the dominance of krill in the sea - ice zone of eastern 
Antarctic and an increase in dominance by smaller zoo-
plankton more typical of the permanent open ocean zone, 
notably the cyclopoid copepod  Oithona similis , small 
calanoid copepods  Calanus simillimus  and  Ctenocalanus 
citer , foraminiferans, and larvaceans. Zooplankton abun-
dances in general increased by about 50 times but prob-
ably with a lower effect on the total biomass because 
generally the shift was to small species. Besides the above -
 described coarse and well - known circumpolar pattern, no 
latitudinal zonation became obvious within a broad band 
of the ACC ranging from approximately 52 °  to 64 °  S 
covering a temperature range between a sea surface tem-
perature of 2 and 6    ° C. However, within the single surveys 
differences between predominantly north – south - orien-
tated transects became visible. It is too early to speculate 
whether the temporal and spatial turnover in community 
structure is a result of global change, or a shift between 
two natural events. 

 The mesopelagic fi sh fauna, mainly comprising myc-
tophids, were only recently recognized as a key component 
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in the open ocean system because they prey on mesozoo-
plankton, especially copepods, and in turn are the major 
prey of top predators. They also contribute to fast vertical 
energy fl ux of organic material due to their vertical migra-
tions (Koubbi  et al.   submitted ). Major success has been 
made in understanding their ecological demands and physi-
cal environment, for example in terms of chlorophyll  a , sea 
surface temperature, salinity, and nutrients. Based on that, 
predictions can be made about suitable habitats for their 
biodiversity, even for areas from which no such biological 
data exist.  

   11.3.6    Small -  s cale 
 h eterogeneity, a  c ontribution to 
 l arge -  s cale  b iodiversity 

 Epibiotic relationships have become more obvious since 
the fi rst seabed photographs were taken in the late 1950s. 
However, for a long period, symbiotic associations, which 
include parasitic relationships, were judged to be rare in 
Antarctica (AAVV  1977 , p. 389). Later, sponges, bryo-
zoans, and cnidarians (Figs.  11.5 B, C and D) were recog-
nized as the main substratum for a variety of echinoderms. 
In total 347 of such interspecifi c relationships were found 
using imaging techniques (Gutt  &  Schickan  1998 ). More 
recent and detailed studies revealed that cidaroid sea -
 urchin spines alone provide the microhabitat for some 156 
species, for example bryozoans, sponges, bivalves, and 
holothurians, of which some even live obligatorily on the 
spines. So far, 23 especially close associations (encompass-
ing commensalism, associational defense, and parasitism) 
have been reported for the Antarctic. Hosts are generally 
echinoderms, whereas the symbionts are mainly mollusks 
and polychaetes (S. Schiaparelli, unpublished observa-
tions). The more such symbioses are searched for, the 
more that are found, for example between a polynoid 
polychaete and the holothurian  Bathyplotes bongraini  
(Schiaparelli  et al.  in press). Many Antarctic symbioses 
represent relict interactions, already present before the iso-
lation and cooling of the continent. They might play an 
important role in explaining an ecological coexistence of 
species. Such specifi c relationships are also considered to 
characterize a mature ecosystem. In the area where the 
Larsen Ice Shelf recently disintegrated, the composition of 
epibiotic species did not differ from that living on boul-
ders (H é t é rier  et al.   2008 ; Linse  et al.   2008 ; Hardy  et al.  
in press), which indicates a transitional stage of ecological 
development. A possible hypothesis could be that, in 
general, symbionts not only linearly contribute to biodi-
versity as all other species do, but also by providing poten-
tial living substrata they might instead accelerate the 
increase in Antarctic macrobenthic biodiversity by attract-
ing other species.  

   11.3.7    Applied  a spects and 
 b iodiversity  c hange 

 Antarctic waters might be the best protected marine areas 
on Earth owing to the  “ Protocol on Environmental Protec-
tion to the Antarctic Treaty ”  (the  “ Madrid Protocol ” ). 
Science managers and politicians have not given high prior-
ity to specifi c marine nature conservation actions for a long 
time. Recently, interest in such approaches has increased. In 
2008 the CCAMLR adopted a proposal by Australia, based 
on CAML ’ s CEAMARC expedition Collaborative East Ant-
arctic Census of Marine Life (Hosie  et al.   2007 ), to declare 
two areas of the Southern Ocean mentioned above as Vul-
nerable Marine Ecosystems (VMEs) because of their complex 
and vast coralline assemblages. The purpose of the classifi ca-
tion is to protect the sites from longline fi shing impact, a 
major concern after bottom - trawl fi shing was banned in 
the most profi table area west of the Antarctic Peninsula 
(CCAMLR  2008 ). In addition to several VMEs, one of the 
world ’ s largest Marine Protected Areas (MPAs) has recently 
been designated in an area south of South Georgia. 

 CCAMLR initiated a bioregionalization project (Grant 
 et al.   2006 ), which predicts potential habitats for key eco-
logical species and assemblages in order to identify biologi-
cal hot spots (Koubbi  et al.   submitted ). The United Nations 
Environmental Program developed criteria to defi ne Eco-
logically and Biologically Signifi cant Areas as determined 
by the Convention on Biological Diversity in 2008, which 
is independent of any sustainable use of the ecosystem. The 
Scientifi c Committee on Antarctic Research recently com-
piled a comprehensive Report on the  “ Antarctic Climate 
Change and the Environment ”  (Turner  et al.   2009 ), which 
addresses the necessity for baseline information and long -
 term observations to monitor the mainly climate - induced 
affects on the ecosystem. All these initiatives were signifi -
cantly supported, some even initiated, by leading CAML 
scientists. The results also provide a valuable basis to keep 
the Red List of Threatened Species ( http://www.iucnredlist.
org ) updated. 

 Bioprospection in the Antarctic is still in its infancy. 
Providing that international law and conventions are 
respected, CAML can contribute to a further development 
of this opportunity, and consequently of Antarctic ecosys-
tem services to the benefi t of human well - being. Marine 
biodiversity is protected from large - scale offshore fertiliza-
tion for CO 2  mitigation by the Convention on Biological 
Diversity and the Madrid Protocol to the Antarctic Treaty. 
Fish stocks around the Antarctic Peninsula have been pro-
tected from bottom trawling since the 1990 – 91 season. The 
development of fi sh stocks was observed around Elephant 
Island and the lower South Shetland Islands in December 
2006  –  January 2007 surveys (K. - H. Kock, unpublished 
observations). One of the most abundant species before 
exploitation, the mackerel icefi sh ( Champsocephalus 
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gunnari ), has not yet recovered. The status of the second 
target species of the fi shery, the marbled notothenia 
( Notothenia rossii ), is unclear as no specifi c surveys for the 
species have been conducted. Bycatch species, icefi sh, and 
nototheniids, appear to have recovered since the area was 
closed to commercial fi shing. Unexplainable so far is the 
recruitment failure in the past seven or eight years of 
the yellow notothenia ( Gobionotothen gibberifrons ). The 
stock currently consists to a very large extent only of 
adult fi sh.   

   11.4    Blueprint for 
the Future 

   11.4.1    Hot and  c old  s pots of 
 b iodiversity 

 During the CAML period, knowledge of Antarctic bioge-
ography steadily increased, in some cases exponentially, in 
others blank spots were fi lled. We are now able to identify 
more local biodiversity hot (and cold) spots. However, 
regionally comparable criteria are still diffi cult to apply. In 
this context it is necessary to establish a systematic geo-
graphic coverage, as spatially homogenous as possible for 
as many as possible relevant regions, and not so much to 
reach detailed results at one single location. Then, the total 
number of species in the Antarctic must not remain 
unknown forever (Gutt  et al .  2004 ). It can be mathemati-
cally extrapolated (Chao  2005 ), although most algorithms 
demand information on rare species. Consequently, not 
only presences but also information on the absence and 
abundance of species is strongly needed. 

 Ecological modeling will become increasingly important 
to fi ll gaps in our understanding of biodiversity dynamics. 
The fi rst objective is to understand the relations between 
environmental parameters, biological traits, and biodiver-
sity patterns. If robust correlations are found, then in a 
second step the fl ora and fauna can be deduced from well -
 known environmental patterns and perhaps vice versa. 
When ecological interactions are well understood, then the 
most diffi cult challenge of predicting the future becomes 
possible. Some important steps in this direction have already 
been made. The community approach tries to classify eco-
logically complex relationships and to identify key species 
(Gutt  2007 ; Post  et al.  in press). The habitat suitability or 
potential habitat modeling approach tries to extrapolate 
from known environmental parameters using information 
on the ecological demands of key organisms to fi ll geo-
graphical gaps in their distribution and, thus, also contribute 
to a general understanding of ecosystem functioning (Koubbi 
 et al.   submitted ). The bioregionalization/ecoregionalization 
approach reaches a complete geographic coverage in eco-
logically relevant parameters that have been classifi ed (Grant 

 et al.   2006 ; see also Fig.  11.4 ) and databases provide a com-
prehensive source for species numbers and their occurrence. 
A handful of international working groups could reach 
highly synergistic effects by integrating these approaches, 
which could result in both a circumpolar mapping of bio-
logical processes and structures and, fi nally, an integrated 
 “ Antarctic biodiversity and ecology model ” .  

   11.4.2    Biodiversity and 
 e cosystem  f unctioning 

 Integrated research projects are a fundamental basis to deci-
pher the relation between biodiversity and ecosystem func-
tioning. One complex set of questions centers around the 
environmental processes generating biodiversity hot and 
cold spots. What are the main physical and biological drivers 
of the rich benthic suspension feeder communities? If silicate 
alone supported the abundant sponges, they would grow 
everywhere on the high - latitude shelf. Instead, they show 
complex population patterns. Or is the near - bottom current 
the main driver providing high amounts of food for the 
benthos, which is regionally and temporally highly unpre-
dictable (see, for example, Montes - Hugo  2009 )? Why are 
some areas dominated by single species whereas others are 
highly diverse? We know assemblages shaped by prey –
 predator relationships (Dayton  et al .  1994 ) but why are they 
so rare? Is the co - occurrence of vivipary and indirect devel-
opment an evolutionary adaptation to glacial conditions 
with isolated habitats and interglacials with large areas for 
colonization but with interspecifi c competition (Teixid ó   et 
al .  2006 )? Are rare species just a quirk of nature, and only 
algae, nematodes, and krill matter, or does biodiversity con-
tribute to the resilience of the ecosystem through stability 
and adaptation? Does iron limitation of the pelagic system 
support high or low diversity among primary and secondary 
producers? How can the pelagic system lose large amounts 
of its key prey Antarctic krill through climate - induced 
changes in the sea - ice dynamics, but allow whales to recover? 
Answers to these questions will not only contribute to 
advances in fundamental research but will also contribute 
to the needs of politicians and other decision - makers.  

   11.4.3    Response of  m arine 
 b iodiversity to  g lobal  c hange and 
 e cosystem  s ervices 

 When dealing with the response to climate change of any 
ecosystem there are two major concerns: (1) the reduction 
in ecosystem services; (2) the irreversible loss of biodiver-
sity. For the latter, CAML has provided a benchmark of 
current biodiversity in certain habitats, but also changes 
have already been observed. Compared with the situation 
in other continents, most effects of climate change are still 
poorly understood. We do not know whether this is just 
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the beginning of a rapid development similar to that seen 
in the Arctic or whether the Antarctic will generally remain 
relatively isolated from anthropogenic processes. To track 
such process we need long - term, regular observations as 
proposed for the Southern Ocean Observation System, 
supported by repeated CAML - type census activities con-
ducted at regular intervals, station - based surveys, as well 
as the use of moorings. These must be at (1) sensitive 
habitats presumed to be affected in the near future, for 
example along the Antarctic Convergence (Cheung  et al.  
 2009 ), (2) areas that can act as refuges, and (3) systems 
that have already experienced a signifi cant change, for 
example west of the Antarctic Peninsula (Ducklow  et al.  
 2007 ). Attention should also be paid to the Antarctic deep 
sea, because virtually nothing is known about its sensitivity 
to change (Kaiser  &  Barnes  2008 ). Several CAML projects 
have provided valuable information for predictive models 
on ecosystem developments, which need higher spatial 
resolution in physical parameters, information on extreme 
climate events, and more data on life - history traits of rep-
resentative key ecological species. It might become easy 
 –  but currently it is not trivial  –  to correlate biodiversity 
information with environmental parameters, for example 
changes in the ice - loving biota related to changes in sea - ice 
dynamics. The biggest challenge, however, is to simulate 
synergistic effects through the trophic system, which 
amplify or buffer the effects of climate changes. In the 
case of acidifi cation, future research should consider not 
only pteropods and the famous coccolithophorid  Emiliana 
huxleyi  but a cascade of associations including the plank-
tonic anthomedusa  Pandea rubra , pycnogonids, amphi-
pods, and baby cuninid medusae (Lindsay  et al.   2008 ), 
and benthic calcifying organisms, e.g. the coral  Errina . It 
should examine the effects of increased ultraviolet radia-
tion on the composition of food for benthic and pelagic 
consumers, and the consequences of increased particulate 
matter resulting from the retreat of the coastal glaciation, 
which affects primary producers and fi lter feeders.  

   11.4.4    New  t echnology and  g aps 

 Antarctica ’ s biodiversity has two clear characteristics: there 
are only a few large and charismatic species such as pen-
guins and whales, but tens of thousands of invertebrates. 
There are also legions of microbes, almost all of which are 
unknown. For the last two groups, the quality of next -
 generation biodiversity studies will depend upon how well 
we can identify species. Traditional methods of species 
identifi cation may be supplanted by genetic methods, which 
may contribute to larger ecological and evolutionary con-
cepts. Barcoding must be as applicable in the future as 
traditional methods are today (including the accessibility of 
information about the species described so far). The new 
genetic technology has a bright future if existing knowledge 
is not wasted and if it does not remain an elitist tool for 

geneticists. It must be a complementary method for use by 
all biologists as they would use computers or microscopes 
today. Because ecological studies depend on the biological 
species concept of interbreeding populations, it must also 
be agreed that genetically defi ned species serve as good 
proxies for the biologically defi ned species bringing the 
same degree of confi dence as morphologically defi ned 
species did in the past. In addition, reconstruction of phylo-
geny demands the application and further development of 
modern genetic techniques, for example a better under-
standing of the  “ molecular clock ” . Until these aims are 
reached, traditional taxonomic work must continue to be 
supported including the development of new strategies to 
speed up the publication of hundreds of putative new 
species. 

 One of the biggest challenges to discovering Antarctica ’ s 
life is to survey the large areas underneath the large fl oating 
ice shelves, some being up to several hundreds of meters 
thick. Only ROVs, autonomous underwater vehicles, 
gliders, and crawlers are suited to operate in this kind of 
habitat. Let us imagine such vessels are equipped with 
autonomously working gene sequence analyzers. That 
would be the  “ key ”  to surveying the biodiversity of this 
extreme habitat and answering major evolutionary and eco-
logical questions. The same could be applied to permanent 
pack - ice areas and 60% of the Southern Ocean when it is 
ice - covered in winter. It has recently been discovered that 
benthic and pelagic life does not necessarily slow down 
during winter as formerly suggested, for example, by 
Gruzov ( 1977 ). Thus, it is very important for a general 
understanding of the Antarctic ecosystem to continue with 
studies on the adaptation of key ecological organisms to 
the extreme winter conditions (see, for example, Barnes  &  
Clarke  1995b ; Schnack - Schiel  2001 ). 

 At the ecological level, a promising strategy to discover 
unknown processes might be studies in well - known hot 
spots in one ecological subsystem but with poor knowl-
edge of the rest of the ecosystem. These could be pelagic 
and benthic studies near feeding grounds of vertebrates 
or benthic deep - sea areas with and without krill concen-
trations. In addition, areas with intensive downwelling 
can be of specifi c scientifi c interest. They are rare, but 
such sites have been found at the slope of East Antarctica 
and are assumed to exist in the western Weddell Sea. 
It is not only interesting how organic material as food 
for pelagic and benthic life is rapidly transported from 
shallow to deeper waters but also what the role is of 
such a current for the evolutionary and short - term dis-
persal of shelf animals into the deep sea. The relevance 
of ecological interfaces for Antarctic biodiversity is fre-
quently discussed in the scientifi c community. Results for 
interactions between ice and water column, euphotic zone 
and underlying water masses, or the pelagic – benthic cou-
pling at all water depths should not remain tantalizingly 
out of reach.   
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   11.5    Conclusions 

 CAML has demonstrated that life in the coldest marine 
ecosystem on Earth is rich, unique, and worthy of high -
 priority study. We have taken a signifi cant step forward 
toward the long - term aim of a complete documentation 
of its biodiversity and a comprehensive understanding of 
its sculpting forces. The major fi ndings at the evolutionary 
scale are of a large systematic coverage of cryptic species 
with distinct non - circumpolar occurrence. Extreme eco-
logical heterogeneity exists at various spatial, biological, 
and temporal scales. The key to convincing decision - makers 
to fi nance a progressive continuation of this work is to 
assess the contribution of Antarctica ’ s biodiversity to 
human well - being and ecosystem services. This can include 
sustainable exploitation of genetic information and the 
recognition of the role of the ecosystem as a natural CO 2  
sink. Antarctica ’ s life is part of the global biodiversity in 
which causes of and biological response to anthropogenic 
impact are spatially separated. It is recognized as  “ the 
canary in the coal mine ” , able to provide early warning 
of dire environmental effects of global warming (IPCC 
 2007 ). In this respect, future marine biodiversity surveys 
have an important role to fi ll.  
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   12.1    Introduction 

   12.1.1    Importance 

 The oceans abound with single cells that are invisible to 
the unaided eye, encompassing all three domains of life  –  
Bacteria, Archaea, and Eukarya  –  in a single drop of water 
or a gram of sediment (Figs.  12.1 A, B, C, and D). The micro-
bial world accounted for all known forms of life for more 
than 80% of Earth ’ s history. Today, microbes continue to 
dominate every corner of our biosphere, especially in the 
ocean where they might account for as much as 90% of the 
total biomass (Fuhrman  et al.   1989 ; Whitman  et al.   1998 ). 
Even the most seemingly inhospitable marine environments 

host a rich diversity of microbial life (Figs.  12.1 E and H). 
For the past six years, microbial oceanographers from 
around the world have joined the effort of the International 
Census of Marine Microbes (ICoMM, Box  12.1 ) to explore 
this vast diversity. In this chapter we provide a brief history 
of what is known about marine microbial diversity, sum-
marize our achievements in performing a global census of 
marine microbes, and refl ect on the questions and priorities 
for the future of the marine microbial census.       

 From the time of their origins, single - cell organisms  –  
initially anaerobic and later aerobic  –  have served as essen-
tial catalysts for all of the chemical reactions within 
biogeochemical cycles that shape planetary change and hab-
itability. Marine microbes carry out half of the primary 
production on the planet (Field  et al.   1998 ). Microbial 
carbon re - mineralization, with and without oxygen, main-
tains the carbon cycle. Microbes account for more than 
95% of the respiration in the oceans (Del Giorgio  &  Duarte 
 2002 ). They control global utilization of nitrogen through 



Part III Oceans Present – Global Distributions224

(A)
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(G) (H)
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     Fig. 12.1 

   Microbial life spans all three domains of life inclusive of Bacteria, Archaea, and Eukarya and their associated viruses. This collage shows examples of the 
types of marine microbes and diverse habitats included in the microbial census. Photograph credits are given in parentheses. From the leftmost panel, 
 (A)  a  Synechococcus  phage (John Waterbury),  (B)  filaments of the marine cyanobacterium  Lyngbya  (David Patterson, used under license),  (C)  the 
hyperthermophilic archaeon  “ GR1 ”  (Melanie Holland), and  (D)  a single - celled eukaryote called an acantharian (Linda Amaral - Zettler, used under license). 
Examples of diverse environments sampled as part of the microbial census include the following:  (E)  the Lost City Hydrothermal Vent flange actively venting 
heated hydrogen and methane rich fluids, (IFE, URI - IAO, UW, Lost City science party, and NOAA);  (F)  the sandy coastline from the North Sea island Sylt 
(Ang é lique Gobet);  (G)  the open ocean waters of the South Pacific Ocean (Katsumi Tsukamoto), and  (H)  the waters off the Antarctic Peninsula (Hugh Ducklow).  

N 2  fi xation, nitrifi cation, nitrate reduction, and denitrifi ca-
tion, and drive the bulk of sulfur, iron, and manganese 
biogeochemical cycles (Kirchman  2008 ; Whitman  et al.  
 1998 ). Marine microbes regulate the composition of the 
atmosphere, infl uence climate, recycle nutrients, and 
decompose pollutants. Without microbes, multicellular 

animals on Earth would not have evolved or persisted over 
the past 500 million years. 

 Measuring microbial diversity in a broad range of marine 
ecosystems (see, for example, Figs.  12.1 E, F, G, and H) will 
facilitate quantifi cation of the magnitude and dynamics of 
the microbial world and its stability through space and 
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    ICoMM is one of 14 Census of Marine Life ocean realm 
projects that explores the diversity, distribution, and abun-
dance of microbial life in the oceans. ICoMM ’ s leadership 
represents a collaborative effort between the Royal 
Netherlands Institute for Sea Research (NIOZ), in Texel, The 
Netherlands, and the Marine Biological Laboratory (MBL) 
in Woods Hole, MA, USA. Collectively ICoMM has provided 
a means to galvanize the microbial oceanographic com-
munity in conducting a global census of marine microor-
ganisms. The goal of ICoMM is to determine the range of 
genetic diversity and relative numbers of different microbial 
organisms at sampling sites throughout the world ’ s oceans. 

Since 2004, ICoMM has provided support for training work-
shops and meetings including five primary working groups 
(Benthic, Open Ocean and Coastal Systems, Technology, 
Informatics and Data Management, and Microbial Eukaryo-
tes), and its Scientific Advisory Council that engage the 
international community of marine microbiologists. In 2006, 
ICoMM served as the coordinating body that helped to 
secure funding from the W. M. Keck Foundation for a 454 
DNA pyrosequencing system dedicated to DNA tag 
sequencing projects. Additional information about ICoMM ’ s 
membership, scope and activities can be found on the 
ICoMM website:  icomm.mbl.edu .  

  A Brief History of  IC  o  MM  

  Box 12.1 

time. The phylogenetic and physiological diversities of 
microbes are considerably greater than those of animals and 
plants, and microbial interactions with other life - forms are 
correspondingly more complex (Pace  1997 ). Measuring 
marine microbial diversity and determining corresponding 
associated functions will thus provide a wealth of informa-
tion about specifi c microbial processes of great signifi cance 
such as wastewater treatment, industrial chemical pro-
duction, pharmaceutical production, bioremediation, and 
global warming. Examining the relationships between 
microbial populations and whole communities within their 
dynamic environment will allow us to formulate better the 
defi nition of what constitutes an ecologically relevant 
species in the microbial world. Molecular methods rely 
upon measures of genetic similarity to describe operational 
taxonomic units (OTUs). Statistical treatments can use the 
relative number of distinct OTUs to estimate diversity, but 
these inferences do not translate directly into numbers of 
microbial species. Microbiologists have not reached con-
sensus on the defi nition of microbial species using either 
molecular or phenotypic approaches. However, ecological 
concepts of microbial species based upon molecular data 
will inform theoretical applications and guide solutions to 
major challenges facing science and human society.  

   12.1.2    Microbial  d iversity 
and  a bundance 

 The reliance upon traditional cultivation and staining 
techniques led to gross underestimates of microbial abun-
dance and species richness in both oceanic and terrestrial 

environments (Jannasch  &  Jones  1959 ; Zimmermann  &  
Meyer - Reil  1974 ; Hobbie  et al.   1977 ) (Fig.  12.2 ). The 
application of fl uorescence - based microscopy coupled with 
DNA staining methods revealed the great  “ plate count 
anomaly ” , which posits that microbiologists have under-
estimated microbial abundances by at least three orders 
of magnitude. Instead of a mere 100 cells per milliliter 
of seawater, nucleic - acid staining technology showed the 
number of bacteria in the open ocean exceeds 10 29  cells, 
with average cell concentrations of 10 6  per milliliter of 
seawater (Whitman  et al.   1998 ). In marine surface sedi-
ments, cell abundances are 10 8  – 10 9  per gram, and even 
in the greatest depths of the subsurface seabed, more than 
10 5  cells per gram are encountered (J ø rgensen  &  Boetius 
 2007 ). The ocean also hosts the densest accumulations 
of microbes known on Earth, reaching 10 12  cells per mil-
liliter, like the photosynthetic mats thriving in hypersaline 
environments, and the methanotrophic mats of anoxic 
seas, resembling ancient microbial assemblages before the 
advent of eukaryote grazers (Knittel  &  Boetius  2009 ). 
Archaeal cell abundances rival those of bacteria in certain 
parts of the ocean and the seabed, and microbial eukaryo-
tic (protistan) densities vary widely from tens of cells per 
liter to bloom conditions that can surpass 10 6  cells per 
milliliter of seawater.     

 As of 2010, cultivation - based studies have described 
more than 10,000 bacterial and archaeal species 
( http://www.bacterio.cict.fr/number.html ) and an estimated 
200,000 protistan species (Corliss  1984 ; Lee  et al.   1985 ; 
Patterson  1999 ; Andersen  et al.   2006 ). Cultivation - 
independent studies that rely upon molecular methods such 



Part III Oceans Present – Global Distributions226

1950

10s

Sequence data generation (reads)

AGAACCTTACCNNN...NNNAGAACCTTACCNNN...NNNAGAACCTTACCNNN...NNNAGAACCTTACCNNN...NNN
  TTGGAATGGNNN...NNNTCTTGGAATGGNNN...NNNTCTTGGAATGGNNN...NNNTCTTGGAATGGNNN...NNNTC

ATP-measurement as
bacterial biomass proxy

(Holm-Hansen & Booth 1966)

Epifluorescence microscopy
(Zimmermann & Meyer-Reil 1974)

(Hobbie et al. 1977)
Cultivation-independent 

rRNA study 
(Stahl et al. 1984)

ICoMM pyrotag 
sequencing 

(Sogin et al. 2006)

Direct Microscopic 
Counts vs. Culturing

(Jannasch & Jones, 1959)

Marine
Flow Cytometry

(Yentsch et al., 1983)

Fluorescence
in situ hybridization

probes 
(DeLong et al. 1989)

Serial analysis of 
ribosomal sequence

tags (SARST-V6)
(Kysela et al. 2005)

1,000,000s100,000s1000s100s

201020001990198019701960

     Fig. 12.2 

   A timeline showing milestones in advances in technology that have enabled the microbial census (Jannasch  &  Jones  1959 ; Holm - Hansen  &  Booth  1966 ; 
Zimmermann  &  Meyer - Reil  1974 ; Hobbie  et al .  1977 ; Yentsch  et al.   1983 ; Stahl  et al.   1984 ; DeLong  et al.   1989 ; Kysela  et al.   2005 ; Sogin  et al.   2006 ). 
Upper right photograph by Tom Kleindinst, Woods Hole Oceanographic Institution.  

as the sequencing of 16S ribosomal RNA (rRNA) genes 
show microbial diversity to be approximately 100 times 
greater (Pace  1997 ). With each new molecular survey, this 
window on the microbial world has increased in size.   

   12.2    Challenges of 
a Microbial Census 

 The ocean covers 70% of the Earth ’ s surface (an estimated 
volume of about 2    ×    10 18    m 3 ) and has an average depth of 
3,800   m. Strategies for conducting a census must consider 
the enormous geographical area to be surveyed, an almost 
unimaginable number of cells, and the impact of spatial 
gradients and temporal shifts on microbial assemblages. In 
fact, before ICoMM, little was known about global patterns 
in microbial communities. Basic questions such as  “ is there 
a distinct difference between pelagic and benthic microbial 
communities? ”  or  “ what is the temporal turnover in micro-
bial cells between two sampling dates? ”  profoundly infl u-
enced our sampling strategies. 

 Contemporary molecular approaches typically use rRNA 
sequences as proxies for the occurrence of different micro-
bial genomes in an environmental DNA sample (coding 
regions for functional genes can also provide information 
about microbial population structures). However, the 
expense of conventional DNA sequencing has constrained 
the number of homologous sequences that microbial 

ecologists typically collect to describe community composi-
tion. Relative to the number of microbes in most samples, 
these surveys superfi cially describe microbial community 
structures. There are more than 10 8  microorganisms in a 
liter of seawater or a gram of soil (Whitman  et al.   1998 ). 
Few studies collect more than 10 4  sequences, which cor-
respond to 0.01% of the cells in a liter of seawater or a 
gram of soil. The detection of organisms that correspond 
to the most abundant OTUs or species equivalents requires 
minimal molecular sampling, whereas the recovery of 
sequences from rare taxa that constitute the  “ long tail ”  of 
low abundance organisms in taxon rank – abundance curves 
demands surveys that are orders of magnitude larger. 

 As an alternative to analyzing nearly full - length polymer-
ase chain reaction (PCR) amplicons of rRNA genes from 
environmental DNA samples, short sequence tags from 
hypervariable regions in rRNAs (pyrotags) can provide 
measures of diversity (species or OTU richness) and relative 
abundance (evenness) of OTUs in microbial communities. 
When combined with the massively parallel capacity of 
 “ next generation ”  DNA sequencing technology that allows 
for the simultaneous sequencing of hundreds of thousands 
of templates (Margulies  et al.   2005 ), it becomes possible to 
increase the number of sampled gene sequences in an envi-
ronmental survey by orders of magnitude (Huber  et al.  
 2007 ; Sogin  et al.   2006 ). Enumerating the number of dif-
ferent rRNA pyrotags provides a fi rst - order description of 
the relative occurrence of specifi c microbes in a population. 
The highly variable nature of the tag sequences and paucity 
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of positions do not allow direct inference of phylogenetic 
frameworks. However, when tag sequences are queried 
against a comprehensive reference database of hypervaria-
ble regions within the context of full - length sequences, it 
is possible to extract information about taxonomic identity 
and microbial diversity. Initial tests of this innovative tech-
nology examined the microbial population structures of 
samples from the meso -  and bathypelagic realm of the 
North Atlantic Deep Water Flow and two diffuse fl ow 
samples from Axial Seamount on the Juan de Fuca ridge 
off the west coast of the United States (Sogin  et al.   2006 ). 
These initial data sets led ICoMM investigators to the dis-
covery of the  “ rare biosphere ” , a rich diversity of novel, 
low - abundance populations and dormant or slow growing 
microbes. A single liter of seawater, on average containing 
10 8  – 10 9  bacteria, represents about 20,000  “ species ”  of bac-
teria, a number that is one or two orders of magnitude 
higher than estimated earlier (Venter  et al.   2004 ). When 
plotted on a two dimensional  x  –  y  microbial rank distribu-
tion diagram, this species - richness shows an extraordinarily 
long tail, the long tail including low - abundance taxa, many 
of which represent types of microbes that have never been 
seen before. Huber  et al.   (2007)  extended this approach to 
the Archaea, also targeting the V6 16S rRNA hypervariable 
region and reported species richness estimates to be on the 
order of 3,000  “ species ”  per liter of seawater. Amaral -
 Zettler  et al.   (2009)  developed a tag sequencing strategy 

for the V9 hypervariable region of the 18S rRNA gene in 
eukaryotes and determined that estimates of microbial 
eukaryotic (protist) species richness can be on the order of 
magnitude seen in the archaeal domain but may be an order 
of magnitude lower in more extreme environments such as 
Antarctic waters. 

 The International Census of Marine Microbes subse-
quently adopted this pyrotag strategy in a coordinated 
microbial census of samples from globally distributed 
marine environments. A study of lipid molecular structures 
from marine microbes complements the pyrotag survey. 
The database MICROBIS ( http://icomm.mbl.edu/microbis ) 
serves information to ICoMM, and its website provides 
access to this information including the capacity to retrieve 
contextual data information for all samples (Fig.  12.3 ).     

 The database VAMPS (Visualization Analysis of Micro-
bial Population Structures,  http://vamps.mbl.edu ) and its 
links to MICROBIS provide full access to the pyrotag 
sequences, the contextual data, analytical and graphical 
tools for comparing microbial population structures for 
different sites, search tools for locating sequences in each 
of our samples, descriptions of community composition at 
taxonomic ranks of phyla, class, order, family, or, when 
possible, genus for all samples, and rarefaction and diver-
sity analyses for all of ICoMM ’ s data. Figure  12.4  depicts 
the geospatial breadth of pyrotag and lipid data for this 
global study of microbes in the world ’ s oceans. It includes 

GeospatialSequencing

Mass spectrometryLipidomicLip

VAMPS
Visualization and Analysis of Microbial Population Structures

The Josephine Bay Paul Center

     Fig. 12.3 

   An overview of MICROBIS and its relationship to 
VAMPS and the microbial lipid database.  
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   The global distribution of observations gathered/recorded in the MICROBIS database. These include 454 - pyrosequenced DNA pyrotag data generated during 
the ICoMM community sequencing project (red) and the Keck core sequencing projects (green), as well as legacy molecular data observations compiled 
from the literature (blue) and lipid - based analyses (yellow). The diameter of the circle represents the log 10  of the sample size.  

a subset of more than 18 million DNA sequence reads 
distributed among 583 bacterial, 120 archaeal, and 59 
eukaryotic datasets from a larger dataset of  > 25 million 
sequences from  > 1,200 samples. The samples represent all 
major oceanic systems including the Atlantic, Pacifi c, Arctic, 
Southern, and Indian Oceans, and sediment and water 
samples from estuaries to deep - water environments includ-
ing vents and seeps, seamounts, corals, sponges, microbial 
mats and biofi lms, and polar regimes. Table  12.1  describes 
the origin of samples, targeted domains, project descrip-
tions, and relevance to other Census ocean - realm projects. 
Here we present a broad - brush synthesis of our data 
emphasizing the most abundant pyrotags recovered from 
our surveys. Although a comprehensive synthesis of these 
data lies beyond the scope of this chapter, Figures  12.5 , 
 12.6 ,  12.7  and  12.8  and the highlights that follow offer a 
glimpse into novel insights that will soon emerge from this 
international study of microbial community structures of 
the world ’ s oceans. More detailed meta - analyses will frame 
the bulk of ICoMM ’ s working groups during 2010.                  

   12.3    Highlights of  IC  o  MM  
Investigations 

   12.3.1    The  “ Abundant Biosphere ”  

 The pie charts in Figures  12.5 ,  12.6 , and  12.7  summarize 
the most abundant tags in our bacterial, archaeal, and micro-
eukaryotic datasets respectively. As expected from the work 
of S.J. Giovannoni in the Sargasso Sea (Giovannoni  et al.  
 1990 ), pyrotags corresponding to  α  - Proteobacteria and spe-
cifi cally SAR11 represented the most abundant organisms 
(primarily in planktonic samples) in our global survey. This 
heterotrophic  α  - Proteobacterial lineage plays a critical role 
in the cycling of carbon, nitrogen, and sulfur and accounts 
for approximately 25% of the biomass and 50% of the cell 
abundance in the ocean. More recently, researchers dis-
covered that members of this group of bacteria contain pro-
teorhodopsin, which potentially enables the harvesting of 
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  Table 12.1 

   IC  o  MM  microbial population structures of the world ’ s oceans projects 

   Primary Investigator     PI First Name     Code     Project description     Domain  
   Examples of 
relevant projects  

  Aguiar    Paula    ASV    Azorean Shallow Vents    B    ChEss/MAR - ECO  

  Amaral - Zettler    Linda    MHB    Mount Hope Bay    BE      

  Andersen    Robert    SAB    Surreptitious Algal Bacteria    B      

  Artigas    Felipe    LCR    LaCAR Cooperative Run    BAE    NaGISA/CMarZ  

  Bharathi    Loka    ICR    Indian Ocean Cooperative Run    B    COMARGE/CeDAMar  

  Bertilsson    Stefan    BSP    Baltic Sea Proper    B      

  Bolhuis    Henk    CMM    Coastal Microbial Mats    BA    NaGISA  

  Brazelton    William    LCY    Lost City    BA    ChEss  

  Caron    David    GPS    Global Protist Survey    E    CAML/CMarZ  

  Chistoserdov    Andrei    CAR    Cariaco Basin    B    COMARGE  

  Chistoserdov/Artigas    Andrei/Felipe    AGW    Amazon - Guianas Water    B    NaGISA  

  Coolen    Marco    WBS    Black Sea    E    HMAP/CMarZ  

  Dennett    Mark    DOF    Deep Ocean Flux    E    HMAP/CMarZ  

  D ’ Hondt    Steven    KNX    Station KNOX    BA      

  Epstein    Slava    SSD    Spatial Scaling Diversity    B    NaGISA  

  Franklin    Rima    AOT    Atlantic Ocean Transect    B    MAR - ECO  

  Gaidos    Eric    CRS    Coral Reef Sediment    BA    CReefs  

  Gallardo    Victor    VAG    Humboldt Marine Ecosystem    B    COMARGE/ChEss  

  Gerdts    Gunnar    MPI    Helgoland    B      

  Gilbert    Jack    PML    English Channel    B      

  Hamasaki    Koji    ABR    Active but Rare    BA    CAML  

  Herndl    Gerhard    NADW    North Atlantic Deep Water    BA      

  Huber    Julie    EEL    Eel Pond Winter Pilot Study    B      

  Huber    Julie    SMT    Seamounts    BA    ChEss, CenSeam  

  Kirchman    David    ACB    Arctic Chukchi Beaufort    BA    ArcOD  

  Lovejoy    Connie    DAO    Deep Arctic Ocean    BA    ArcOD  

  Maas    Els    NZS    New Zealand Sediment    B      

  Martins    Ana    AWP    Azores Waters Project    BAE    MAR - ECO/CMarZ  

  Murray    Alison    CAM    Census Antarctic Marine    B    CAML  

  Pawlowski    Jan    DSE    Deep Sea Eukarya    E    CeDAMar/CMarZ  
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   Primary Investigator     PI First Name     Code     Project description     Domain  
   Examples of 
relevant projects  

  Polz    Martin    CNE    Coastal New England    B    NaGISA  

  Pommier    Thomas    BMO    Blanes Bay Microbial 
Observatory  

  B      

  Post    Anton    GOA    Gulf of Aqaba    B      

  Prosser    James    SMS    Station M Sediments    B    CeDAMar  

  Ramette    Alban    FIS    Frisian Island Sylt    B    NaGISA  

  Rapp é     Michael    HOT    Hawaii Ocean Time Series    B      

  Reysenbach    Anna - Louise    ALR    Lau Hydrothermal Vent    BA    ChEss  

  Rocap    Gabrielle    HCW    Hood Canal Washington    B    NaGISA  

  Rooney - Varga    Juliette    JRV    Gulf of Maine    E    GoMA/CMarZ  

  Sogin    Mitchell    LSM    Little Sippewissett Salt Marsh    B    NaGISA  

  Staley    James    BSR    Black Sea Redox    B      

  Stoeck    Thorsten    APP    Anaerobic Protist Project    E    COMARGE/CMarZ  

  Sunagawa    Shinichi    CCB    Caribbean Coral Bacteria    BA    CReefs  

  Teske    Andreas    GMS    Guaymas Methane Seeps    BA    ChEss  

  Teske    Andreas    ODP    Ocean Drilling Project    BA    CeDAMar  

  Wagner    Michael    SPO    Sponges    B    CReefs  

  Webster    Gordon    CFU    Deep Subseafloor Sediment    BA    CeDAMar  

  Yager    Patricia    ASA    Amundsen Sea Antarctica    B    CAML  

   B, Bacteria; A, Archaea; E, Eukarya.   

energy from light (Fuhrman  et al.   2008 ; Giovannoni  et al.  
 2005 ). The presence of this clade in different habitats 
(Fig.  12.8 ) including coastal waters, seamounts, polar 
waters, and the open ocean (not shown) refl ects its ubiquity 
in the marine pelagic environment. The 20 most abundant 
tags in our bacterial analyses also include members of the 
Rhodobacteraceae. One member of this group,  Roseobacter  
sp., is cultivable by adding extracts of algal secreted organic 
matter to the medium (Mayali  et al.   2008 ). The worldwide 
association of  Roseobacter  with algal blooms suggests it has 
a role in controlling bloom outbreaks. 

 The most abundant tag sequence derived from a photo-
synthetic bacterium belonged to a member of the Prochlo-
rales (Cyanobacteria) and shares 100% V6 rRNA region 
sequence identity with the cultivar  Prochlorococcus marinus . 

The picocyanobacteria (smaller than 2    µ m)  Prochlorococcus  
spp. along with  Synechococcus  spp. dominate the oceans 
with cell numbers of up to 10 5  – 10 6  per milliliter (Heywood 
 et al.   2006 ; Scanlan  et al.   2009 ). Collectively they contrib-
ute up to 50% of oceanic primary production (Li  1994 ). 
Cyanobacteria represent an ancient group of organisms. 
These inventors of oxygenic photosynthesis drove the oxy-
genation of the Earth ’ s atmosphere 2.5 billion years ago. 
The evolution of aerobic Bacteria and Archaea made pos-
sible the origins of plants and animals about 0.5 billion 
years ago when the oxygen concentration in the atmos-
phere reached its present - day level. Today, Cyanobacteria 
produce about 50% of the oxygen on Earth. Most 
Cyanobacteria occur in marine communities (Garcia - Pichel 
 et al.   2003 ). 
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   A summary of results from pyrotag bacterial projects. Top, the taxonomic breakdown of the top 20 most abundant bacterial sequences found across 583 
bacterial datasets. The rankings are based on the sum of the relative abundances of individual sequences from each sample. Taxonomies are based on the 
Global Alignment for Sequence Taxonomy (GAST) procedure (Huse  et al.   2008 ). The numbering has been adjusted to match the tag sequence numbering in 
Figure  12.8  and is ordered in descending order of abundance. Bottom, a radial dendrogram of clustered bacterial datasets. Clusters are based on similarity 
calculations of presence/absence data of the most abundant pyrotag sequences. Brown, benthic samples; blue, water - column samples; orange, sponge -  or 
coral - associated samples. See Table  12.1  for descriptions of project abbreviations.  
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   A summary of results from pyrotag archaeal projects. Top, the taxonomic breakdown of the top 20 most abundant archaeal tag sequences found in 120 
archaeal datasets. The rankings are based on the sum of the relative abundances of individual sequences from each sample. Taxonomies are based on the 
GAST procedure. Bottom, a radial dendrogram of clustered archaeal datasets. Clusters are based on similarity calculations of presence/absence data of the 
most abundant tag sequences. Brown, benthic samples; blue, water column samples; orange, coral - associated samples. See Table  12.1  for descriptions of 
project abbreviations.  
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     Fig. 12.7 

   A summary of eukaryotic pyrotag projects. Top, the taxonomic breakdown of the top 20 most abundant microbial eukaryotic tag sequences found in 59 
eukaryotic datasets. All tags with metazoan - associated taxonomy have been removed from the analysis. The rankings are based on the sum of the relative 
abundances of individual sequences from each sample. Taxonomies are based on a combination of the GAST procedure and BLAST. Tags with a 100% 
match to a representative sequence/taxon in GenBank have that representative affiliation in parentheses. Bottom, a radial dendrogram of clustered eukaryotic 
datasets. Clusters are based on similarity calculations of presence/absence data of the most abundant tag sequences. Brown, benthic samples; blue, water 
column samples. See Table  12.1  for descriptions of project abbreviations.  
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     Fig. 12.8 

   A summary of the major ocean realms sampled showing the top 20 most abundant bacterial tag sequences for each habitat. Realms (abbreviations from Table 
 12.1 ) shown include Coastal Waters (CNE, HCW, LCR, MPI, PML, EEL, LSM, MHB), Seamounts (SMT), Shallow Sediments (AGW, CMM, CRS, FIS, GMS, ICR, 
LCR, SSD, VAG, MHB), Deep Sediments (CFU, ICR, NZS, SMS, ODP), Anoxic Sediments (BSR, CAR), and Polar Regions (ABR, ACB, ASA, CAM, DAO). 
Numbers facilitate comparisons between samples. The lowest possible taxonomic rank assigned for each tag follows the number designation: (1) SAR11; 
(2) SAR11; (3) Prochlorales; (4) Proteobacteria; (5) Rhodobacteraceae; (6) Flavobacteriaceae; (7)  Sulfurovum ; (8)  Pseudoalteromonas ; (9)  γ  - Proteobacteria; 
(10)  γ  - Proteobacteria; (11)  γ  - Proteobacteria; (12)  Thiomicrospira ; (13) Rhodobacteraceae; (14)  γ  - Proteobacteria; (15)  α  - Proteobacteria; 
(16)  γ  - Proteobacteria; (17)  Alteromonas ; (18)  γ  - Proteobacteria; (19) Rhodobacteraceae; (20)  α  - Proteobacteria; (21)  Ralstonia ; (22)  Francisella ; 
(23) Actinobacteria; (24)  γ  - Proteobacteria; (25)  Bacillus ; (26)  Clostridium ; (27) Flavobacteriaceae; (28)  γ  - Proteobacteria; (29) Flavobacteriaceae; 
(30)  α  - Proteobacteria; (31)  Alteromonas ; (32) Ectothiorhodospiraceae; (33)  γ  - Proteobacteria; (34)  Marinobacter ; (35)  Clostridium ; (36)  Methylophilus ; 
(37)  Roseovarius ; (38)  Pseudomonas ; (39)  γ  - Proteobacteria; (40) Flavobacteriaceae; (41) Rhodobacteraceae; (42)  γ  - Proteobacteria; (43)  Bacillus ; 
(44)  Glaciecola ; (45) Bacteria; (46)  Erythrobacter ; (47) Flavobacteriaceae; (48)  α  - Proteobacteria; (49)  γ  - Proteobacteria; (50) Rhodospirillales; 
(51) Proteobacteria; (52)  Paenibacillus ; (53)  Diaphorobacter ; (54)  Bacillus ; (55)  γ  - Proteobacteria; (56) JS1; (57)  Clostridium ; (58)  γ  - Proteobacteria; 
(59)  Tepidibacter ; (60) Flavobacteriaceae; (61) Bacteria; (62)  γ  - Proteobacteria; (63) Bacteria; (64)  Sulfitobacter ; (65)  Pseudomonas ; (66)  Methylophaga ; 
(67) Actinobacteria; (68) Bacteria; (69)  Thiomicrospira ; (70)  Bacillus ; (71)  Burkholderia ; (72) Gemmatimonadetes; (73) Comamonadaceae; 
(74)  γ  - Proteobacteria; (75)  γ  - Proteobacteria; (76) Bacteria; (77) Flavobacteriaceae; (78)  γ  - Proteobacteria; (79)  γ  - Proteobacteria; (80)  Hyphomicrobium ; 
(81) Clostridia; (82)  γ  - Proteobacteria; (83)  γ  - Proteobacteria; (84)  Methylophaga ; (85)  Desulfosarcina ; (86)  Caminibacter ; (87) Flavobacteriales; 
(88)  γ  - Proteobacteria; (89) Bacteria; (90) Chromatiales; (91)  Thioreductor ; (92) Desulfobulbaceae; (93)  γ  - Proteobacteria; (94) Dehalococcoidetes; 
(95) Desulfobacterium; (96)  Thioreductor micantisoli ; (97)  γ  - Proteobacteria; (98)  γ  - Proteobacteria; (99) Proteobacteria; (100)  γ  - Proteobacteria; 
(101) Deferribacteres; (102)  γ  - Proteobacteria; (103) Bacteria; (104) Deferribacteres.  
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 Members of the phylum Crenarchaeota dominated the 
Archaeal pyrotag surveys. Microbial ecologists originally 
thought that all Crenarchaea represented extremophiles, 
until the discovery of their ubiquity in everyday marine 
and terrestrial environments (DeLong  1992 ; Fuhrman  et 
al.   1992 ; Simon  et al.   2000 ). Crenarchaeotal abundances 
can exceed bacterial abundances below 100   m depth in the 
ocean where they are metabolically active and can contrib-
ute to the oceanic carbon cycle (Herndl  et al.   2005 ). In 
the Arctic, Marine Group III Euryarchaeota can dominate 
the deep water masses such as the deep Atlantic Layer in 
the central Arctic Ocean (Galand  et al.   2009b   ). Sequences 
related to this group represented the second most com-
monly encountered pyrotags in our global archaeal dataset. 
In many cases, we only detected other abundant archaeal 
pyrotags in specifi c samples. For example, the methanogens 
Methanosarcinales occurred primarily in Lost City Hydro-
thermal Vents (see below), whereas  Archaeglobus  -  and 
 Methanococcus  - related tags specifi cally associated with 
sulfi de chimneys. 

 The pyrotag studies showed that dinofl agellates domi-
nated most eukaryotic microbial communities. Members of 
the dinofl agellates include phototropic and heterotrophic 
representatives and many co - occur with or may be respon-
sible for harmful algal blooms, making them commercially 
and ecologically important. The high frequency of dinofl ag-
ellate tags likely refl ects bias introduced by the very large 
copy number of rRNA genes in the genomes of most dino-
fl agellates (as many as 12,000 copies in species such as 
 Akashiwo sanguinea  (Zhu  et al.   2005 )). Indeed, many of 
the tags recovered among the top 20 most abundant micro-
bial eukaryotes included members of the picoeukaryotes 
(0.2 – 2    µ m in size) that numerically dominate, but tend to 
have lower copy numbers of their 18S rRNA genes. The 
diversity of these Lilliputians of the protist world was only 
fi rst recognized at the beginning of the twenty - fi rst century 
(D í ez  et al.   2001 ; L ó pez - Garc í a  et al.   2001 ; Moon - van de 
Staay  et al.   2001 ). 

 The top most abundant tag among our eukaryotic data-
sets displayed 100% identity with the sequence of an 
unclassifi ed dinofl agellate within the  Karenia/Karlodinium  
group that Gast  et al.   (2006)  fi rst identifi ed in the Ross Sea, 
Antarctica. In some cases these cells occur at densities up 
to 29,000 cells per liter. Equally intriguing, our global 
analyses of eukaryotic tags revealed this pyrotag also occurs 
in the Arctic, Pacifi c, and Atlantic Oceans (from the Carib-
bean to the Gulf of Maine), the Framvaren Fjord in Norway 
and the Black Sea. Whether this tag represents the same 
cosmopolitan species or closely related ecotypes that extend 
over the globe remains unknown. 

 Because of differences in their gene copy number in 
different taxa, the relative abundance of eukaryotic pyro-
tags does not refl ect the number of cells in a sampled 
environment. However, these data provide important 
taxonomic information at the species level for many mor-

phologically rich eukaryotic microbes including dinofl agel-
lates (for example  Scrippsiella ,  Heterocapsa ,  Woloszynskia ) 
and for members of the picoeukaryotes such as  Bathycoc-
cus  that are harder to distinguish morphologically.  

   12.3.2    The  “ Rare Biosphere ”  

 In the microscopic realm, ICoMM ’ s sampling of many 
diverse marine ecosystems has reinforced the concept of 
a ubiquitous rare biosphere (Pedr ó s - Ali ó   2006 ; Sogin 
 et al.   2006 ). This forces us to reconsider the potential 
feedback mechanisms between shifts in extremely complex 
microbial communities and global change, as well as how 
microbial communities and the genomes of their constitu-
ents change over evolutionary timescales. Minor popula-
tion members may serve as functional keystone species 
in microbial consortia, or they might be the products of 
historical ecological change with the potential to become 
dominant in response to shifts in environmental condi-
tions, for example when local or global change favors 
their growth. The absence of information about the global 
distribution of members of the rare biosphere makes it 
impossible to ascertain if they represent specifi c bio-
geographical distributions of bacterial taxa, functional 
selection by particular environments, or cosmopolitan 
distribution of all microbial taxa  –  the  “ everything is 
everywhere ”  hypothesis. Data from recent pyrosequencing 
efforts, however, are beginning to shed light on this topic. 
 Galand  et al.  (2009a ), for example, compared pyrotags 
from Arctic Ocean samples. These samples included both 
surface and deep waters, as well as winter and summer 
samples from different locations. When they clustered the 
samples, they observed nearly identical patterns for all 
abundant sequences (more than 1% of all tags), or only 
rare sequences (less than 0.01% of all tags). This indicates 
that in this system, the rare OTUs have the same bioge-
ography as the abundant OTUs. This opens up two pos-
sibilities: either the pyrosequencing approach is only 
targeting the most abundant of the rare biosphere and 
the actual tails are even longer; or the rare OTUs must 
be a dynamic lot, able to grow and experience losses due 
to predation and viral attack in some intriguing and 
unknown way. 

 To explore whether high - abundance taxa represent 
physiologically active populations whereas low - abundance 
pyrotags represent less active or dormant microbes, Hama-
saki  et al.   (2007)  applied the bromodeoxyuridine (BrdU, 
thymidine analogs for detecting  de novo  DNA synthesis) 
magnetic bead immunocapture method to examine both 
the abundant and rare members of the microbial commu-
nity. They applied this technique to surface seawater 
samples from four stations along a north – south transect in 
the South Pacifi c taken from November 2004 to March 
2005 during the KH - 04 - 5 cruise of the R/V  Hakuho - maru  
(Ocean Research Institute, the University of Tokyo and 
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JAMSTEC) (Fig.  12.1 G). They incubated subsamples on 
board after adding BrdU and then compared the pyrotag 
microbial community structures in treated and untreated 
samples. Their results indicated that some high - abundance 
taxa incorporated BrdU whereas others did not, and some 
rare taxa represented only by singletons in the resulting tag 
dataset also took up BrdU. More importantly, some BrdU -
 labelled taxa were detected only in the BrdU - labelled frac-
tion but were absent in the untreated fractions. These 
results suggested that the rare biosphere is not restricted to 
physiologically inactive populations but can include taxa 
involved in biogeochemical cycles. This study further 
illustrates that there may be dynamic exchange between 
abundant and rare microbial populations.  

   12.3.3    High  a rchaeal 
 m icrodiversity in the Lost City 
Hydrothermal Field 

 The Lost City Hydrothermal Field on the Mid - Atlantic 
Ridge is the fi rst deep - sea environment discovered where 
exothermic water - rock reactions in the sub - seafl oor and not 
magmatic sources of heat drive hydrothermal fl uid fl ow. 
These reactions create a combination of extreme conditions 
never before seen in the marine environment: the venting 
of high - pH (from 9 to 11), warm (40 – 91    ° C) hydrothermal 
fl uids with high concentrations of hydrogen, methane, and 
other hydrocarbons of low molecular mass. The Lost City 
Hydrothermal Field may thus represent a new type of life -
 supporting system in the deep sea. Mixing of the warm, 
high - pH fl uids with seawater precipitates carbonate that 
drives the growth of chimneys that tower up to 60   m above 
the seafl oor (Fig.  12.1 E). These carbonate towers, some of 
which remain active for thousands of years, house extensive 
microbial biofi lms that are dominated by a single group of 
Archaea, the  Methanosarcinales . However, multiple lines of 
evidence including morphology, and evidence for diversity 
of specifi c genes such as the genes involved in N 2  fi xation 
and methane production and anaerobic oxidation, indicate 
physiological diversity within this  Methanosarcinales  - dom-
inated biofi lm. 

 Brazelton and colleagues (Brazelton  et al.   2009, 2010 ) 
correlated archaeal and bacterial V6 tag distributions with 
isotopic ages of carbonate chimneys collected from the 
Lost City Hydrothermal Field spanning a 1,200 year 
period. Clear shifts in the archaeal and bacterial communi-
ties were evident over time, and many of the shifts featured 
rare sequences that dramatically increased in relative abun-
dance to become dominant in older chimneys. These results 
indicate that some organisms can remain rare at a location 
for many years before  “ blooming ”  and becoming dominant 
when the environmental conditions allow. Furthermore, 
the very low overall diversity of the Lost City chimneys 
revealed that each of the dominant archaeal and bacterial 

sequences represented one member of a large pool of 
similar but much rarer sequences. For example, the most 
abundant archaeal sequence was more than 90% similar 
to 1,771 different sequences clustering into 517 opera-
tional taxonomic units at 97% sequence similarity, all of 
which were too rare to be detected by clone library 
sequencing. Further work in the Baross laboratory has 
shown that this microdiversity in the V6 region is corre-
lated with microdiversity in a more variable marker, the 
intergenic transcribed spacer (ITS) region, indicating that 
it is not generated by pyrosequencing error and that the 
archaeal population contains even more microdiversity 
than represented by the 1,771 variants detected in the V6 
region. These results confi rm that there are many rare 
species of  Methanosarcinales  that had not been previously 
identifi ed from 16S rRNA gene clone libraries that likely 
represent multiple  “ ecotypes ”  within the biofi lm and that 
the ecotype composition changes depending on the age of 
the carbonate structure.  

   12.3.4    Rapid  t emporal  t urnover 
in  s ands of the North Sea  i sland 
of Sylt 

 Permeable sandy sediments play a critical role in the recy-
cling of carbon and nitrogen, and act as natural fi lters that 
may concentrate microorganisms, nutrients, and organic 
matter on the extensive continental shelves. Despite the 
importance of such ecosystems, the extent of microbial 
diversity and how microbes respond to environmental, 
spatial, and temporal changes (such as global warming, 
ocean acidifi cation, and various anthropogenic effects) are 
still mostly unknown. 

 Using a 454 massively parallel pyrotag sequencing strat-
egy to describe microbial diversity in temperate sandy 
sediments from the North Sea island of Sylt (Fig.  12.1 F), 
Ramette and colleagues obtained between 5,000 to 19,000 
unique types of bacteria in each gram of sand (A. Gobet, 
S.I. B ö er, J.E.E. van Beusekom, A. Boetius and A. Ramette, 
unpublished observations). Rarefaction analyses suggest 
that the OTU richness of sand - associated bacterial com-
munities signifi cantly exceeds the diversity of water 
column communities from the same environment. The 
OTU richness also changed dramatically over a few cen-
timeters of sediment depth or between any two consecu-
tive sampling times, with up to 70 – 80% community 
turnover. Those remarkable, non - random shifts in com-
munity composition may refl ect responses to variation of 
many environmental/biogeochemical parameters (for 
example temperature, nutrients, pigments, production of 
extracellular enzymes) at the study site. The reservoir of 
highly diverse low abundant bacterial types might include 
taxa that become abundant in response to environmental 
differences in this system. The comparison of diversity 
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patterns at different taxonomic levels indicated that com-
munity shifts occurred at broad taxonomic levels, but that 
fi ne - scale patterns in community composition were mostly 
responsible for the large community turnover observed 
over sediment depth and sampling time. This study dem-
onstrates the dynamic nature of coastal sandy sediments 
in terms of microbial diversity, allowing for the formula-
tion of strong ecological hypotheses to explain this phe-
nomenon: strong vertical shifts in nutrient, organic matter, 
and oxygen availability create a large range of microbial 
niches, which may support a high turnover of bacterial 
types in sandy sediments.  

   12.3.5    Diversity  v arying 
with  o xygen  a vailability in 
the Black Sea 

 The Black Sea, a permanently anoxic basin connected to 
the ocean through the Bosphorus Sea, has well defi ned 
redox gradients and known microhabitats for different 
metabolic groups of bacteria. C.A. Fuchsman and col-
leagues (unpublished observations) obtained bacterial pyro-
tags from four low - oxygen Black Sea water samples: a 
low - oxygen sample (30    µ M oxygen), a sample from the 
middle of the suboxic zone (2    µ M oxygen), a sample 
from the bottom of the suboxic zone with no detectable 
oxygen or sulfi de, and a sinking particle obtained from 
the middle of the suboxic zone. The bottom - of - the - sub-
oxic - zone sample (0    µ M oxygen) and the particle - attached 
bacterial sample were more diverse than the 30    µ M oxygen 
and 2    µ M oxygen samples. Although all three samples 
contained low oxygen and no measurable sulfi de, only 
the microbial community structures for the 0 or 2    µ M 
oxygen samples had similar community structures (51% 
similarity by Bray Curtis) whereas neither resembled the 
30    µ M oxygen samples (11%). Micro - aerophilic hetero-
trophs and nitrate reducers dominated the 30    µ M and 
2    µ M oxygen samples. In contrast, the 0    µ M oxygen sample 
and the particle - attached bacterial samples were more 
diverse and contained strikingly different taxonomic 
groups of bacteria. Enriched populations of  Deferribacter , 
 δ  - Proteobacteria,  Lentisphaera ,  ε  - Proteobacteria and Planc-
tomycetes occurred in the particle - attached fraction. These 
taxonomic groups of bacteria are not normally identifi ed 
as part of the particle - attached community from oxic 
waters. Pyrotags for the particle - associated  ε  - Proteobacteria 
resemble rRNA sequences from epsilon species that oxidize 
sulfi de. The  Deferribacter  species are known to reduce 
metals including manganese and iron oxides, or nitrate 
and elemental sulfur . Lentisphaera  occur in anaerobic 
environments but little is known about their metabolism. 
The  δ  - Proteobacteria, which include known sulfate reduc-
ers, were found in the 0    µ M oxygen sample and in the 
particle - attached fraction. However, the OTUs of  δ  -

 Proteobacteria differed between the samples, with  De-
sulfobacteraceae  dominating the 0    µ M oxygen sample 
whereas the particle - attached group could not be assigned 
to a cultured species. 

 These results showed a clear correlation between the 
fl uxes and depth of the chemical species such as O 2 , NO 3   −  , 
NH 4   +  , CH 4 , MnO 2 , H 2 S and the inferred metabolisms of 
the bacterial OTUs. Manganese and sulfate reducers and 
sulfi de oxidizers dominated metabolic groups associated 
with sinking particles whereas microaerophilic and nitrate 
reducers dominated the water column. This study provides 
insights into the importance of the particle - attached bacte-
rial communities and points to the potential biases on 
bacterial diversity estimation when researchers pre - fi lter 
samples for microbial diversity studies.  

   12.3.6    Community  s ignatures 
of the North Atlantic Deep 
Water  m asses 

 Small size suggests that microbes have high dispersal and 
high immigration rates, leading to a ubiquitous distribution 
in the marine environment. However, recent studies dem-
onstrate that microbes can have biogeographic distributions 
corresponding to individual water masses. Distinct salinity, 
temperature, and nutrient characteristics differentiate 
several deep water masses separated by thousands of kilo-
meters of thermohaline ocean circulation. Using bacterial 
pyrotag sequencing, Herndl and colleagues (unpublished 
observations) tested this hypothesis by determining the bio-
geography of bacterioplankton communities following the 
fl ow of the North Atlantic Deep Water over a stretch of 
8,000   km in the North Atlantic. They focused on the dis-
tribution of the abundant versus rare phylotypes to deci-
pher whether rare phylotypes exhibit a similar distribution 
pattern as the abundant phylotypes or whether they occur 
ubiquitously. If the rare phylotypes represent a seed bank 
for the few abundant phylotypes, then the community 
structure of the rare phylotypes should be fairly uniform 
across water masses. 

 Cluster analysis (Fig.  12.9 ) showed that abundant bac-
terial phylotypes clustered according to the water masses 
(Fig.  12.9 A). The samples partitioned into one cluster 
containing bacterial communities from the subsurface 
zone, two clusters from the mesopelagic waters, three 
deep water clusters, and one cluster of bacterial com-
munities from the deep Labrador Seawater. Bacterial 
community composition of deep waters was less similar 
than samples from subsurface and intermediate waters. 
Bacterial communities from the same water mass but 
separated by thousands of kilometers resembled each 
other more than communities separated by a few hundred 
meters at individual sites but originating from different 
water masses.     
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   Non - metric multi - dimensional scaling analysis 
based on relative abundance of  (A)  abundant tags 
(frequency greater than 1% within a sample) and 
 (B)  rare tags (frequency less than 0.01% within 
a sample). Discrimination among samples by water 
mass. Superimposed circles represent clusters of 
samples at similarity values of 60% and 80% 
 (A)  and 20%  (B)  (Bray - Curtis similarity). LDW, 
Lower Deep Water; NEADW, Northeast Atlantic 
Deep Water, AAIW, Antarctic Intermediate Water, 
tCW -  transitional Central Water, SACW, South 
Atlantic Central Water; LSW, Labrador Sea Water.  

 The clustering of the rare sequences (frequency less than 
0.01% within a sample, including the singletons; Fig. 
 12.9 B) was similar to the clustering of the abundant 
sequences (frequency greater than 1% within a sample; Fig. 
 12.9 A), albeit with a generally lower percentage of similar-
ity. Proteobacteria constituted more than 85% of the 1,000 
most abundant tags and of these, 52% were  α  - Proteobacteria, 
mostly composed of the SAR 11 cluster. The bathypelagic 
zone had the highest proportion of unassigned bacteria, but 
showed the highest tag richness and evenness compared to 
overlying waters.  γ  - Proteobacteria increased with depth, 
with higher proportions of Chromatiales and Alteromon-
adales (8.7%) in the bathypelagic zone than in the subsur-
face zone. The distinct clusters of bacterial communities in 
specifi c water masses refl ected the presence of unique phy-
lotypes specifi c to distinct water masses. The variability in 
the abundance of tags increased with decreasing overall 
abundance. The most abundant pyrotags exhibited a ubiq-
uitous distribution pattern whereas the representation of 
low abundance pyrotags seemed to be specifi c to different 
water masses. 

 In summary, the bacterial rare biosphere in the North 
Atlantic is water - mass - specifi c and hence not ubiquitously 

distributed as previously suggested. Thus, in this example, 
it is likely that the rare biosphere originates from the more 
abundant and/or more active bacterial community through 
mutation. The biogeochemical role of the high richness of 
the rare microbial biosphere remains enigmatic and deserves 
further investigation.  

   12.3.7     A   b ipolar  d istribution of 
the  m ost  a bundant  b acterial 
 p yrotags 

 Among the globally distributed samples sequenced as part 
of the ICoMM Community Sequencing Project, Polar 
Regions contributed 56 datasets divided among fi ve 
projects (ABR, ACB, ASA, CAM, and DAO; Table  12.1 ). 
The Polar Realm pie chart in Figure  12.8  shows the taxo-
nomic affi liation for the top 20 most abundant tags from 
these samples. One of the striking results from our com-
parative study is that the most abundant SAR 11 pyrotag 
corresponds to the most abundant polar pyrotag. When 
we map the distribution of the top 20 most abundant tags, 
we fi nd that all 20 occur in both the Arctic and Southern 



Chapter 12 A Global Census of Marine Microbes 239

Oceans. Our non - metric multidimensional scaling analysis 
(Fig.  12.10 ) confi rms the similarity of certain Arctic and 
Antarctic samples by way of similarity envelopes that encir-
cle datasets that cluster at 80% similarity levels. Although 
these tags show a  “ bipolar ”  distribution using the V6 region 
as a metric for comparison, we do not know how these 
populations compare when looking across the entire 
genome. This question, as well as the source and persist-
ence of bipolar species, awaits the next decade of Census 
research.       

   12.4     A  Census of 
Microbial Lipids 

   12.4.1     MICROBIS  and  l ipid  m aps 

 ICoMM has also considered phenotypic characters 
ranging from microbial physiology to metabolic capability 
in its global marine microbial census. Intact polar lipids 
provide a case in point. Lipids can be a powerful tool 

     Fig. 12.10 

   Top, a map detailing the location of all the Arctic and Antarctic datasets examined in this synthesis. Bottom, a non - metric multidimensional scaling plot of 
56 Arctic (N) and Antarctic (S) samples based on standardization by total and square - root transformed pyrotag abundances and Bray - Curtis similarities 
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for deciphering microbial communities in present and 
past environments. However, in contrast to genetic data, 
lipids lack a large database linking identifi cation, chemical 
structure, and biological or environmental sources. Such 
a linked database would substantially increase the poten-
tial for lipids to be used as a tool for relating envi-
ronmental microbial communities to cultivated microbes 
and provide support for phylogenetic relationships. Our 
approach to constructing a lipid database follows MICRO-
BIS ( http://icomm.mbl.edu/lipids ) in which a central data-
base/program/website links several databases including a 
database of microbial organisms, lipid structures (Lipid 
Maps), and mass spectra. 

 The Lipid Maps database ( www.lipidmaps.org;  Fahy 
 et al.   2005 ) represents the most extensive lipid library, but 
it currently targets biomedical applications and lacks a com-
prehensive collection of marine microbial lipids. Collabora-
tion with Lipid Maps to generate a universal lipid collection 
that includes marine microbial lipids enabled the deposition 
of more than 200 marine microbial lipid structures in the 
Lipid Maps database. The Lipid Maps database uses a 
systems biology approach for the categorization, nomencla-
ture, and chemical representation of lipids (Fahy  et al.  
 2005 ). The classifi cation scheme of Lipid Maps distributes 
lipids into eight defi ned categories that are divided into 
classes and subclasses. Each lipid in the Lipid Maps library 
can be retrieved using different search criteria including its 
lipid identifi cation, classifi cation, systematic name, 
synonym, and chemical name and structure. Furthermore, 
Lipid Maps assigns unique numbers to lipid structures com-
parable to the unique accession numbers within GenBank 
for genomic sequences. New lipid structures can be con-
tinuously submitted to Lipid Maps with a proposed lipid 
identifi cation and thus can evolve continuously if support 
within the biogeochemical community is strong. 

 Typically, mass spectrometry identifi es lipids in the labo-
ratory. The mass spectra of lipids are generally very com-
parable between laboratories and thus well suited for 
database purposes. Unfortunately, at present there are no 
publicly available mass spectral databases and only com-
mercial libraries such as those from the National Institute 
of Standards and Technology exist but do not contain a 
large number of typical marine microbial lipids. Within 
ICoMM ’ s database MICROBIS we therefore developed a 
mass spectrometry library that contains lipid data derived 
from microbes from modern and ancient environments. 
This library can run under National Institute of Standards 
and Technology SEARCH software, which is the most com-
monly used software to search with mass spectra in mass 
spectral libraries. At this point we have assembled more 
than 200 mass spectra of the most common and diagnostic 
lipids of marine microbes. 

 MICROBIS has laid the foundation for an integrated 
database for searching and relating lipid data with other 
molecular and geospatial data. Once further developed, the 

MICROBIS website will cross - reference lipidomic, taxo-
nomic, DNA sequence, and geospatial data (Fig.  12.3 ). 
Currently, ICoMM is designing a search - engine - supported 
mass spectrometry library wherein cross - referencing 
between Lipid Maps and the mass spectrometry database 
will proceed by the LIPID identifi cations that will also be 
linked to geospatial data. In the future, MICROBIS will 
provide a user - friendly interface that will allow searching 
for taxonomic, DNA sequence, and phylogenetic informa-
tion, enabling biogeochemists to link lipid data to genomic 
and geospatial data.  

   12.4.2    Looking  b ack in  t ime 
with  l ipids 

 ICoMM has also attempted to explore the unknowable: a 
glimpse at microbial diversity in the past. Dating of evolu-
tionary events within phylogenetic clusters is problematic 
as it mostly relies on the morphological identifi cation of 
fossilized remains of microbes, which are usually limited to 
microbes having inorganic skeletons such as diatoms and 
coccolithophorids. A new approach is to use fossilized 
organic molecules. Indeed, fossil DNA occurs in several 
selected cases (Fish  et al.   2002 ; Coolen  et al.   2004 ), but 
fi ndings such as these are rare and controversial. In con-
trast, fossilized lipids commonly occur in sediments of up 
to 2 billion years old and thus may be, as long as they are 
diagnostic for certain microbial phylogenetic clusters, suit-
able to trace the evolutionary history of microbes. 

 The usefulness of this approach lies in a detailed study 
of 18S rRNA genes and lipid biomarkers of more than 100 
representative marine diatoms (Sinninghe Damst é   et al.  
 2004 ). This study revealed that several lipid biomarkers are 
quite specifi c for phylogenetic clusters within the diatoms. 
For example, the biosynthesis of so - called highly branched 
isoprenoid alkenes is restricted to two specifi c phylogenetic 
clusters, which independently evolved in the centric and 
pennate diatoms (Sinninghe Damst é   et al.   2004 ; Fig.  12.11 ). 
The molecular record of C 25  highly branched isoprenoid 
chemical fossils in a large suite of well - dated marine sedi-
ments and petroleum reveals that the older cluster, compris-
ing rhizosolenoid diatoms, evolved 91.5    ±    1.5 million years 
ago (Upper Turonian), enabling an unprecedented accurate 
dating of diatom evolution.       

   12.5    Viewing Microbial 
Diversity  t hrough 
a Community Lens 

 ICoMM ’ s systematic and high - throughput analyses of the 
sequence variation of rRNA genes have provided a wealth 
of microbial community sequence data for numerous, 
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   A phylogenetic tree showing how highly branched 
isoprenoid (HBI) alkenes are restricted to two 
specific phylogenetic clusters of diatoms (HBI - 1 
and HBI - 2), which independently evolved in the 
group of centric and pennate diatoms, respectively. 
Photomicrographs used under license,  courtesy 
of Robert Andersen and David Patterson 
( http://microscope.mbl.edu  )  .  

poorly understood marine environments. When contextual 
parameters are recorded together with diversity data, it 
is now possible to assess the impact of space, time, and 
complex environmental gradients on microbial communi-
ties, and to quantify interactions among factors. The inte-
gration of laboratory - developed microbiological sensors 
into observing platforms that track changes at high tem-
poral and spatial resolution will enable autonomous obser-
vation of changes in marine microbial diversity in the 
fi eld (Paul  et al.   2006 ). Here we can fi nd answers to as 
different questions as the following: Why do specifi c com-
munities fl ourish in one environment and not in another? 
Which microbial populations are more successful than 
others in the competition for energy or space? Which 
environments host those seed populations that only tem-
porarily dominate communities? The same tools that have 
been used in classical community ecology are available 
for the analysis of changes in microbial community pat-
terns, because ultimately standard sample - by - species matri-
ces can be obtained with any high - throughput method. 
Our next challenge will be the generation of microbial 
diversity theories that will allow further comparisons with 
established ecological theories for macroorganisms or that 
can be tested across various ecosystems. For instance, 
recent developments in the study of microbial biogeog-
raphy may be seen as a prelude to a more dramatic revo-
lution in better understanding microbial communities in 
their complex environments.  

   12.6    Marine Microbes and 
Their Roles in a Changing 
Ocean 

 The importance of marine microbes to our biosphere 
cannot be overstated (Box  12.2 ). Since the microbial census 
began, several major scientifi c breakthroughs in microbial 
diversity and microbial ecology have occurred. Owing to 
the rapid developments in high - throughput and relatively 
cost - effective sequencing technologies like massively paral-
lel DNA sequencing, it has become possible to deeply 
explore microbial (that is, bacterial, archaeal, and eukaryo-
tic) genetic diversity of environmental samples in both 
qualitative and quantitative ways. Over the past fi ve to ten 
years, spectacular fi ndings have highlighted new and unex-
pected roles of microbes in biogeochemical cycling of 
carbon, nitrogen, sulfur, iron, and many other (trace) ele-
ments owing to interdisciplinary research based on the 
integration of sequencing, membrane lipid research, and 
isotope techniques. Fascinating examples of new and 
important microbial shunts in biogeochemical cycles include 
the following: the existence of anaerobic oxidation of 
methane by bacterial – archaeal consortia oxidizing methane 
with sulfate operating in (sub)oxic environments in the 
ocean and on land (Knittel  &  Boetius  2009  and the litera-
ture cited therein); the anaerobic oxidation of methane by 
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        •      The number of bacteria in the open ocean exceeds 
10 29  cells and microbes in total contribute as much as 
90% of the biomass in the ocean.  

   •      Microbes may be more than 100 times more diverse 
than plants and animals.  

   •      A single liter of seawater can represent approximately 
20,000  “ species ”  of bacteria.  

   •      A gram of sand can contain between 5,000 and 
19,000  “ species ”  of bacteria.  

   •      Archaeal cell numbers can rival those of bacteria in 
the ocean but their diversity is 10% that of bacteria.  

   •      Protist diversity rivals that of Archaea in some parts of 
the ocean.  

   •      Most of marine microbial diversity is represented by 
low abundance populations.  

   •      Each metazoan may have its own unique microbiome 
population structure.  

   •      Different water masses possess signature microbial 
community structures.  

   •      Some microbes are everywhere: ICoMM ’ s most 
abundant type of bacterial pyrotag matched 
sequences from the SAR11 marine bacterial group 
which accounts for 25% of the biomass and 50% of 
the cell abundance in the pelagic ocean.  

   •      Lipids allow us to look back in time at ancient 
microbial populations and delve into the unknown.     

  Marine Microbial Diversity and Abundance Highlights 

  Box 12.2 

bacteria oxidizing methane with nitrate (Raghoebarsing 
 et al.   2006 ); anaerobic ammonium oxidation (Anammox), 
whereby anammox bacteria use specifi c membrane compo-
nents to oxidize ammonia with nitrite to form nitrogen gas 
that escapes from the oceans (Strous  et al.   1999 ; Sinninghe 
Damste  et al.   2002 ; Kuypers  et al.   2003 ); the discovery 
that some Crenarchaea use ammonia as an energy source 
(Konneke  et al.   2005 ); crenarchaeotal CO 2  fi xation 
(Wuchter  et al.   2003 ); and the incredible phenotypic adap-
tation of the largest known bacterial cells on Earth, the 
giant sulfi de - oxidizing bacteria, to their environment 
(Gallardo  1977 ; Teske  &  Nelson  2006 ).   

 These and many other examples (Giovannoni  &  Stingl 
 2005 ; Karl  2007 ; Azam  &  Malfatti  2007 ; Bowler  et al.  
 2009 ; DeLong  2009 ; Fuhrman  2009 ) clearly indicate that 
marine microbial biogeochemical cycling of elements is 
even more important than traditionally thought and that 
microbes dominate these cycles in many known and recently 
discovered ways. This increased recognition of microbial 
importance in biogeochemical cycling of elements com-
bined with the discovery of vast microbial diversity, the 
discovery of the rare biosphere, and the dominance of just 
a few microbial taxa in environmental settings, makes us 
aware of the crucial importance of microbes in climate and 
climate change. In ICoMM we are aware that ongoing 
human - induced global climate change will and probably 
already has impacted microbial diversity. Owing to rising 
seawater temperatures, ocean acidifi cation, and salinity 
changes, dominant marine microbial taxa may become 

dormant and completely unknown taxa present in the envi-
ronment but extremely rare, may become dominant. 
Because we have little idea about which marine microbial 
taxa will become dormant and which will become domi-
nant, predictions of changes in biogeochemical cycles are 
very diffi cult to make. Thereby predictions of not whether 
but rather how the climate will change and how to 
ameliorate such change present even greater challenges to 
scientists and policy - makers. 

 The above can be illustrated by the following. The 
far greater part of N 2  fi xation in the marine environment 
is currently performed by just a very few bacteria,  Tri-
chodesmium  and an uncultivated  ‘ Group A ’  putative uni-
cellular cyanobacterium lacking oxygenic photosystem II, 
whereas the endosymbiotic cyanobacterium  Richelia intra-
cellularis , as well as other endo -  and ectosymbiotic N 2  -
 fi xing cyanobacteria, are less important globally (Arrigo 
 2005 ). Very preliminary laboratory experiments with arti-
fi cially acidifi ed seawater indicate that N 2  - fi xing bacteria 
react very strongly to lowered pH values, thereby chang-
ing the rate and nature of nitrogen and carbon fi xation 
(Hutchins  et al.   2007 ). This will impact the complete 
marine nitrogen and carbon cycles and thereby other 
biogeochemical cycles (for example, Crenarchaeota use 
ammonium to fi x carbon; phosphate may become the 
omnipresent limiting nutrient). Similar experiments with 
the major carbon - fi xing organisms in oligotrophic water, 
 Prochlorococcus  and  Synechococcus , also indicated that 
acidifi cation and temperature rise will severely affect their 
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metabolism, leading to changes in the rate of CO 2  
fi xation (Fu  et al.   2007 ). 

 There are many factors that add to the uncertainty in 
the estimation of the pathways and the scale of the interac-
tion of marine microbe communities with anthropogeni-
cally driven global climate change. Second only to human 
impacts on the environment, the interplay between envi-
ronmental parameters and shifts in marine microbial diver-
sity will dominate the course of climate change. The paucity 
of research on underlying mechanisms severely constrains 
the ability of policy - makers to make informed decisions 
about mitigating strategies. Trying to understand microbial 
diversity and functioning in biogeochemical and nutrient 
cycling is of major importance for future research on a 
worldwide scale.  

   12.7    New Questions 

 Despite the great diversity we see in microbial communi-
ties, there is a high degree of structure and non - random 
patterns in temporal and spatial scaling, and biological 
associations. Hence, new questions have emerged from 
ICoMM studies: 

   ●      What is the turnover of microbial populations and 
communities across various scales in space and time?  

   ●      Why are some groups dominating marine habitats 
globally?  

   ●      Why is there such a division between the community 
structure of pelagic and benthic habitats?  

   ●      Are the most diverse taxa also the most numerically 
abundant and why?  

   ●      What kinds of taxa are associated with plants and 
animals, and to what extent are they unique to each 
species?  

   ●      Why are there so many rare populations?  
   ●      Is the  “ rare biosphere ”  the result of 3.5 billion years 

of evolution, of massive horizontal gene transfer, of 
dispersion in the oceans, of life strategies, or 
combinations of the above?    

 To unravel the origin of these phenomena and to address 
these questions are challenges for the future.  

   12.8    Outlook 

 Looking forward to the next decade of microbial census 
research, we see many opportunities and challenges. As 
massively parallel DNA sequencing brings an unprece-
dented volume of data, it also brings challenges in analyzing 
these data. In this chapter we have chosen to highlight the 
general fi ndings of our efforts so far, but the necessary 
computer algorithms and models required to bring us closer 

to more robust estimates of microbial diversity are still 
being developed and the required computational power still 
being sought. Improving the taxonomy attached to pyro-
tags is another area that will need attention in the future. 
Much of this will likely come though improved annotations 
of the vast amount of full - length or nearly full - length 
sequences presently housed in public databases, as well as 
next - generation sequencing providing much longer reads 
that will enable better taxonomic assignment. Yet, we fi nd 
that even when defi nitive taxonomic assignment is not pos-
sible, the approach is still very powerful for comparisons 
of assemblage composition and diversity. The technique 
reveals substantial diversity undetected by previously used 
techniques. Even ICoMM formalin - preserved samples 
belonging to the Joint Global Ocean Flux Study have been 
successfully sequenced, unveiling the potential of pyrose-
quencing to become a powerful tool for paleobiological and 
paleoenvironmental studies. The massive amount of data 
from pyrosequencing also enables predictions of functions 
for many OTUs. In short, large - scale patterns could emerge 
not only of phylogenetic diversity but also functional diver-
sity along geochemical gradients. As the 454 - pyrotag - based 
technology does not distinguish between dead and living 
microbial taxa, it could be complemented by other tech-
niques for assessing the level of viability within a sample 
such as starting with RNA samples and reverse transcribing 
it to reveal the most active populations. Deciphering eco-
logical signals linked to the defi nition of rare or abundant 
OTUs at different taxonomic levels is crucial. This defi ni-
tion will infl uence how diversity patterns are measured. 
Furthermore, this new paradigm will aid researchers to 
better understand marine microbial communities and their 
impact on planetary biogeochemical cycles. 

 Future endeavors must pay closer attention to the tem-
poral dimension of changes in microbial community struc-
tures. As sequencing costs decline, it will be possible to 
monitor microbial populations and their changes over time 
in appropriate marine environments on different timescales 
from minutes to centuries. Developing such monitoring 
strategies through existing observing systems, time - series 
stations (for example Bermuda Atlantic Time - Series, Hawaii 
Ocean Time - Series), and Long Term Ecological Research 
Sites, we might be better able to predict changes in micro-
bial populations as a consequence of natural and anthropo-
genic climate change. The ICoMM team recommends that 
this kind of monitoring approach may thus help substan-
tially to improve our ability to predict climate change, 
harmful algal blooms, and ultimately our own impact on 
biodiversity in the ocean.  
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    13.1    Introduction 

 The animals that drift with ocean currents throughout 
their lives (that is, the holozooplankton) include approxi-
mately 7,000 described species in 15 phyla. The holozo-
oplankton assemblage is the focus of the Census of Marine 
Zooplankton (CMarZ;  www.CMarZ.org ), which has pro-
duced comprehensive new information on species diversity, 
distribution, abundance, biomass, and genetic diversity. 
Our realm among Census of Marine Life projects is the 
open ocean; we have sampled biodiversity hot spots 
throughout the world ’ s oceans: little - known seas of South-
east Asia, deep - sea zones below 5,000   m, and polar seas. 
We have used traditional plankton nets and newer sensing 
systems deployed from ships and submersibles. Our analysis 
has included traditional microscopic and morphological 
examination, as well as molecular genetic analysis of zoo-
plankton populations and species. CMarZ has contributed 
to Census legacies in data and information for the Ocean 
Biogeographic Information System (see Chapter  17 ) and 
proven technologies of DNA barcoding. Our photograph 
galleries of living plankton have captured public interest, 

and our training workshops have enhanced taxonomic 
expertise in many countries. The knowledge gained will 
provide a new baseline for detection of impacts of climate 
change, and will contribute to our fundamental under-
standing of biogeochemical transports, fl uxes and sinks, 
productivity of living marine resources, and marine eco-
system health.  

   13.2    Historical Perspective 

 Despite more than a century of sampling the oceans, com-
prehensive understanding of zooplankton biodiversity has 
eluded oceanographers because of the fragility, rarity, small 
size, and/or systematic complexity of many taxa. For many 
zooplankton groups, there are long - standing and unresolved 
questions of species identifi cation, systematic relationships, 
genetic diversity and structure, and biogeography. 

 There has never been a taxonomically comprehensive, 
global - scale summary of the current status of our knowl-
edge of biodiversity of marine zooplankton. Although 
studies of the taxonomy, distribution, and abundance of 
zooplankton date back as far as the middle of the nine-
teenth century, worldwide distribution patterns have not 
been mapped for all described species. The cosmopolitan 
or circumglobal distributions characteristic of holozoo-
plankton species of many groups have created special 
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diffi culties for accurate biodiversity assessment. The snap-
shots from different parts of the world ocean have rarely 
been merged together, in part because the complicated 
and time - consuming task of compiling the information 
from numerous individual publications is undervalued (but 
see Irigoien  et al.   2004 ). 

 For most zooplankton groups, signifi cant numbers of 
species remain to be discovered. This is especially true for 
fragile (for example gelatinous) forms that are diffi cult to 
sample properly and for forms living in unique and isolated 
habitats, such as the water surrounding hydrothermal vents 
and seeps (Ramirez - Llodra  et al.   2007 ; Chapter  9 ). All 
regions of the deep sea are certain to continue to yield 
many new species in multiple taxonomic groups. The prac-
tical diffi culties of exploring these regions are gradually 
being overcome, and they are likely to continue to yield 
new species discoveries for many years. 

 Our perception of zooplankton biodiversity has almost 
certainly been affected by their small size, resulting in a 
marked under - description of species and morphological 
types. Until recently, some pelagic taxa (for example 
foraminifers, copepods, euphausiids, and chaetognaths) 
have been thought to be well known taxonomically, but 
the advent of molecular genetics has altered this perspec-
tive. Morphologically cryptic, but genetically distinctive, 
species of zooplankton are being found with increasing 
frequency (see, for example, Bucklin  et al.   1996, 2003 ; de 
Vargas  et al.   1999 ; Dawson  &  Jacobs  2001 ; Goetze  2003 ) 
and will probably prove to be the norm across a broad 
range of taxa. Many putative cosmopolitan species may 
comprise morphologically similar, genetically distinct 
sibling species, with discrete biogeographical distributions. 
This issue is especially relevant for widely distributed 
species and/or for species with disjoint distributional 
ranges, including those occupying coastal environments 
(Conway  et al.   2003 ). It is likely that many morphologi-
cally defi ned zooplankton species will be found to consist 
of complexes of genetically distinct populations, but how 
many cryptic species are present is currently unknown, 
even for well - known zooplankton groups. 

 Marine zooplankton are important indicators of envi-
ronmental change associated with global warming and acid-
ifi cation of the oceans. A global - scale baseline assessment of 
marine zooplankton biodiversity, including long - term mon-
itoring and retrospective analysis, is critically needed to 
provide a contemporary benchmark against which future 
changes can be measured. Knowledge of previous and exist-
ing patterns of zooplankton distribution and diversity is 
useful for management of marine ecosystems and assess-
ment of their status and health (Link  et al.   2002 ). Marine 
zooplankton are also signifi cant mediators of fl uxes of 
carbon, nitrogen, and other critical elements in ocean bio-
geochemical cycles (Buitenhuis  et al.   2006 ). Species compo-
sition of zooplankton assemblages may have strong impacts 
on rates of recycling and vertical export (see, for example, 

Gorsky  &  Fenaux  1998 ); long - term changes in fl uxes into 
the deep sea (Smith  et al.   2001 ) may be related to zooplank-
ton species composition in overlying waters (Roemmich  &  
McGowan  1995 ; Lavaniegos  &  Ohman  2003 ). 

 Compared with the dimensions of the known  –  in terms 
of numbers of species and regions of the world ’ s oceans  –  
the unknown is thought to be many times larger. Introduc-
ing his monograph on the biogeography of the Pacifi c 
Ocean, McGowan  (1971)  posed several questions that help 
frame the unknown territory of zooplankton biodiversity. 
 “ What species are present? What are the main patterns of 
species distribution and abundance? What maintains the 
shape of these patterns? How and why did the patterns 
develop? ”  Nearly 40 years later, the answers to these ques-
tions remain poorly known for many ocean regions and 
most zooplankton groups.  

   13.3    Approaches to the 
Study of Marine Zooplankton 

   13.3.1    Zooplankton  s ampling 

 Zooplankton samples for CMarZ have been collected by 
nets, buckets, water bottles, sediment traps, light traps, 
remotely operated vehicles (ROVs), submersibles, and 
divers. Sampling strategies have trade - offs for each type of 
sampling gear: some may obtain numerous specimens, but 
under - sample fragile taxa, whereas others may be suited for 
collecting fragile organisms for taxonomic analysis, but 
may be unable to sample at spatial resolutions and scales 
appropriate for accurate characterization of patterns of 
distribution and abundance. 

 During CMarZ dedicated cruises in the Atlantic Ocean, 
zooplankton and micronekton were quantitatively sampled 
throughout the water column using MOCNESS (Multiple 
Opening/Closing Net and Environmental Sensing System; 
Wiebe  et al.   1985 ; Wiebe  &  Benfi eld  2003 ). In addition to 
collecting depth - stratifi ed plankton samples, the MOCNESS 
transmits environmental data (depth, temperature, salinity, 
horizontal speed, and volume fi ltered) to the ship through-
out the tow; the data are recorded for subsequent analysis. 
A uniquely equipped 10 - meter MOCNESS allowed CMarZ 
to sample to 5,000   m in the Atlantic Ocean and rapidly 
fi lter large volumes (tens of thousands of cubic meters) to 
capture rare deep - sea zooplankton (Wiebe  et al.   2010 ). The 
collections included fi rst - ever observation of living speci-
mens of rare deep - sea species (see, for example, Johnson 
 et al.   2009 ; Bradford - Grieve  2010   ), and offered remarka-
ble opportunities for photographing living specimens 
(Fig.  13.1 ) and barcoding novel species.   

 CMarZ has used modern  in situ  survey technologies, 
including crewed submersibles, ROVs, towed camera 
arrays, and visual/video plankton recorders (VPR; Davis 



     Fig. 13.1 

 Photograph gallery of living marine zooplankton. Row 1 (left to right):  Valdiviella  sp. and  Sapphirina metalina  (Copepoda);  Cyphlocaris  sp. (Amphipoda); row 
2:  Clio cuspidate  (Pteropoda);  Pyrosoma  sp. (Thaliacea);  Histioteuthis  sp. (Cephalopoda); row 3:  Oxygyrus keraudreni  (Heteropoda);  Conchoecissa plinthina  
(Ostracoda),  Aglantha  sp. (Hydrozoa); row 4: unidentified Chaetognatha with a copepod;  Athorybia rosacea  (Siphonophora);  Lucicutia  sp. (Copepoda). 
 Photograph credits R.R. Hopcroft and C. Clarke (University of Alaska  –  Fairbanks) and L.P. Madin (Woods Hole Oceanographic Institution).   
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 et al.   1992 ) to observe and collect zooplankton, especially 
fragile gelatinous forms, in many areas of the ocean. These 
sampling approaches have led to new species discoveries 
(Haddock  et al.   2005 ; Lindsay  &  Miyake  2007 ), and rapid 
advances in our understanding of deep sea biology and 
ecology (Pag è s  et al.   2006 ; Ates  et al.   2007 ; Fujioka  &  
Lindsay  2007 ; Kitamura  et al.   2008a, b ; Lindsay  et al.  
 2008 ). In 2006, Dhugal Lindsay (Japan Agency for Marine -
 Earth Science and Technology) led a pilot study to census 
gelatinous and hard - bodied zooplankton in Sagami Bay 
(Japan) using diverse sampling technologies, including an 
autonomous video plankton recorder (AVPR) with a high -
 defi nition video camera for color imagery. The study 
yielded images and samples of zooplankton and marine 
snow that are being analyzed to model and predict effects 
of climate change on carbon cycling and sequestration. 

 Blue - water SCUBA diving for observing and collecting 
fragile zooplankton was developed during the past 30 years 
(Hamner  1975 ), and has been used to advantage by CMarZ. 
A group of divers work from an infl atable boat launched 
from a research vessel; they are connected to a central line 
by a 10 - meter tether line and overseen by a safety - diver. 
This technique has proven ideal to locate, observe, photo-
graph, and collect live and undamaged specimens of free -
 swimming gelatinous animals. 

 A variety of remote plankton - sensing platforms (that is, 
those deployed from ships that return data  –  but not neces-
sarily samples) has been developed for the study of zoo-
plankton diversity, distribution, and abundance. CMarZ 
has used several among the many instruments developed 
for this purpose, including the video plankton recorder 
(VPR; Davis  et al.   1992 ); underwater video profi ler (UVP; 
Gorsky  et al.   1992, 2000 ); optical plankton counter (OPC; 
Herman  1988 ); and continuous plankton recorder (CPR; 
Hardy  1926 ; Glover  1962 ). In general, these systems 
provide higher spatial resolution than nets and more accu-
rate depiction of the animal in its environment (Mori  &  
Lindsay  2008 ). For those species that can be remotely 
identifi ed, these instruments are valuable tools in describing 
the geographical and temporal changes in zooplankton 
populations in relation to behavior and the environment. 

 To census the world ’ s oceans, CMarZ has used ships of 
opportunity to sample zooplankton in open - ocean waters 
and areas not regularly frequented by large research vessels. 
Ships of opportunity have deployed ROVs and crewed sub-
mersibles, which usually require large ocean - going vessels 
for their deployment, in studies in Monterey Bay, Califor-
nia (Matsumoto  et al.   2003 ; Raskoff  &  Matsumoto  2004 ) 
and off the coast of Japan (Lindsay  et al.   2004, 2008 ; Kita-
mura  et al.   2005 ; Lindsay  &  Hunt  2005 ; Lindsay  &  Miyake 
 2009 ). In particular, the Plankton Investigatory Collabora-
tive Autonomous Survey System Operon (PICASSO) ROV 
system was designed for deployment from ships of oppor-
tunity to study gelatinous plankton as deep as 1,000   m 
(Yoshida  et al.   2007a, b ; Yoshida  &  Lindsay  2007 ).  

   13.3.2    Sample  p reservation 

 Zooplankton samples for CMarZ have been processed as 
bulk unsorted samples, especially during cruises of oppor-
tunity, and as individual expertly identifi ed specimens, 
usually during dedicated CMarZ surveys. No single sam-
pling - handling approach can preserve the appearance and 
morphological, molecular, and biochemical properties of 
zooplankton specimens. CMarZ developed and has used a 
sample - splitting protocol that entails immediate bulk 
processing of a portion of the sample (partly in formalin 
for morphological analysis and partly in alcohol for molec-
ular analysis), with another portion retained alive for pho-
tography, observation, and identifi cation of living specimens, 
some of which may not be suitable for eventual preserva-
tion. Splitting is not recommended for samples with few 
individuals or rare species, but may in other cases optimize 
sample use among scientists. Samples for molecular analysis 
were preserved in 95% non - denatured ethanol or buffer 
solution (for example RNAlater) and then stored at low 
temperatures ( − 20    ° C) to slow degradation. Identifi ed speci-
mens were fl ash - frozen in individual vials in liquid nitro-
gen. Overall, best results were obtained when DNA 
extractions were done very soon after collection.  

   13.3.3    Sample  a nalysis 

 An essential element of CMarZ has been traditional mor-
phological examination of samples by taxonomic experts, 
who are essential to validate species identifi cations for 
uncertain and possible new species, examine and confi rm 
putative new or cryptic species, and describe new species. 
Such skills are the domain of a very few specialists world-
wide and are a diminishing resource. The lack of manpower 
 –  both expert and technical  –  has been a bottleneck for 
CMarZ in our progress toward our goal of a global, 
taxonomically comprehensive biodiversity census. 

 Consequently, CMarZ has championed integrated mor-
phological and molecular genetic approaches to analysis of 
zooplankton species ’  diversity. A revolution in the analysis 
of global patterns of species diversity has been driven by 
the widespread use of DNA barcodes (that is, short DNA 
sequence used for species recognition and discrimination; 
Hebert  et al.   2003 ). The usual barcode gene region for 
metazoan animals is a 708 base - pair region of mitochon-
drial cytochrome oxidase I, mtCOI (Schindel  &  Miller 
 2005 ). CMarZ barcoding efforts have included analysis of 
both targeted taxonomic groups and particular ocean 
regions or domains. Five CMarZ barcoding centers (at the 
University of Connecticut, USA; Ocean Research Institute, 
Japan; Institute of Oceanology, China; Alfred Wegener 
Institute, Germany; and National Institute of Oceanogra-
phy, India) have worked together toward a shared goal of 
determining DNA barcodes for the approximately 7,000 
described species of zooplankton. CMarZ has also uniquely 
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demonstrated the use of off - the - shelf automated DNA 
sequencers in ship - board molecular laboratories, allowing 
a continuous at - sea analytical  “ assembly line ”  from collec-
tion, identifi cation, and DNA barcoding. 

 Environmental DNA surveys (that is, determination of 
sequences for 16S or 16S - like rRNA coding regions from 
mixed environmental samples) have transformed our 
understanding of microbial diversity in the oceans (Pace 
 1997 ; Sogin  et al.   2006 ). CMarZ has applied this revolu-
tionary approach to the analysis of zooplankton species 
diversity based upon COI barcodes, using an approach 
dubbed environmental barcoding (that is, DNA sequencing 
of the COI barcode region from unsorted bulk samples). 
This approach has the marked advantage of not requiring 
morphologically based species identifi cation. For zooplank-
ton, environmental barcoding entails comparison of the 
resultant DNA sequences with  “ gold standard ”  DNA 
barcode data to identify species and characterize species 
diversity (Machida  et al.   2009 ).  

   13.3.4    Data and  i nformation 
 m anagement 

 CMarZ uses a centralized distributed data and information 
management system, an outgrowth of the US GLOBEC 
Data and Information Management System (Groman  &  
Wiebe  1998 ; Groman  et al.   2008 ), which integrates among 
three primary data centers: Woods Hole Oceanographic 
Institution (Woods Hole, USA), Ocean Research Institute 
(Tokyo, Japan), and Alfred Wegener Institute (Bremer-
haven, Germany). The ready and open exchange of infor-
mation helps ensure that CMarZ project participants can 
coordinate and avoid duplication of effort, and thus speed 
progress toward the goal of a comprehensive and complete 
DNA barcode database for zooplankton.   

   13.4    Results from  CM  ar  Z  

   13.4.1    Toward a  g lobal  v iew of 
 p elagic  b iodiversity 

 Compared with the approximately 1 million described ter-
restrial insects and more than 1 million benthic marine 
organisms, the diversity of marine zooplankton, with about 
7,000 species, is by no means rich. A unique attribute of 
this assemblage is the relative magnitude of local diversity 
to global diversity (Angel  et al.   1997 ). As an example, the 
Copepoda  –  the most species - rich group of marine zoo-
plankton  –  are very common and species are frequently 
very abundant. One net sample from oceanic waters may 
contain hundreds of copepod species or about 10% of the 
global total of approximately 2,200 species. This ratio is 
nearly unique among animal groups and habitats. Low 

global diversity has been attributed to the homogenous and 
unstructured pelagic environment compared with terres-
trial, intertidal, or benthic habitats. High local diversity has 
been attributed to the coexistence of many species, through 
vertical or other modes of niche partitioning, but the exact 
mechanism for their co - existence is still poorly understood 
(Lindsay  &  Hunt  2005 ; Kuriyama  &  Nishida  2006 ). 
Recently, the contribution of biological associations toward 
the enhancement of species diversity has been attracting 
much attention (Pag è s  et al.   2007 ; Lindsay  &  Takeuchi 
 2008 ; Ohtsuka  et al.   2009 ). 

 Since 2004, CMarZ has completed more than 90 cruises, 
and samples for CMarZ have been collected at more than 
12,000 stations; an additional 6,500 archived samples have 
been available for analysis. CMarZ has sampled from every 
ocean basin (Fig.  13.2 ). For selected groups of zooplank-
ton, CMarZ has made excellent progress toward a new 
global view of biodiversity. Although zooplankton are not 
as prevalent as microbes, for which an  “ everything is every-
where ”  debate continues (see, for example, Patterson 
 2009 ), species with circumglobal distributions are found in 
every phylum of the zooplankton assemblage from Protista 
to Chordata. Such broadly distributed species have been a 
focus of particular attention for CMarZ. The global bioge-
ography of planktonic Foraminifera has been mapped by 
Colomban de Vargas (CNRS, France), based upon inte-
grated morphological and molecular systematic analysis (de 
Vargas  et al.   2002 ; Morarda  et al.   2009 ). Demetrio Bol-
tovskoy (University of Buenos Aires, Argentina) has pro-
duced an atlas of Radiolaria (Polycystina) distributions 
based upon 6,719 samples that reveals relations between 
radiolarian distributions and worldwide water mass and 
circulation patterns (Boltovskoy  et al.   2003, 2005 ). CMarZ 
contributed to production of a monograph on the known 
genera of Hydrozoa in the world ocean (Bouillon  et al.  
 2006 ). Analysis of global patterns of copepod diversity and 
abundance is being performed by Sigrid Schnack - Schiel 
(Alfred Wegener Institute, Germany), who is comparing 
regional patterns in tropical, temperate, and polar seas; in 
all regions, more than 50% of all species occur in low 
abundances (not more than 10 individuals per 100 cubic 
meters); in Antarctic waters, more than 80% of species are 
rare (Fig.  13.3 ).   

 CMarZ has also contributed to new understanding of 
ocean - basin scale patterns of species diversity through mon-
ographic treatments of selected zooplankton groups. 
Notable among these are analyses of planktonic Ostracoda 
of the Atlantic Ocean (Angel  et al.   2007 ; Angel  2008 ; 
Angel  &  Blachowiak - Samolyk  2009 ; Angel  2010 ). Also, 
Vijayalakshmi Nair (National Institute of Oceanography, 
India) has advanced understanding of species diversity of 
the Chaetognatha, a taxonomically challenging group, in 
the Indian Ocean (Nair  et al.   2008 ) and, working with 
Annelies Pierrot - Bults (University of Amsterdam, The Neth-
erlands), in the Atlantic Ocean. Gelatinous zooplankton 
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     Fig. 13.2 

 Global map showing collection locations of new zooplankton samples for analysis by CMarZ during 2004 – 2009. Also shown are two large historical 
collections that have been analyzed by CMarZ scientists. Colors indicate the various CMarZ participating institutions and individuals. NIO, National Institute of 
Oceanography, India; UBA, University of Buenos Aires, Argentina; SAHFOS, Sir Alister Hardy Foundation for Ocean Science, United Kingdom; IOCAS, Institute 
of Oceanology, Chinese Academy of Sciences, China; AWI, Alfred Wegener Institute for Polar and Marine Research, Germany; WHOI, Woods Hole 
Oceanographic Institution, USA; ORI, Ocean Research Institute, University of Tokyo, Japan.  

diversity patterns have been found to differ between the 
Pacifi c Ocean and Japan Sea sides of Japan (Lindsay  &  Hunt 
 2005 ), including unique investigations of ctenophores and 
other fragile gelatinous zooplankton using submersibles 
below 2,000   m (Lindsay  2006 ; Lindsay  &  Miyake  2007 ). 
An in - depth study on the gelatinous fauna of the Gulf of 
Maine was published by Pag è s  et al.   (2006) . Also, checklists 
and fi eld guides have been produced to aid in species iden-
tifi cation of gelatinous plankton for Japanese waters 
(Lindsay  2006 ; Kitamura  et al.   2008a, b ; Lindsay  &  Miyake 
 2009 ); for waters off California (Mills  et al.   2007 ; Mills  &  
Haddock  2007 ); and for the Mediterranean (Bouillon  et al.  
 2004 ).  

   13.4.2    Biodiversity  h ot  s pots 

 Sampling within regions and/or for taxa that have histori-
cally been ignored or understudied has been a key objective 
of CMarZ. Our efforts have been focused on biodiversity 
hot spots (that is, geographic or taxonomic domains for 
which there is greatest scope for improved knowledge of 
species richness), which may be specifi c areas of the ocean, 
taxonomic groups, or ecological guilds. Marine ecologists 
and oceanographers must identify and prioritize such 
regions, similar to terrestrial ecologists, who have identifi ed 
18 biodiversity hot spots based primarily on degree of 
endemism and impacts of human activities (Wilson  1999 ). 
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     Fig. 13.3 

 Comparisons for tropical, temperate, and polar regions of patterns of 
Copepoda species diversity and abundance for two ocean depth strata: 
 (A)  surface to 300   m and  (B)  surface to 1,000   m. Regions shown top 
and bottom are as follows: Trans,  Polarstern  Transect 2002 (temperate 
Atlantic); MS, Meteor Seamount 1998 (subtropical North Atlantic); 
GA/RS, Gulf of Aqaba, Red Sea 1999 (tropical); Ant, Weddell Sea and 
Bellingshausen Sea, Antarctica (polar); Mag, Magellan Strait (sub - polar 
South Atlantic).  

 Among the numerous acknowledged biodiversity hot 
spots for marine zooplankton, CMarZ has focused on 
diversity in the deep sea, polar seas, and coastal regions 
and marginal seas of Southeast Asia. Our taxonomic 
targets have included gelatinous groups and other taxo-
nomically challenging and under - appreciated groups 
throughout the zooplankton assemblage. The CMarZ focus 
on geographic and taxonomic areas with high potential 
for species discovery has resulted in discoveries of 89 
new species, of which 52 have been formally described 
(Table  13.1 ).   

   13.4.2.1    Southeast Asian  c oastal  w aters 
and  m arginal  s eas 
 Comprehensive research has been conducted in the 
embayed waters, coastal areas, and marginal seas of 
Southeast Asia. This is a major biodiversity hot spot in 

  Table 13.1 

  Numbers of new zooplankton species, genera, and families discovered during 
 CM  ar  Z . Species that are not yet formally described are listed separately 
below. 

   Taxonomic group  
   New family 
(genus)     New species  

   Described new species   

  Phylum Ctenophora    1(0)      

  Phylum Cnidaria          

     Hydromedusae    1(2)    2  
     Siphonophora        1  
     Scyphozoa        2  

  Phylum Arthropoda          

     Copepoda    1(3)    21  
     Mysidae    0(1)    23  
     Amphipoda    1(0)    1  

  Phylum Chaetognatha        2  

  Total    4(6)    52  

   Species to be described   

  Phylum Ctenophora        1  

  Phylum Arthropoda          

     Copepoda        20  
     Ostracoda    0(1)    15  

  Phylum Annelida          

     Polychaeta        1  

  Total    0(1)    37  

the world and has a very complicated geography and 
geological history. New species discoveries here have been 
dominated by copepods (including  Pseudodiaptomus ,  Tor-
tanus (Atortus) , and species of the families Pontellidae 
and Pseudocyclopidae) and mysids collected using sledge 
nets from coastal near - bottom habitats and by night - time 
or SCUBA sampling in coral reefs, indicating that the 
high diversity of these habitats has been overlooked by 
conventional daytime net sampling (see, for example, 
Nishida  &  Cho  2005 ; Murano  &  Fukuoka  2008 ). The 
Sulu Sea, a semi - enclosed marginal sea in the tropical 
Western Pacifi c Ocean, has been a particular focus for 
CMarZ studies (Nishikawa  et al.   2007 ) and has yielded 
several discoveries of new species and genera, including 
copepods (Ohtsuka  et al.   2005 ). 
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  Table 13.2 

  Pelagic habitat volumes of the Atlantic, Pacifi c, and Indian Oceans based on hypsometry presented by  Menard  &  Smith  (1966)  . The ocean pelagic habitat has been 
divided vertically into fi ve zones: epipelagic, mesopelagic, bathypelagic, abyssopelagic, and hadopelagic  (Hedgepeth  1957 ) . The last zone occupies a small fraction 
of the ocean volume and is present in the ocean ’ s deep - sea trenches. 

   Habitat zone  
   Atlantic Ocean 
volume (10 6    km 3 )  

   Volume 
(%)  

   Pacific Ocean 
volume (10 6    km 3 )  

   Volume 
(%)  

   Indian Ocean 
volume (10 6    km 3 )  

   Volume 
(%)  

  Epipelagic (0 – 200   m)    17311.6    4.76    33248.0    4.28    14685.2    4.59  

  Mesopelagic 
(200 – 1,000   m)  

  64382.4    17.70    130822.4    16.83    56643.2    17.71  

  Bathypelagic 
(1,000 – 4,000   m)  

  213140.0    58.60    455499.0    58.560    193879.0    60.62  

  Abyssopelagic 
(4,000 – 7,000   m)  

  68859.0    18.93    157588.0    20.27    54594.0    17.07  

  Hadopelagic ( > 7,000   m)    10.0    0.003    175.0    0.023    0    0  

  Total    363703.0    100    777332.4    100    319801.4    100  

 Species discoveries by CMarZ within the Copepoda 
have added another 8% to the total number of copepod 
species in Southeast Asia (another 2% to the global total), 
and new species discoveries of Mysidacea in Southeast Asia 
have added 15% to the global total for that group. Under-
standing the signifi cance of these numbers must also take 
into account the ecological importance of the species and 
their role in the ecosystem. Regardless, CMarZ has made 
exceptional progress in improving our knowledge of zoo-
plankton biodiversity in Southeast Asia by building effective 
teams of expert taxonomists who collaborate with CMarZ 
scientists.  

   13.4.2.2    The  d eep  s ea 
 By volume, 88% of the ocean environment is deeper 
than 1   km and 76% is between a depth of 3 and 6   km 
(Table  13.2 ; Menard  &  Smith  1966 ; Hering  2002 ). 
The deep sea is thus the largest habitat on earth  –  and 
also the one least known. Previous studies have yielded 
several general characteristics of pattern of zooplankton 
diversity, distribution, and abundance in the deep sea. 
A primary fi nding is that numbers of species and their 
abundances tend to decrease with depth (Longhurst 
 1995 ). The decrease in number of species is not linear; 
there is a peak in mid - water layers and a decrease with 
greater depth (Fig.  13.4 ). However, better sampling in 

the deep sea and discovery of new species at depth 
may alter this trend. Latitude affects this general trend, 
with higher numbers of species at all depths in lower 
latitudes than at higher latitudes (Angel  2003 ). Other 
general trends are that deeper - dwelling species are less 
likely to be endemic (that is, native and restricted to 
a particular region) and more likely to be geographically 
widespread. Usual feeding mode varies through the 
depth strata, with fi lter - feeding herbivorous species 
occurring in the upper water layers, and detritivores 
and carnivores most abundant below the light - fi lled 
surface waters.     

 Exploration and discovery in the deep sea have been 
slowed by the inherent diffi culties of sampling at great 
depths. Deeper than 1,500   m in most ocean areas, the 
very low abundances of most species requires that huge 
volumes of water be fi ltered, with sampling over many 
hours using huge sampling systems deployed from large 
ships, to collect signifi cant numbers of individuals. 
Despite these challenges, many new deep - sea species 
have been discovered in the past decade, strongly indi-
cating that deep - sea biodiversity has so far been mark-
edly underestimated. 

 CMarZ ’  unique approach to sampling deep - sea zoo-
plankton using a 10 - meter MOCNESS with fi ne mesh nets 
has yielded many discoveries and fi rst - time observations of 
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     Fig. 13.4 

 Vertical profiles of abundance  (A)  and numbers  (B)  of calanoid Copepoda species in different geographical regions during summer (excluding the 
benthopelagic zone). Abbreviations are as follows: Meteor Seamount (MS), Eastern Weddell Sea (EWS), Lomonosov Ridge (LR), Canada Basin (CB). 
 Arctic data from Kosobokova  (1989)  and Kosobokova  &  Hirche  (2000) ; Antarctic data from S. Schnack - Schiel (unpublished data).   

living specimens. During two CMarZ cruises using this gear 
to explore the deep tropical/subtropical Atlantic Ocean 
regions (that is, the Sargasso Sea on the R/V  RH Brown  in 
2006, and the eastern Atlantic on the FS  Polarstern  in 
2007), zooplankton were collected from the entire water 
column with a focus on describing species composition and 
richness and discovering new species in the poorly known 
meso -  and bathypelagic zones. The Sargasso Sea cruise 
yielded a treasure - trove of specimens, including Cteno-
phora (22 species), Cnidaria (110 species), Ostracoda (58 
of 140 known Atlantic species), Copepoda (134 species), 
euthecosome pteropod Mollusca (20 of approximately 33 
species), heteropod Mollusca (17 of 29 species), Cephalo-
poda (13 species), and Appendicularia (13 of approximately 
70 species). In addition, 3,965 fi sh specimens were col-
lected, including 127 species of 84 genera from 42 families. 
Below 1,000   m depth, the MOCNESS - 10 collected several 
little - known species, including the siphonophores  Nectada-
mas richardi  (Pugh  1992 ) and  Lensia quadriculata  (Pag è s 
 et al.   2006 ). 

 During the eastern Atlantic cruise, more than 1,000,000 
cubic meters of seawater was fi ltered and approximately 
60,000 specimens were identifi ed. In some cases, collec-

tions represented a signifi cant fraction of the species known 
from the South Atlantic; 104 copepod species were identi-
fi ed of an estimated total of 500 species known (Bradford -
 Grieve  et al.   1999 ). A sample from the bathypelagic 
captured a putative new copepod species, the third to be 
described from the family Hyperbionychidae (Bradford -
 Grieve  2010 ). From the two CMarZ deep - sea Atlantic 
cruises, at least 15 novel ostracod species were discovered 
and are in process of description (Martin Angel, unpub-
lished data). 

 In recent years, CMarZ ’  use of  in situ  sampling and 
observation from submersibles and ROVs has dramatically 
improved our understanding of deep - sea biodiversity, 
biology, and ecology. Laurence P. Madin (Woods Hole 
Oceanographic Institution, USA) led a CMarZ exploration 
to the Celebes Sea, a tropical sea and biodiversity hot 
spot in the Indonesia/New Guinea/Philippine triangle 
between the Pacifi c and Indian Oceans. Sampling was 
performed by blue - water diving and net systems; deep - sea 
observations to 3,000   m used a Global Explorer ROV 
with high - defi nition television and benthic - baited video 
 “ Ropecams ” . The team discovered that the overall biomass 
of the water column was high, with exceptional abundance 
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of the nitrogen fi xing, blue - green bacteria  Trichodesmium . 
Sperm whales and spinner dolphins were observed at the 
surface, squid were seen from the ROV, and myctophid 
fi shes were collected in the trawl. Ten of 23 known world-
wide species of Salpidae, a group of gelatinous zooplank-
ton, were collected by blue - water divers. Two species 
thought to be new to science were observed: a black, 
benthopelagic lobate ctenophore and a large pelagic 
polychaete worm with ten long cephalic tentacles. 

 Further CMarZ deep - sea exploration using ROVs and 
submersibles uncovered a cascade of biological associations 
of the deep - sea hydromedusan,  Pandea rubra , which is 
dependent upon a pteropod mollusk for the polyp stage of 
its life cycle (Lindsay  et al.   2008 ). Ocean acidifi cation is 
thought to be detrimental to calcareous shell - bearing Mol-
lusca, and the newly discovered linkage between these 
species may represent a threat to the medusa.  Pandea rubra  
was found to host many other species during its deep - sea 
medusa stage, including Pycnogonida (sea spiders) (Pag è s 
 et al.   2007 ), hyperiid Amphipoda, and larval stages of other 
hydromedusae (Lindsay  et al.   2008 ). Invaluable archived 
video from the 11,000   m ROV  Kaiko  revealed what 
appeared to be a new order of Ctenophora in the Ryukyu 
Trench (Japan); a comb jelly was observed fl oating above 
and attached by  “ strings ”  to the sea fl oor at a depth of 
7,217   m (Lindsay  &  Miyake  2007 ).  

   13.4.2.3    Polar  s eas 
 As a general rule across pelagic groups, species diversity is 
lower at high latitudes than at low latitudes (see Chapters 
 10  and  11 ). Although the explanation for this remains 
unclear, low temperature and dramatic seasonal shifts in 
light levels and sea ice cover  –  and thus primary production 
 –  surely represent signifi cant challenges to survival. 
Although the most characteristic feature of polar seas is sea 
ice, early studies of polar zooplankton were largely restricted 
to ice - free areas and summer months. This has severely 
limited our understanding of polar ecosystems, because the 
sea ice environment is a unique environment harboring a 
diverse fauna (Bluhm  et al.   2010 ) and plays a vital role in 
ecosystem dynamics of both polar oceans (see, for example, 
Schnack - Schiel  2001 ; Arndt  &  Swadling  2006 ; Kiko  et al.  
 2008 ; Schnack - Schiel  et al.   2008 ). 

 In the Antarctic, where sea ice is predominantly sea-
sonal, the Southern Ocean krill ( Euphausia superba ) is the 
keystone species and inhabits the seasonal pack - ice zone of 
Antarctic Coastal Current (Atkinson  et al.   2004 ; Siegel 
 2005 ). Copepoda are dominant in many Antarctic regions 
in terms of both biomass and abundance, with few large 
species (for example  Calanus propinquus ,  Calanoides 
acutus ) making up more than 40% of total copepod 
biomass, and frequently neglected smaller species (for 
example  Oithona ,  Oncaea ,  Microcalanus ,  Ctenocalanus , 
and others) accounting for more than 80% of total copepod 
abundance (Kosobokova  &  Hirche  2000 ; Hopcroft  &  

Robison  2005 ; Schnack - Schiel  et al.   2008 ). Park  &  Ferrari 
 (2008)  reported a total of 205 calanoid copepod species 
from the Southern Ocean: 184 species (of which 50 are 
endemic) were restricted to deep waters, 13 species 
(8 endemic) were epipelagic, and 8 species (all endemic) 
were neritic. 

 The Arctic Ocean is unique owing to its permanent and 
seasonal ice cover, and restricted exchange of deep - water 
biota with the Pacifi c and Atlantic Oceans (see, for example, 
Carmack  &  Wassmann  2006 ). Extreme environmental 
conditions and limited exchange with the adjacent ocean 
regions have resulted in a zooplankton assemblage compris-
ing species endemic to the Arctic Ocean and uniquely 
adapted to cold temperatures (Smith  &  Schnack - Schiel 
 1990 ; Kosobokova  &  Hirche  2000 ; Deibel  &  Daly  2007 ). 
Approximately 300 species of holozooplankton have been 
recorded for the Arctic (Sirenko  2001 ). The greatest diver-
sity occurs within the Copepoda (approximately 150 
species), which dominate the zooplankton community in 
both abundance and biomass (Kosobokova  &  Hopcroft 
 2009 ). Four large calanoid species ( Calanus glacialis ,  C. 
hyperboreus ,  C. fi nmarchicus , and  Metridia longa ) are by 
far the most dominant species, contributing 60 – 70% of 
total zooplankton biomass (see, for example, Kosobokova 
 et al.   1998 ; Kosobokova  &  Hirche  2000 ). Cnidaria are 
represented by approximately 50 species, mostly hydro-
medusae; mysids contribute approximately 30 species, 
most of which are epibenthic. Other groups are each 
represented by fewer than a dozen described species.  

   13.4.2.4    Gelatinous  z ooplankton 
 Special attention has been paid to the biodiversity of gelati-
nous plankton as a hot spot for species discovery. Discover-
ies of novel Cnidaria and Ctenophora species have resulted 
(Kitamura  et al.   2005 ; Fuentes  &  Pag è s  2006 ; Pag è s  et al.  
 2006 ; Hosia  &  Pag è s  2007 ), some requiring the establish-
ment of new higher taxonomic groups (Lindsay  &  Miyake 
 2007 ). This work has also allowed comparisons among 
regional faunas in light of geological history and environ-
mental conditions, and revealed novel relationships among 
gelatinous plankton and other organisms (Ates  et al.   2007 ; 
Pag è s  et al.   2007 ; Lindsay  &  Takeuchi  2008 ; Ohtsuka 
 et al.   2009 ).   

   13.4.3     DNA   b arcoding 

 CMarZ has championed integrated morphological and 
molecular genetic approaches to analysis of zooplankton 
species ’  diversity (see, for example, Lindeque  et al.   2006 ; 
Ueda  &  Bucklin  2006 ; Bucklin  et al.   2007 ; Bucklin  &  
Frost  2009 ; Goetze  &  Ohman  2010 ; Jennings  et al.  
 2010a ). Importantly, CMarZ has placed a high priority 
on  “ gold - standard ”  barcoding (that is, determination of a 
500 +  base - pair DNA sequence for mtCOI for an identifi ed 
vouchered specimen, with specifi ed metadata for protocols 
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and collections) for described species of zooplankton. The 
growing CMarZ barcode database  –  now approaching 
2,000 species or about 30% of the approximately 7,000 
described species  –  will serve as a  “ Rosetta Stone ”  for 
species identifi cation of marine zooplankton, linking 
species names, morphology, and DNA sequence variation. 
DNA barcodes will thus facilitate rapid characterization 
of patterns of species diversity and distribution in the 
pelagic realm. 

 Taxon - specifi c barcoding efforts by CMarZ researchers 
have included analysis of every phylum and taxonomic 
group within the zooplankton assemblage, including Protista 
(Morarda  et al.   2009 ); Cnidaria (Ortman  2008 ; Ortman  et 
al.   2010 ), calanoid Copepoda (Machida  et al.   2006 ), 
Euphausiacea (Bucklin  et al.   2007 ), Ostracoda (Angel  et al.  
 2008 ), pteropod Mollusca (Jennings  et al.   2010a ), Chaetog-
natha (Jennings  et al.   2010b ), among other groups. These 
studies have demonstrated the usefulness of DNA barcodes 
for identifi cation of known species, discovery of new species, 
and recognition of cryptic species within widespread or 
poorly known taxa. Alternatively, CMarZ barcoding cam-
paigns have had a regional focus, with barcoding of all 
identifi ed specimens collected from a particular ocean 
region or during a survey cruise. CMarZ has regionally 
focused barcoding efforts either completed or ongoing in 
the Arctic Ocean (Bucklin  et al.   2010a ), Sargasso Sea 
(Bucklin  et al.   2010b ), Eastern Atlantic and the Bay of 
Biscay, and South China Sea. 

 DNA barcodes have been used to characterize large - scale 
patterns of population genetic diversity and structure (that 
is, the amount and distribution of genetic variance within 
and among natural populations of organisms). Global - scale 
sampling and molecular analysis of zooplankton has revealed 
geographically distinct and genetically differentiated popu-
lations of Copepoda (Blanco - Bercial  et al.   2009 ; Machida  &  
Nishida  2010 ); Euphausiacea (Bucklin  et al.   2007 ); and 
Chaetognatha (Peijnenburg  et al.   2004 ; Miyamoto  et al.  
 2010 ). Although geographic populations of zooplankton are 
not reproductively isolated, they are important units of evo-
lution; studies of population genetic diversity and structure, 
using the barcoding gene region of choice, have been a 
critical aspect of the CMarZ global biodiversity assessment. 

 CMarZ has uniquely demonstrated the feasibility and 
value of performing DNA barcoding at sea during oceano-
graphic research cruises. During two CMarZ biodiversity 
surveys to the Sargasso Sea and the Eastern Atlantic, DNA 
extraction, polymerase chain reaction (PCR), and DNA 
sequencing were performed in shipboard barcoding labo-
ratories. Hundreds of species were barcoded, based on 
specimens identifi ed by the taxonomic experts also partici-
pating in the cruise. During the Sargasso Sea cruise, 329 
DNA barcodes were determined for 191 holozooplankton 
species, including hydrozoans, crustaceans, chaetognaths, 
and mollusks; barcodes were determined for an additional 
35 fi sh species (Bucklin  et al.   2010b ). 

 CMarZ has pioneered the use of environmental barcod-
ing for zooplankton communities: Machida  et al.   (2009)  
sequenced the COI barcode from an unsorted bulk sample 
collected in the western equatorial Pacifi c Ocean, detected 
189 species of zooplankton based on COI sequences, and 
demonstrated the usefulness of this powerful approach to 
estimating species diversity of metazoan animals (Fig.  13.5 ).   

 As the DNA barcode database has grown to include 
described species collected from diverse ocean regions, 
CMarZ has explored new approaches for computationally 
effi cient analysis and useful presentation of DNA sequence 
data and results. A novel approach is vector analysis 
(Sirovich  et al.   2009 ), scalable analysis for very large 
datasets that produces heuristic displays of barcode simi-
larity called heat maps or  –  because of their resemblance 
to modern art  –   “ Klee diagrams ”  (Fig.  13.6 ).    

   13.4.4    Patterns of  h istorical 
 c hange 

 Time - series observations and monitoring programs that 
span many years are needed to document long - term changes 
in zooplankton diversity, distribution, abundance, and 
biomass in ocean ecosystems (Perry  et al.   2004 ). CMarZ 
has sought to embed our fi eld activities in the context of 
such valuable programs in order to provide benchmark 
biodiversity information for the analysis of temporal 
changes associated with global climate change. 

   13.4.4.1    Northeast Atlantic Ocean,  UK  
 Since 1946, the Continuous Plankton Recorder (CPR) 
Survey Program (Sir Alister Hardy Foundation for Ocean 
Science, UK) has sought to characterize and understand 
changes in the species composition of North Atlantic zoo-
plankton. Approximately 2.5 million non - zero records 
have indicated that zooplankton biomass has declined 
below the long - term average. In the North Sea, present 
biomass levels are one - half those in 1960 and warm - water 
species (for example the copepod  Calanus helgolandicus ) 
are displacing cold - water species (for example  C. fi nmar-
chicus ). This change affects the survival of fi sh larvae that 
depend on  C. fi nmarchicus  and has far - reaching conse-
quences for the ecosystem (Beaugrand  et al.   2002 ; Edwards 
 et al.   2007 ). Another fi nding from analysis of CPR data is 
evidence of seasonal shifts in spawning and other life - 
history processes related to climate warming, creating mis-
match between fi sh larvae and their food (Edwards  &  
Richardson  2004 ; Edwards  et al.   2008 ) and resulting in 
low fi sh recruitment. CPR surveys are beginning to docu-
ment trans - Arctic migrations, with unknown consequences 
for pelagic communities (Edwards  et al.   2008 ). CPR data 
have revealed what are called  “ regime shifts ”  (that is, mark-
edly increased diversity and decreased productivity of zoo-
plankton) in the North Sea (Edwards  et al.   2007 ), as well 
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as the Northwest Atlantic, Northeast Pacifi c, and North-
west Pacifi c Oceans (Kane  &  Green  1990 ; Pershing  et al.  
 2005 ; Kane  2007 ; Mackas  et al.   2007 ; Tian  et al.   2008 ).  

   13.4.4.2    Northwest Atlantic Ocean,  USA  
 A 40 - year survey by the US National Marine Fisheries 
Service (NMFS) has used the CPR (Jossi  &  Goulet  1993 ) 
to correlate effects on zooplankton populations with dec-
adal - scale forcing by the North Atlantic Oscillation (Greene 
 &  Pershing  2000 ; Conversi  et al.   2001 ; Piontkovski  et al.  
 2006 ; Turner  et al.   2006 ). Analysis of data and samples 
collected during 1977 – 2004 by NMFS ’  Marine Resources 
Monitoring, Assessment and Prediction (MARMAP) 
program (Jossi  &  Kane  2000 ; Kane  2007 ), demonstrated 
that total zooplankton counts over Georges Bank were at 
or above long - term average levels between 1989 and 2004 
(Kane  &  Green  1990 ; Kane  2007 ). This regime shift was 
also observed in CPR records from the Gulf of Maine, 
which showed an increase in smaller - sized species (Pershing 
 et al.   2005 ; Greene  &  Pershing  2007 ). The US GLOBEC 
Northwest Atlantic Program/Georges Bank Study examined 
zooplankton dynamics during 1994 – 1999, and provided 
one of the most comprehensive species datasets available 
for an historical fi shing ground (Wiebe  et al.   2002 ). Since 
2004, NMFS has provided samples to CMarZ from quar-
terly ecosystem monitoring surveys over the Northwest 
Atlantic continental shelf; these samples are being used to 
barcode 200 of the most abundant zooplankton species, 
with a goal of allowing rapid DNA - based biodiversity 
assessments for fi sheries management in this area.  

   13.4.4.3    Benguela Current, South Africa 
 Zooplankton diversity and biomass have been recorded for 
the Benguela Current, west of South Africa, since 1951. In 
contrast to most Eastern Boundary Currents, numerical 
abundances have increased 100 - fold over recent decades. 
Species composition has shifted, with smaller - bodied Cope-
poda and Cladocera now dominating in the region, perhaps 
because of the combined effects of changes in climate, 
circulation patterns, and predator dynamics (Verheye  &  
Richardson  1998 ; Verheye  2000 ).  

   13.4.4.4    California Current,  USA  
 The California Cooperative Oceanic Fisheries Investiga-
tions (CalCoFI) is a 60 - year time - series of quarterly surveys 
off southern and central California. No long - term trend 
was detectable in total zooplankton carbon biomass, 
although zooplankton displacement volume has declined in 
both regions, likely due to declines in salp abundances 
(which are mostly water and contribute little to carbon 
biomass; Lavaniegos  &  Ohman  2007 ). Zooplankton 
biomass varied among areas along the coast (Fernandez -
 Alamo  &  F ä rber - Lorda  2006   ). The time - series showed a 
marked shift from a  “ warm ”  regime with low zooplankton 

biomass and high sardine populations to a  “ cool ”  regime 
with high zooplankton biomass and high anchovy 
populations.  

   13.4.4.5    Western Pacific, Japan 
 The Odate collection at the Tohoku National Fisheries 
Research Institute (Japan) contains 20,000 formalin - pre-
served zooplankton samples collected throughout the 
western North Pacifi c from 1950 to 1990. Analysis of this 
extensive collection revealed decadal oscillations in copepod 
diversity and abundance. Compared with all other decades, 
the late 1980s showed a climatic regime shift: the copepod 
 Metridia pacifi ca  was dominant, whereas the abundance of 
 Neocalanus plumchrus  was low (Sugisaki  2006 ; Tian  et al.  
 2008 ).  

   13.4.4.6    Indian Ocean, India 
 The International Indian Ocean Expedition (IIOE), carried 
out during 1962 – 1965, was the most intensive sampling 
program to characterize zooplankton species diversity and 
abundance in the region. Digitization and analysis of the 
IIOE data by CMarZ scientists have characterized seasonal 
variability associated with monsoon conditions and revealed 
long - term trends in species abundances and biogeographi-
cal distributions (Nair  et al.   2008 ; Nair  &  Gireesh  2010 ). 
The data and results from IIOE represent an invaluable 
resource for detecting seasonal, interannual, and long - term 
shifts in the zooplankton assemblage (Baars  1999 ).  

   13.4.4.7    Marginal  s eas 
 In the Caspian Sea, the invasive comb jelly  Mnemiopsis 
leidyi  has severely impacted the entire ecosystem since its 
introduction in the late 1990s (Kideys  et al.   2005, 2008 ). 
In the Black Sea, 130 years of plankton records (1870 –
 2000) documented a long - term increase in the diversity of 
tintinnid Ciliata until 1960, followed by a decline into the 
1990s. Ctenophore blooms in the 1990s may have impacted 
the anchovy fi shery by causing replacements of copepod 
species (Gavrilova  &  Dolan  2007 ) and generating a trophic 
cascade with disastrous consequences for the ecosystem 
(Kideys  et al.   2005 ).  

   13.4.4.8    Arctic Ocean 
 Changes in zooplankton species diversity, distribution, and 
abundance can be expected to occur in the Arctic Ocean, 
as climate change alters water temperature and thus timing 
and magnitude of productivity cycles (Grebmeier  et al.  
 2006 ; Bluhm  &  Gradinger  2008 ). The introduction of 
exotic species through increased commercial traffi c and 
the establishment of expatriate species from adjoining 
regions with warming are likely for the Arctic Ocean in 
the near future (ACIA  2004 ). Comparisons of zooplankton 
abundances in recent years with the early 1950s suggest 
that some taxa were more abundant in the Chukchi and 
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     Fig. 13.6 

 Results of vector analysis shown as a heat map or  “ Klee diagram ”  for 329 DNA barcodes for 191 zooplankton species collected from the Sargasso Sea, 
Northwest Atlantic Ocean, during a CMarZ cruise on the R/V  RH Brown  in April 2006. The vector analysis method is from Sirovich  et al.   (2009) . Analysis 
includes species of diverse zooplankton groups, including Cnidaria (Hydrozoa, 54 species); Crustacea (Amphipoda, 8; Copepoda, 38; Euphausiacea, 10; 
Ostracoda, 33; other Crustacea, 11); Chaetognatha (5); and Mollusca (Cephalopoda, 12; Gastropoda, 21), as well as fish (Osteichthyes, 35).  

Beaufort shelf and slope regions and the Canada Basin in 
2002 than about 50 years ago (Grebmeier  et al.   2006 ).    

   13.5    Significance and 
Impacts 

   13.5.1    Taxonomic  t raining 

 CMarZ has enhanced research capacity in marine biodi-
versity and zooplankton ecology through the training of 
graduate students by CMarZ scientists and through inter-
national exchanges of students, staff, and researchers 
among CMarZ laboratories. CMarZ has placed a high pri-
ority on training new zooplankton taxonomists, with a total 
of 252 participants for 27 Taxonomic Training Workshops 
during 2004 – 2009. Many students have joined the CMarZ 
Network, which now includes more than 150 members, to 

seek information and access to expertise to facilitate their 
research. CMarZ has sought to enhance capacity for taxo-
nomic analysis of zooplankton through both traditional 
morphological and molecular systematic analysis.  

   13.5.2    Applications of  CM  ar  Z  
 r esults 

 CMarZ ’  efforts toward a global assessment of marine 
zooplankton biodiversity, focusing on geographic and 
taxonomic hot spots, will provide a benchmark baseline 
biodiversity assessment for measurement of future changes 
resulting from climate change or other anthropogenic or 
natural variation. Zooplankton diversity can also be used as 
a measure of the health of marine ecosystems, and knowl-
edge of prior and existing patterns of zooplankton distribu-
tion and diversity is needed for the management of coastal 
marine ecosystems (Link  et al.   2002 ). Zooplankton are 



Chapter 13 A Census of Zooplankton of the Global Ocean 261

pivotal players in the dynamics of marine ecosystems, and 
new knowledge is needed of their roles in biogeochemical 
cycles (Buitenhuis  et al.   2006 ). 

 CMarZ ’  barcode database, protocols for barcoding 
diverse marine phyla, and techniques for environmental 
sequencing of zooplankton will be useful in accelerating 
analysis of zooplankton diversity and distribution for a 
variety of applications in ocean research, management, and 
conservation. DNA barcodes will be used to produce DNA 
microarray  “ chips ”  for automated and/or remote identifi ca-
tion and quantifi cation of zooplankton. In the not - too -
 distant future, ocean - observing stations may include 
moored instruments with DNA - based detection systems for 
 in situ  species identifi cation. These same approaches may 
allow rapid and accurate species identifi cation for ecosys-
tem monitoring and fi sheries management, detection of 
invasive species in ballast water, and other possibilities 
central to ocean observing, management, and regulation.   

   13.6    Challenges and 
Opportunities for the Future 

 The question of how many species are present still remains, 
and future studies will continue to challenge our under-
standing of diversity. Large - scale studies of zooplankton 
are needed to evaluate patterns of biodiversity at scales 
appropriate to dispersal ability in ocean currents. Shifts 
in geographic ranges may underlie apparent temporal 
changes observed during spatially limited studies. In the 
case of species introductions, clear defi nition of potential 
source populations and likely colonization pathways 
require an understanding of global - scale distributions. For 
some cosmopolitan species, there may be little genuine 
endemism, whereas others may consist of complexes of 
genetically distinct entities, representing geographically 
isolated populations or cryptic species. 

 There remain large gaps in the sampling coverage done 
by CMarZ, especially in the deep sea and under - sampled 
ocean regions. Despite the increase of deep - sea studies, 
these investigations still represent rare snapshots of this 
huge habitat and vast areas of the deep sea remain unex-
plored. Despite new capabilities of ice - breaking research 
vessels, our understanding of polar ecosystems during the 
dark season remains fragmentary. Despite our efforts, 
CMarZ has only performed limited sampling in the Central 
Pacifi c Ocean, obtaining some samples from ships of oppor-
tunity (for example sailing ships associated with the Sea 
Education Association, Woods Hole, USA). Comprehensive 
sampling in the Indian and tropical Pacifi c Oceans has not 
yet extended below a few hundred meters. The richly 
diverse benthopelagic communities have received almost no 
attention because of sampling diffi culties. 

 The urgency and/or vulnerability of regions or taxa to 
anthropogenic or natural threats must be weighed in deter-
mining future research priorities. These include regions 
where rates and impacts of climate change are most likely 
to be amplifi ed, and poorly studied areas threatened by 
anthropogenic inputs (such as near population centers in 
emerging nations). The availability of baseline data is a 
critical issue, because evaluation of biodiversity patterns 
and hot spots requires improved knowledge of existing data 
and trends. Sites where time - series collections or long - term 
monitoring studies have been done are of high priority for 
continued assessment. 

 An essential feature for continued progress toward a 
global zooplankton census will be an international partner-
ship, ideally coordinated through a network of regional 
centers that can identify opportunities for cooperative fi eld 
work, arrange sampling from ships of opportunity, and lead 
efforts to secure funding for dedicated cruises. Interdisci-
plinary collaborations  –  among oceanographers, ecologists, 
taxonomists, geneticists, geochemists, and others  –  will 
continue to be needed to answer increasingly complex 
questions and address increasingly critical issues about the 
future and health of the global ocean. Knowledge of the 
species diversity, distribution, and abundance of the zoo-
plankton assemblage will continue to be a critical element 
for monitoring, understanding, and predicting the complex 
global system.  

  Acknowledgments 

 The effort, enthusiasm, and expertise of the CMarZ Steer-
ing Group members are the basis of the results reported 
here. We acknowledge the many contributions by the 
CMarZ Steering Group members who are not listed as 
authors herein. They are the following: Martin Angel 
(National Oceanography Centre, UK); Demetrio Bol-
tovskoy (Universidad de Buenos Aires, Argentina); Janet M. 
Bradford - Grieve (NIWA, New Zealand); Rub é n Escribano 
(Universidad de Concepci ó n, Chile); Erica Goetze (Univer-
sity of Hawaii, USA); Steven Haddock (Monterey Bay 
Aquarium Research Institute, USA); Steve Hay (Fisheries 
Research Services Marine Laboratory, UK); Russell R. 
Hopcroft (University of Alaska  –  Fairbanks, USA); Ahmet 
Kideys (Institute of Marine Sciences, Turkey); Laurence P. 
Madin (Woods Hole Oceanographic Institution, USA); 
Webj ø rn Melle (Institute of Marine Research, Norway); 
Vijayalakshmi R. Nair (National Institute of Oceanogra-
phy, India); Mark Ohman (Scripps Institution of Oceanog-
raphy, USA); Francesc Pag é s (deceased) (Institute of Marine 
Sciences, Barcelona, Spain); Annelies C. Pierrot - Bults 
(University of Amsterdam, The Netherlands); Philip C. 
Reid (Sir Alister Hardy Foundation for Ocean Science, 
UK); Song Sun (Institute of Oceanology, Chinese Academy 
of Sciences, China); Erik V. Thuesen (The Evergreen State 



Part III Oceans Present – Global Distributions262

College, USA); Colomban de Vargas (Roscoff Marine 
Station, France); Hans M. Verheye (Marine  &  Coastal 
Management, South Africa). We acknowledge the support 
of the Alfred P. Sloan Foundation. This study is a contribu-
tion from the Census of Marine Zooplankton (CMarZ; 
 www.CMarZ.org ), an ocean realm fi eld project of the 
Census of Marine Life.  

  References 

   ACIA  ( 2004 )  Impacts of a warming Arctic . In:  Arctic Climate Impact 
Assessment .  Cambridge University Press . 139 pp.  

    Angel ,  M.V.   ( 2008 )  Atlas of Atlantic Planktonic Ostracods . London: 
Natural History Museum,  http://www.nhm.ac.uk/research-
curation/research/projects/atlantic-ostracods/index.html .  

    Angel ,  M.V.  ,   Ormond ,  R.F.G.    &    Gage ,  J.D.   ( 1997 )  Pelagic biodiver-
sity . In:  Marine Biodiversity: Patterns and Processes , pp.  35  –  68 . 
 New York :  Cambridge University Press .  

    Angel ,  M.V.   ( 2003 )  The pelagic environment of the open ocean . In: 
 Ecosystems of the Deep Ocean  (ed.   P.A.   Tyler  ), pp.  39  –  79 .  Amster-
dam :  Elsevier .  

    Angel ,  M.V.  ,   Blachowiak - Samolyk ,  K.  ,   Drapun ,  I.  ,  et al.  ( 2007 ) 
 Changes in the composition of planktonic ostracod populations 
across a range of latitudes in the North - east Atlantic .  Progress in 
Oceanography   73 ,  60  –  78 .  

    Angel ,  M.V.  ,   Nigro ,  L.    &    Bucklin ,  A.   ( 2008 )  DNA barcoding of 
oceanic planktonic ostracoda: species recognition and discovery 
(abstract) .  World Conference on Marine Biodiversity, Valencia, 
Spain, 11 – 15 November 2008 .  

    Angel ,  M.V.    &    Blachowiak - Samolyk ,  K.   ( 2009 )  Ostracods .  Reports on 
Polar and Marine Research   592 ,  29  –  31 .  

    Angel ,  M.V.   ( 2010 )  Towards a full inventory of planktonic Ostracoda 
(Crustacea) for the subtropical Northwestern Atlantic Ocean . 
 Deep - Sea Research II  (in press).  

    Arndt ,  C.E.    &    Swadling ,  K.M.   ( 2006 )  Crustacea in Arctic and Antarc-
tic Sea Ice: distribution, diet and life history strategies .  Advances 
in Marine Biology   51 ,  197  –  315 .  

    Ates ,  R.  ,   Lindsay ,  D. - J.    &    Sekiguchi ,  H.   ( 2007 )  First record of an 
association between a phyllosoma larva and a prayid siphono-
phore .  Plankton and Benthos Research   2 ,  67  –  69 .  

    Atkinson ,  A.  ,   Siegel ,  V.  ,   Pakhomov ,  E.  ,  et al.  ( 2004 )  Long - term decline 
in krill stock and increase in salps within the Southern Ocean . 
 Nature   432 ,  100  –  103 .  

    Baars ,  M.A.   ( 1999 )  On the paradox of high mesozooplankton biomass, 
throughout the year in the western Arabian Sea: Re - analysis of 
IIOE data and comparison with newer data .  Indian Journal of 
Marine Sciences   28 ,  125  –  137 .  

    Beaugrand ,  G.  ,   Ibanez ,  F.  ,   Lindley ,  J.A.  ,  et al.  ( 2002 )  Diversity of 
calanoid copepods in the North Atlantic and adjacent seas: species 
associations and biogeography .  Marine Ecology Progress Series   232 , 
 179  –  195 .  

    Blanco - Bercial ,  L.  ,    Á lvarez - Marqu é s ,  F.    &    Bucklin ,  A.   ( 2009 )  Global 
phylogeographies of the planktonic copepod  Clausocalanus  based 
on DNA barcodes. (abstract) .  Third International Conference for 
the Barcode of Life, Mexico City, Mexico, 10 – 13 November 
2009 .  

    Bluhm ,  B.A.    &    Gradinger ,  R.   ( 2008 )  Regional variability in food avail-
ability for Arctic marine mammals .  Ecological Applications   18  
(Suppl.),  77  –  96 .  

    Bluhm ,  B.  ,   Gradinger ,  R.    &    Schnack - Schiel ,  S.   ( 2010 )  Sea ice meio -  
and macrofauna . In:  Sea Ice: An Introduction to its Physics Chem-
istry Biology and Geology  (eds.   D.   Thomas  , and   G.   Dieckmann  ), 
pp.  357  –  394 .  Oxford :  Blackwell Publishing Ltd .  

    Boltovskoy ,  D.  ,   Correa ,  N.    &    Boltovskoy ,  A.   ( 2003 )  Marine zooplank-
tonic diversity: a view from the South Atlantic .  Oceanologica Acta  
 25 ,  271  –  278 .  

    Boltovskoy ,  D.  ,   Correa ,  N.    &    Boltovskoy ,  A.   ( 2005 )  Diversity and 
endemism in cold waters of the South Atlantic: contrasting patterns 
in the plankton and the benthos .  Scientia Marina   69  ( Suppl. 2 ), 
 17  –  26 .  

    Bouillon ,  J.  ,   Medel ,  M.D.  ,   Pag è s ,  F.  ,  et al.  ( 2004 )  Fauna of the 
Mediterranean Hydrozoa .  Scientia Marina   68 ,  1  –  438 .  

    Bouillon ,  J.  ,   Gravili ,  C.  ,   Pag è s ,  F.  ,  et al.  ( 2006 )  An introduction to 
Hydrozoa .  Memoires du Museum d ’ Histoire Naturelle Paris   194 , 
 1  –  591 .  

    Bradford - Grieve ,  J.M.  ,   Markhaseva ,  E.L.  ,   Rocha ,  C.E.F.  ,  et al.  ( 1999 ) 
 Copepoda . In:  South Atlantic Zooplankton  (ed.   D.   Boltovskoy  ). 
 Leiden :  Backhuys .  

    Bradford - Grieve ,  J.M.   ( 2010 )  Hyperbionyx athesphatos  n.sp. (Calano-
ida: Hyperbionychidae), a rare deep - sea benthopelagic species 
taken from the tropical North Atlantic.  Deep - Sea Research II , 
Special Volume: Species Diversity of Zooplankton in the Global 
Ocean.    

    Bucklin ,  A.  ,   LaJeunesse ,  T.C.  ,   Curry ,  E.  ,  et al.  ( 1996 )  Molecular 
genetic diversity of the copepod,  Nannocalanus minor : genetic 
evidence of species and population structure in the North Atlantic 
Ocean .  Journal of Marine Research   54 ,  285  –  310 .  

    Bucklin ,  A.  ,   Frost ,  B.W.  ,   Bradford - Grieve ,  J.  ,  et al.  ( 2003 )  Molecular 
systematic and phylogenetic assessment of 34 calanoid copepod 
species of the Calanidae and Clausocalanidae .  Marine Biology   142 , 
 333  –  343 .  

    Bucklin ,  A.  ,   Wiebe ,  P.H.  ,   Smolenack ,  S.B.  ,  et al.  ( 2007 )  DNA barcodes 
for species identifi cation of euphausiids (Euphausiacea, Crustacea) . 
 Journal of Plankton Research   29 ,  483  –  493 .  

    Bucklin ,  A.    &    Frost ,  B.W.   ( 2009 )  Morphological and molecular phy-
logenetic analysis of evolutionary lineages within  Clausocalanus  
(Crustacea, Copepoda, Calanoida) .  Journal of Crustacean Biology  
 29 ,  111  –  120 .  

    Bucklin ,  A.  ,   Hopcroft ,  R.R.  ,   Kosobokova ,  K.N.  ,  et al.  ( 2010a )  DNA 
barcoding of Arctic Ocean holozooplankton for species identifi ca-
tion and recognition .  Deep - Sea Research II   57 ,  40  –  48 .  

    Bucklin ,  A.  ,   Ortman ,  B.D.  ,   Jennings ,  R.M.  ,  et al.  ( 2010b )  A  “ Rosetta 
Stone ”  for zooplankton: DNA barcode analysis of holozooplank-
ton diversity of the Sargasso Sea (NW Atlantic Ocean) .  Deep - Sea 
Research II  (in press).  

    Buitenhuis ,  E.  ,   Le Quere ,  C.  ,   Aumont ,  O.  ,  et al.  ( 2006 )  Biogeochemi-
cal fl uxes through mesozooplankton .  Global Biogeochemical Cycles  
 20 ,  1  –  18 .  

    Carmack ,  E.    &    Wassmann ,  P.   ( 2006 )  Food webs and physical – biolog-
ical coupling on pan - Arctic shelves: Unifying concepts and com-
prehensive perspectives .  Progress in Oceanography   71 ,  446  –  477 .  

    Conversi ,  A.  ,   Piontkovski ,  S.    &    Hameed ,  S.N.   ( 2001 )  Seasonal and 
interannual dynamics of  Calanus fi nmarchicus  in the Gulf of 
Maine (Northeastern US shelf) with reference to the North Atlantic 
Oscillation .  Deep - Sea Research II   48 ,  519  –  530 .  

    Conway ,  D.V.P.  ,   White ,  R.G.  ,   Hugues - Dit - Ciles ,  J.  ,  et al.  ( 2003 ) 
 Guide to the Coastal and Surface Zooplankton of the Southwestern 
Indian Ocean , Vol.  15 .  Plymouth, UK :  Marine Biological Associa-
tion of the United Kingdom .  

    Davis ,  C.S.  ,   Gallager ,  S.M.  ,   Berman ,  M.S.  ,  et al.  ( 1992 )  The video 
plankton recorder (VPR): design and initial results .  Archiv f ü r 
Hydrobiologie Beiheft: Ergebnisse der Limnologie   36 ,  67  –  81 .  

    Dawson ,  M.N.    &    Jacobs ,  D.K.   ( 2001 )  Molecular evidence for cryptic 
species of  Aurelia aurita  (Cnidaria, Scyphozoa) .  The Biological 
Bulletin   200 ,  92  –  96 .  

    de   Vargas ,  C.  ,   Norris ,  R.  ,   Zaninetti  ,   L.    et al.  ( 1999 )  Molecular evi-
dence of cryptic speciation in planktonic foraminifers and their 
relation to oceanic provinces .  Proceedings of the National Academy 
of Sciences of the USA   96 ,  2864  –  2868 .  



Chapter 13 A Census of Zooplankton of the Global Ocean 263

    de   Vargas ,  C.  ,   Bonzon ,  M.  ,   Rees ,  N.W.  ,  et al.  ( 2002 )  A molecular 
approach to diversity and biogeography in the planktonic foramini-
fer  Globigerinella siphonifera  (d ’ Orbigny) .  Marine Micropaleontol-
ogy   870 ,  1  –  16 .  

    Deibel ,  D.    &    Daly ,  K.L.   ( 2007 )  Zooplankton processes in Arctic and 
Antarctic polynyas . In:  Arctic and Antarctic Polynyas  (eds.   W.O.  
 Smith ,  Jr.    &    D.G.   Barber  ), pp.  271  –  322 .  Elsevier .  

    Edwards ,  M.    &    Richardson ,  A.J.   ( 2004 )  Impact of climate change 
on marine pelagic phenology and trophic mismatch .  Nature   430 , 
 881  –  884 .  

    Edwards ,  M.  ,   Johns ,  D.G.  ,   Licandro ,  P.  ,  et al.  ( 2007 )  Ecological Status 
Report: results from the CPR survey 2005/2006 .  Sir Alister Hardy 
Foundation for Ocean Science Report   4 ,  1  –  8 .  

    Edwards ,  M.  ,   Johns ,  D.G.  ,   Beaugrand ,  G.  ,  et al.  ( 2008 )  Ecological 
status report: results from the CPR survey 2006/2007 .  Sir Alister 
Hardy Foundation for Ocean Science Report   5 ,  1  –  8 .  

    Fernandez - Alamo ,  M.A.    &    F ä rber - Lorda ,  J.   ( 2006 )  Zooplankton and 
the oceanography of the eastern tropical Pacifi c: a review .  Progress 
in Oceanography   69 ,  318  –  359 .    

    Fuentes ,  V.    &    Pag è s ,  F.   ( 2006 )  Description of  Jubanyella plemmyris  
gen. nov. et sp. nov. (Cnidaria: Hydrozoa: Narcomedusae) from a 
specimen stranded off Jubany Antarctic station and a new diagnosis 
for the family Aeginidae .  Journal of Plankton Research   28 , 
 959  –  963 .  

    Fujioka ,  K.    &    Lindsay ,  D.J.   ( 2007 )  Deep trenches: the ultimate 
abysses . In:  The Deep: The Extraordinary Creatures of the Abyss , 
pp.  256 .  Chicago :  University of Chicago Press .  

    Gavrilova ,  N.    &    Dolan ,  J.R.   ( 2007 )  A note on species lists and 
ecosystem shifts: Black Sea tintinnids, ciliates of the microzoo-
plankton .  Acta Protozoologica   46 ,  279  –  288 .  

    Glover ,  R.S.   ( 1962 )  The continuous plankton recorder .  Rapports et 
Proc é s - verbaux des R é unions Conseil Permanent International pour 
l ’ Exploration de la Mer   153 ,  8  –  15 .  

    Goetze ,  E.   ( 2003 )  Cryptic speciation on the high seas; global phylo-
genetics of the copepod family Eucalanidae .  Proceedings of the 
Royal Society of London B   270 ,  2321  –  2331 .  

    Goetze ,  E.    &    Ohman ,  M.D.   ( 2010 )  Integrated molecular and morpho-
logical biogeography of the calanoid copepod family Eucalanidae . 
 Deep - Sea Research II  (in press).  

    Gorsky ,  G.  ,   Aldorf ,  C.  ,   Kage ,  M.  ,  et al.  ( 1992 )  Vertical distribution 
of suspended aggregates determined by a new underwater video 
profi ler .  Annales de l ’ Institut Oc é anographique ,  68 ,  275  –  280 .  

    Gorsky ,  G.    &    R.   Fenaux   ( 1998 )  The role of Appendicularia in marine 
food chains . In:  The Biology of Pelagic Tunicates  (ed.   Q.   Bone  ), 
pp.  161  –  169 .  New York :  Oxford University Press .  

    Gorsky ,  G.  ,   Picheral ,  M.    &    Stemmann ,  L.   ( 2000 )  Use of the underwater 
video profi ler for the study of aggregate dynamics in the North 
Mediterranean .  Estuarine Coastal and Shelf Science   50 ,  121  –  128 .  

    Grebmeier ,  J.M.  ,   Cooper ,  L.W.  ,   Feder ,  H.M.  ,  et al.  ( 2006 )  Ecosystem 
dynamics of the Pacifi c - infl uenced Northern Bering and Chukchi 
Seas in the Amerasian Arctic .  Progress in Oceanography   71 ,  331  – 
 361 .  

    Greene ,  C.H.    &    Pershing ,  A.J.   ( 2000 )  The response of  Calanus fi n-
marchicus  populations to climate variability in the Northwest 
Atlantic: basin - scale forcing associated with the North Atlantic 
Oscillation .  ICES Journal of Marine Science   57 ,  1536  –  1544 .  

    Greene ,  C.H.    &    Pershing ,  A.J.   ( 2007 )  Climate drives sea change . 
 Science   315 ,  1084  –  1085 .  

    Groman ,  R.C.    &    Wiebe ,  P.H.   ( 1998 ) Data management in the U.S. 
GLOBEC Georges Bank Program In: Ocean Community Confer-
ence ’ 98 Proceedings, pp.  807  –  812 . Marine Technology Society, 
Baltimore, MD.  

    Groman ,  R.C.  ,   Chandler ,  C.L.  ,   Allison ,  M.D.  ,  et al.  ( 2008 ) Discovery, 
access, interoperability, and visualization features of a web inter-
face to oceanographic data. In: Ocean Community Conference  ’ 98 
Proceedings, 8 pp. ICES CM 2008/R:02.  

    Haddock ,  S.H.D.  ,   Dunn ,  C.W.    &    Pugh ,  P.R.   ( 2005 )  A re - examination 
of siphonophore terminology and morphology, applied to the 
description of two new prayine species with remarkable bio - optical 
properties .  Journal of the Marine Biological Association of the 
United Kingdom   85 ,  695  –  707 .  

    Hamner ,  W.M.   ( 1975 )  Underwater observations of blue - water plank-
ton: logistics, techniques, and safety procedures for divers at sea . 
 Limnology and Oceanography   20 ,  1045  –  1051 .  

    Hardy ,  A.C.   ( 1926 )  The herring in relation to its animate environ-
ment. Part II: report on trials with the plankton indicator .  Ministry 
of Agriculture Fisheries and Food Investigative Series II   8 ,  1  –  13 .  

    Hebert ,  P.D.N.  ,   Cywinska ,  A.  ,   Ball ,  S.L.  ,  et al.  ( 2003 )  Biological 
identifi cations through DNA barcodes .  Proceedings of the Royal 
Society of London B   270 ,  313  –  321 .  

    Hedgepeth ,  J.W.   ( 1957 )  Classifi cation of Marine Environments .  The 
Geological Society of America Memoir   67 ,  17  –  27 .  

    Hering ,  P.   ( 2002 )  The Biology of the Deep Ocean .  Oxford University 
Press .  

    Herman ,  A.W.   ( 1988 )  Simultaneous measurement of zooplankton and 
light attenuance with a new optical plankton counter .  Continental 
Shelf Research   8 ,  205  –  221 .  

    Hopcroft ,  R.R.    &    Robison ,  B.H.   ( 2005 )  New mesopelagic larvaceans 
in the genus  Fritillaria  from Monterey Bay, California .  Journal of 
the Marine Biological Association of the United Kingdom   85 , 
 665  –  678 .  

    Hosia ,  A.    &    Pag è s ,  F.   ( 2007 )  Unexpected new species of deep - water 
Hydroidomedusae from Korsfjorden, Norway .  Marine Biology  
 151 ,  177  –  184 .  

    Irigoien ,  X.  ,   Huisman ,  J.    &    Harris ,  R.P.   ( 2004 )  Global biodiversity 
patterns of marine phytoplankton and zooplankton .  Nature   429 , 
 863  –  867 .  

    Jennings ,  R.M.  ,   Bucklin ,  A.  ,   Ossenbr ü gger ,  H.  ,  et al.  ( 2010a )  Analysis 
of genetic diversity of planktonic gastropods from several ocean 
regions using DNA barcodes .  Deep - Sea Research II  (in press).  

    Jennings ,  R.M.  ,   Bucklin ,  A.    &    Pierrot - Bults ,  A.   ( 2010b )  Barcoding of 
arrow worms (phylum Chaetognatha) from three oceans: genetic 
diversity and evolution within an enigmatic phylum .  PLoS ONE   5 , 
e9949. doi:10.1371/journal.pone.0009949.  

    Johnson ,  G.D.  ,   Paxton ,  J.R.  ,   Sutton ,  T.T.  ,  et al.  ( 2009 )  Deep - sea 
mystery solved: astonishing larval transformations and extreme 
sexual dimorphism unite three fi sh families .  Biology Letters   5 , 
 235  –  239 .  

    Jossi ,  J.W.    &    Goulet ,  J.R.   ( 1993 )  Zooplankton trends: US north - east 
shelf ecosystem and adjacent regions differ from north - east Atlantic 
and North Sea .  ICES Journal of Marine Science   50 ,  303  –  313 .  

    Jossi ,  J.W.    &    Kane ,  J.   ( 2000 )  An atlas of seasonal mean abundances 
of the common zooplankton of the United States northeast con-
tinental shelf ecosystem .  Bulletin of the Sea Fisheries Institute 
Gdynia ,  67  –  87 .  

    Kane ,  J.   ( 2007 )  Zooplankton abundance trends on Georges Bank, 
1977 – 2004 .  ICES Journal of Marine Science   64 ,  909  –  919 .  

    Kane ,  J.    &    Green ,  J.   ( 1990 )  Zooplankton biomass on Georges Bank 
1977 – 86 .  Council Meeting of the International Council for the 
Exploration of the Sea, Copenhagen (Denmark) , 11 pp. ICES - CM -
 1990/L: 22.  

    Kideys ,  A.E.  ,   Roohi ,  A.  ,   Bagheri ,  S.  ,  et al.  ( 2005 )  Impacts of Invasive 
Ctenophores on the Fisheries of the Black Sea and Caspian Sea . 
 Oceanography   –   18  (Black Sea Special Issue),  76  –  85 .  

    Kideys ,  A.E.  ,   Roohi ,  A.  ,   Eker - Develi ,  E.  ,  et al.  ( 2008 ) Increased 
chlorophyll levels in the Southern Caspian Sea following an inva-
sion of jellyfi sh.  Research Letters in Ecology  2008, 4 pp. Article 
185642.  

    Kiko ,  R.  ,   Michels ,  J.  ,   Mizdalski ,  E.  ,  et al.  ( 2008 )  Living conditions 
and abundance of surface and sub - ice layer fauna in pack - ice of the 
western Weddell Sea during early summer .  Deep - Sea Research II  
 55 ,  1000  –  1014 .  



Part III Oceans Present – Global Distributions264

    Kitamura ,  M.  ,   Lindsay ,  D.J.    &    Miyake ,  H.   ( 2005 )  Description of a 
new midwater medusa,  Tiaropsidium shinkai  n. sp. (Leptomedusae, 
Tiaropsidae) .  Plankton Biology and Ecology   52 ,  100  –  106 .  

    Kitamura ,  M.  ,   Lindsay ,  D.J.  ,   Miyake ,  H.  ,  et al.  ( 2008a )  Ctenophora . 
In:  Deep - Sea Life  –  Biological Observations Using Research Sub-
mersibles  (eds.   Fujikura ,  K.  ,   Okutani ,  T.    &    Maruyama ,  T  .), pp. 
 321  –  328 .  Kanagawa :  Tokai University Press .  

    Kitamura ,  M.  ,   Miyake ,  H.    &    Lindsay ,  D.J.   ( 2008b )  Cnidaria . In: 
 Deep - Sea Life  –  Biological Observations Using Research Submersi-
bles  (eds.   Fujikura ,  K.  ,   Okutani ,  T.    &    Maruyama ,  T  .), pp.  295  –
  320 .  Kanagawa :  Tokai University Press .  

    Kosobokova ,  K.N.   ( 1989 )  Vertical distribution of plankton animals in 
the eastern part of the central Arctic Basin .  Explorations of the 
Fauna of the Seas, Marine Plankton   41 ,  24  –  31 .  

    Kosobokova ,  K.N.  ,   Hanssen ,  H.  ,   Hirche ,  H.J.  ,  et al.  ( 1998 )  Composi-
tion and distribution of zooplankton in the Laptev Sea and adjacent 
Nansen Basin during summer, 1993 .  Polar Biology   19 ,  63  –  76 .  

    Kosobokova ,  K.N.    &    Hirche ,  H.J.   ( 2000 )  Zooplankton distribution 
across the Lomonosov Ridge, Arctic Ocean: species inventory, 
biomass and vertical structure .  Deep - Sea Research I   47 ,  2029  – 
 2060 .  

    Kosobokova ,  K.N.    &    Hopcroft ,  R.R.   ( 2009 )  Diversity and vertical 
distribution of mesozooplankton in the Arctic ’ s Canada Basin . 
 Deep - Sea Research II   57 ,  96  –  110 .  

    Kuriyama ,  M.    &    Nishida ,  S.   ( 2006 )  Species diversity and niche - parti-
tioning in the pelagic copepods of the family Scolecitrichidae 
(Calanoida) .  Crustaceana   79 ,  293  –  317 .  

    Lavaniegos ,  B.E.    &    Ohman ,  M.D.   ( 2003 )  Long term changes in 
pelagic tunicates of the California Current .  Deep - Sea Research I   50 , 
 2493  –  2518 .  

    Lavaniegos ,  B.    &    Ohman ,  M.   ( 2007 )  Coherence of long - term varia-
tions of zooplankton in two sectors of the California Current 
System .  Progress in Oceanography   75 ,  42  –  69 .  

    Lindeque ,  P.K.  ,   Hay ,  S.J.  ,   Heath ,  M.R.  ,  et al.  ( 2006 )  Integrating con-
ventional microscopy and molecular analysis to analyse the abun-
dance and distribution of four  Calanus  congeners in the North 
Atlantic .  Journal of Plankton Research   28 ,  221  –  238 .  

    Lindsay ,  D.J.   ( 2006 )  A checklist of midwater cnidarians and cteno-
phores from Sagami Bay  –  species sampled during submersible 
surveys from 1993 – 2004 .  Bulletin of the Plankton Society of 
Japan   53 ,  104  –  110 .  

    Lindsay ,  D.J.  ,   Furushima ,  Y.  ,   Miyake ,  H.  ,  et al.  ( 2004 )  The scypho-
medusan fauna of the Japan Trench: preliminary results from a 
remotely - operated vehicle .  Hydrobiologia   530/531 ,  537  –  547 .  

    Lindsay ,  D.J.   and   Hunt ,  J.C.   ( 2005 )  Biodiversity in midwater cnidar-
ians and ctenophores: submersible - based results from deep - water 
bays in the Japan Sea and North - western Pacifi c .  Journal of 
the Marine Biological Association of the United Kingdom   85 , 
 503  –  517 .  

    Lindsay ,  D.J.    &    Miyake ,  H.   ( 2007 )  A novel benthopelagic ctenophore 
from 7217   m depth in the Ryukyu Trench, Japan, with notes on 
the taxonomy of deep sea cydippids .  Plankton and Benthos Research  
 2 ,  98  –  102 .  

    Lindsay ,  D.J.    &    Miyake ,  H.   ( 2009 )  A checklist of midwater cnidarians 
and ctenophores from Japanese waters  –  species sampled during 
submersible surveys from 1993 – 2008 with notes on their taxon-
omy .  Kaiyo Monthly   41 ,  417  –  438 .  

    Lindsay ,  D.J.  ,   Pag è s ,  F.  ,   Corbera ,  J.  ,  et al.  ( 2008 )  The anthomedusan 
fauna of the Japan Trench: preliminary results from  in situ  
surveys with manned and unmanned vehicles .  Journal of the 
Marine Biological Association of the United Kingdom   88 ,  1519  – 
 1539 .  

    Lindsay ,  D.J.    &    Takeuchi ,  I.   ( 2008 )  Associations in the benthopelagic 
zone: the amphipod crustacean  Caprella subtilis  (Amphipoda: 
Caprellidae) and the holothurian  Ellipinion kumai  (Elasipodida: 
Family: Elpidiidae) .  Scientia Marina   72 ,  519  –  526 .  

    Link ,  J.S.  ,   Brodziak ,  J.K.T.  ,   Edwards ,  S.F.  ,  et al.  ( 2002 )  Marine eco-
system assessment in a fi sheries management context .  Canadian 
Journal of Fisheries and Aquatic Sciences   59 ,  1429  –  1440 .  

    Longhurst ,  A.   ( 1995 )  Seasonal cycles of pelagic production and 
consumption .  Progress in Oceanography   36 ,  77  –  167 .  

    Machida ,  R.J.  ,   Miya ,  M.U.  ,   Nishida ,  M.  ,  et al.  ( 2006 )  Molecular 
phylogeny and evolution of the pelagic copepod genus  Neocalanus  
(Crustacea: Copepoda) .  Marine Biology   148 ,  1071  –  1079 .  

    Machida ,  R.J.  ,   Hashiguchi ,  Y.  ,   Nishida ,  M.  ,  et al.  ( 2009 )  Zooplankton 
diversity analysis through single - gene sequencing of a community 
samples .  BMC Genomics   10 ,  438 .  

    Machida ,  R.J.    &    Nishida ,  S.   ( 2010 )  Amplifi ed fragment length poly-
morphism analysis of the mesopelagic copepods  Disseta palumbii  
in the equatorial western Pacifi c and adjacent waters: role of mar-
ginal seas for genetic isolation of mesopelagic animals .  Deep - Sea 
Research II  (in press).  

    Mackas ,  D.  ,   Batten ,  S.    &    Trudel ,  M.   ( 2007 )  Effects on zooplankton 
of a warmer ocean: recent evidence from the Northeast Pacifi c . 
 Progress in Oceanography   75 ,  223  –  252 .  

    Matsumoto ,  G.  ,   Raskoff ,  K.    &    Lindsay ,  D.J.   ( 2003 )   Tiburonia gran-
rojo , a new mesopelagic scyphomedusa from the Pacifi c Ocean 
representing the type of a new subfamily (class Scyphozoa, order 
Semaeostomae, family Ulmaridae, subfamily Tiburoniiae subfam. 
nov.) .  Marine Biology   143 ,  73  –  77 .  

    McGowan ,  J.A.   ( 1971 )  Oceanic biogeography of the Pacifi c . In:  The 
Micropaleontology of Oceans  (eds.   B.M.   Funnell  ,  &    W.R.   Riedel  ), 
pp.  3  –  74 .  Cambridge, UK :  Cambridge University Press .  

    Menard ,  H.W.   and   Smith ,  S.M.   ( 1966 )  Hypsometry of ocean basin 
provinces .  Journal of Geophysical Research   71 ,  4305  –  4325 .  

    Mills ,  C.E.    &    Haddock ,  S.H.D.   ( 2007 )  Key to the Ctenophora . In: 
 Light and Smith ’ s Manual: Intertidal Invertebrates of the Central 
California Coast  (ed.   J.T.   Carlton  ), pp.  189  –  199 .  University of 
California Press .  

    Mills ,  C.E.  ,   Haddock ,  S.H.D.  ,   Dunn ,  C.W.  ,  et al.  ( 2007 )  Key to the 
Siphonophora . In:  Light and Smith ’ s Manual: Intertidal Inverte-
brates of the Central California Coast  (ed.   J.T.   Carlton  ), pp.  150  –
  166 .  University of California Press .  

    Miyamoto ,  H.  ,   Machida ,  R.J.    &    Nishida ,  S.   ( 2010 )  Genetic diversity 
and cryptic speciation of the deep sea chaetognath  Caecosagitta 
macrocephala  (Fowler, 1904) .  Deep - Sea Research II  (in press).  

    Morarda ,  R.  ,   Quill é v é r é  ,  F.  ,   Escarguel ,  G.  ,  et al.  ( 2009 )  Morphologi-
cal recognition of cryptic species in the planktonic foraminifer 
 Orbulina universa  .  Marine Micropaleontology   71 ,  148  –  165 .  

    Mori ,  M.    &    Lindsay ,  D.J.   ( 2008 )  Body pigmentation changes in the 
planktonic crustacean  Vibilia stebbingi  (Amphipoda: Hyperiidea) 
under different light regimes, with notes on implications for 
the development of automated plankton identifi cation systems . 
 JAMSTEC Report on Research and Development   8 ,  37  –  45 .  

    Murano ,  M.    &    Fukuoka ,  K.   ( 2008 )  A systematic study of the genus 
 Siriella  (Crustacea: Mysida) from the Pacifi c and Indian Oceans, 
with description of fi fteen new species .  National Museum of 
Nature and Science Monographs   36 , 173 pp.  

    Nair ,  V.R.    &    Gireesh ,  R.   ( 2010 )  Biodiversity of chaetognaths of the 
Andaman Sea, Indian Ocean .  Deep - Sea Research II  (in press).  

    Nair ,  V.R.  ,   Panampunnayil ,  S.U.  ,   Pillai ,  H.U.K.  ,  et al.  ( 2008 )  Two new 
species of Chaetognatha from the Andaman Sea, Indian Ocean . 
 Marine Biology Research   4 ,  208  –  214 .  

    Nishida ,  S.   and   Cho ,  N.   ( 2005 )  A new species of  Tortanus (Atortus)  
(Copepoda: Calanoida: Tortanidae) from the coastal water of Nha 
Trang, Vietnam .  Crustaceana   78 ,  223  –  235 .  

    Nishikawa ,  J.  ,   Matsuura ,  H.  ,   Castillo ,  L.V.  ,  et al.  ( 2007 )  Biomass, 
vertical distribution and community structure of mesozooplankton 
in the Sulu Sea and its adjacent waters .  Deep - Sea Research II   54 , 
 114  –  130 .  

    Ohtsuka ,  S.  ,   Nishida ,  S.    &    Machida ,  R.   ( 2005 )  Systematics and zoog-
eography of deep - sea hyperbenthic Arietellidae (Copepoda: Cala-



Chapter 13 A Census of Zooplankton of the Global Ocean 265

noida) collected from the Sulu Sea .  Journal of Natural History   39 , 
 2483  –  2514 .  

    Ohtsuka ,  S.  ,   Tanimura ,  A.  ,   Machida ,  R.J.  ,  et al.  ( 2009 )  Bipolar and 
antitropical distributions of planktonic copepods .  Fossils   85 , 
 6  –  13 .  

    Ortman ,  B.D.   ( 2008 )  DNA barcoding the medusozoa and ctenophora . 
Ph.D. thesis, University of Connecticut.  

    Ortman ,  B.D.  ,   Bucklin ,  A.  ,   Pages ,  F.    et al.  ( 2010 )  DNA barcoding of 
the Medusozoa .  Deep - Sea Research II  (in press).  

    Pace ,  N.R.   ( 1997 )  A molecular view of microbial diversity and the 
biosphere .  Science   276 ,  734  –  740 .  

    Pag è s ,  F.  ,   Corbera ,  J.    &    Lindsay ,  D.J.   ( 2007 )  Piggybacking pycnogo-
nids and parasitic narcomedusae on  Pandea rubra  (Anthomedusae, 
Pandeidae) .  Plankton Benthos Research   2 ,  83  –  90 .  

    Pag è s ,  F.  ,   Flood ,  P.    &    Youngbluth ,  M.   ( 2006 )  Gelatinous zooplankton 
net - collected in the Gulf of Maine and adjacent submarine canyons: 
new species, new family (   Jeanbouilloniidae), taxonomic remarks 
and some parasites .  Scientia Marina   70 ,  363  –  379 .  

    Park ,  E.T.    &    Ferrari ,  F.D.   ( 2008 )  Species diversity and distributions 
of pelagic calanoid copepods from the Southern Ocean . In:  Smith-
sonian at the Poles: Contributions to the International Polar Year 
Science  (eds.   I.   Krupnik  ,   M.A.   Lang    &    S.E.   Miller  ), pp.  143  –  180 . 
 Washington, DC :  Smithsonian Institution Scholarly Press .  

    Patterson ,  D.J.   ( 2009 )  Seeing the big picture on microbe distribution . 
 Science   325 ,  1506  –  1507 .  

    Perry ,  R.I.  ,   Batchelder ,  H.P.  ,   Mackas ,  D.L.  ,  et al.  ( 2004 )  Identifying 
global synchronies in marine zooplankton populations: issues and 
opportunities .  ICES Journal of Marine Science   61 ,  445  –  456 .  

    Pershing ,  A.J.  ,   Greene ,  C.H.  ,   Jossi ,  J.W.  ,  et al.  ( 2005 )  Interdecadal 
variability in the Gulf of Maine zooplankton community, with 
potential impacts on fi sh recruitment .  ICES Journal of Marine 
Science   62 ,  1511 .  

    Peijnenburg ,  K.T.C.A.  ,   Breeuwer ,  J.A.J.  ,   Pierrot - Bults ,  A.C.  ,  et al.  
( 2004 )  Phylogeography of the planktonic chaetognath  Sagitta 
setosa  reveals isolation in European seas .  Evolution   58 ,  1472  – 
 1487 .  

    Piontkovski ,  S.A.  ,   O ’ Brien ,  T.D.  ,   Umani ,  S.F.  ,  et al.  ( 2006 )  Zooplank-
ton and the North Atlantic Oscillation: a basin - scale analysis . 
 Journal of Plankton Research   28 ,  1039  –  1046 .  

    Pugh ,  P.R.   ( 1992 )  The status of the genus  Prayoides  (Siphonophora: 
Prayidae) .  Journal of the Marine Biological Association of the 
United Kingdom   72 ,  895  –  909 .  

    Ramirez - Llodra ,  E.  ,   Shank ,  T.M.    &    German ,  C.R.   ( 2007 )  Biodiversity 
and biogeography of hydrothermal vent species: thirty years of 
discovery and investigations .  Oceanography   20 ,  30 .  

    Raskoff ,  K.A.    &    Matsumoto ,  G.I.   ( 2004 )   Stellamedusa ventana , a new 
mesopelagic scyphomedusa from the eastern Pacifi c representing 
a new subfamily, the Stellamedusinae .  Journal of the Marine 
Biological Association of the United Kingdom   84 ,  37  –  42 .  

    Roemmich ,  D.    &    McGowan ,  J.A.   ( 1995 )  Climatic warming and the 
decline of zooplankton in the California Current .  Science   267 , 
 1324  –  1326 .  

    Schindel ,  D.E.    &    Miller ,  S.E.   ( 2005 )  DNA barcoding a useful tool for 
taxonomists .  Nature   435 ,  17 .  

    Schnack - Schiel ,  S.B.   ( 2001 )  Aspects of the study of the life cycles of 
Antarctic copepods .  Hydrobiologia   453 ,  9  –  24 .  

    Schnack - Schiel ,  S.B.  ,   Haas ,  C.  ,   Michels ,  J.  ,  et al.  ( 2008 )  Copepods in 
sea ice of the western Weddell Sea during austral spring 2004 . 
 Deep - Sea Research II   55 ,  1056  –  1067 .  

    Siegel ,  V.   ( 2005 )  Distribution and population dynamics of  Euphausia 
superba : summary of recent fi ndings .  Polar Biology   29 ,  1  –  22 .  

    Sirenko ,  B.I.   ( 2001 )  List of Species of Free - living Invertebrates of Eura-
sian Arctic Seas and Adjacent Deep Waters .  St. Petersburg :  Russian 
Academy of Sciences .  

    Sirovich ,  L.  ,   Stoeckle ,  M.Y.    &    Zhang ,  Y.   ( 2009 )  A scalable method 
for analysis and display of DNA sequences .  PLoS ONE   4 ,  e7051 .  

    Smith ,  S.L.    &    Schnack - Schiel ,  S.B.   ( 1990 )  Polar Zooplankton . In: 
 Polar Oceanography Part B: Chemistry Biology and Geology  (ed. 
  W.O.   Smith   Jr.  ), pp.  527  –  598 .  San Diego :  Academic Press .  

    Smith ,  K. ,  Jr  ,   Kaufmann ,  R.  ,   Baldwin ,  R.    &    Carlucci ,  A.   ( 2001 ) 
 Pelagic – benthic coupling in the abyssal eastern North Pacifi c: an 
8 - year time - series study of food supply and demand ,  Limnology 
and Oceanography   46 ,  543  –  556 .  

    Sogin ,  M.L.  ,   Morrison ,  H.G.  ,   Huber ,  J.A.  ,  et al.  ( 2006 )  Microbial 
diversity in the deep sea and the underexplored  “ rare biosphere  ” . 
 Proceedings of the National Academy of Sciences of the USA   103 , 
 12115 .  

    Sugisaki ,  H.   ( 2006 )  Studies on long - term variation of ocean ecosystem/
climate interactions based on the Odate collection: outline of the 
Odate Project .  PICES Press   14 ,  12  –  15 .  

    Tian ,  Y.  ,   Kidokoro ,  H.  ,   Watanabe ,  T.  ,  et al.  ( 2008 )  The late 1980s 
regime shift in the ecosystem of Tsushima warm current in 
the Japan/East Sea: Evidence from historical data and possible 
mechanisms .  Progress in Oceanography   77 ,  127  –  145 .  

    Turner ,  J.T.  ,   Borkman ,  D.G.    &    Hunt ,  C.D.   ( 2006 )  Zooplankton of 
Massachusetts Bay, USA, 1992 – 2003: relationships between the 
copepod  Calanus fi nmarchicus  and the North Atlantic Oscillation . 
 Marine Ecology Progress Series   311 ,  115  –  124 .  

    Ueda ,  H.    &    Bucklin ,  A.   ( 2006 )   Acartia (Odontacartia) ohtsukai , a new 
brackish - water calanoid copepod from Ariake Bay, Japan, with a 
redescription of the closely related  A. pacifi ca  from the Seto Inland 
Sea .  Hydrobiology   500 ,  77  –  91 .  

    Verheye ,  H.M.   ( 2000 )  Decadal - scale trends across several marine 
trophic levels in the southern Benguela upwelling system off South 
Africa .  Ambio   29 ,  30  –  34 .  

    Verheye ,  H.M.    &    Richardson ,  A.J.   ( 1998 )  Long - term increase in 
crustacean zooplankton abundance in the southern Benguela 
upwelling region (1951 – 1996): bottom - up or top - down control?  
 ICES Journal of Marine Science   55 ,  803  –  807 .  

    Wiebe ,  P.H.  ,   Morton ,  A.W.  ,   Bradley ,  A.M.  ,  et al.  ( 1985 )  New devel-
opments in the MOCNESS, an apparatus for sampling zooplankton 
and micronekton .  Marine Biology Heidelberg   87 ,  313  –  323 .  

    Wiebe ,  P.H.  ,   Beardsley ,  R.  ,   Mountain ,  D.  ,  et al.  ( 2002 )  US GLOBEC 
Northwest Atlantic/Georges Bank Program .  Oceanography   15 , 
 13  –  29 .  

    Wiebe ,  P.H.    &    Benfi eld ,  M.C.   ( 2003 )  From the Hensen net toward 
four - dimensional biological oceanography .  Progress in Ocean-
ography   56 ,  7  –  136 .  

    Wiebe ,  P.H.  ,   Bucklin ,  A.  ,   Madin ,  L.P.  ,  et al.  ( 2010 )  Deep - sea holozo-
oplankton species diversity in the Sargasso Sea, Northwestern 
Atlantic Ocean .  Deep - Sea Research II  (in press).  

    Wilson ,  E.O.   ( 1999 )  The Diversity of Life .  New York :  W.W. Norton .  
    Yoshida ,  H.    &    Lindsay ,  D.J.   ( 2007 )  Development of the PICASSO 

(Plankton Investigatory Collaborating Autonomous Survey System 
Operon) System at the Japan Agency for Marine - Earth Science and 
Technology .  Japan Deep Sea Technology Society Report   54 ,  5  –  10 .  

    Yoshida ,  H.  ,   Aoki ,  T.  ,   Osawa ,  H.  ,  et al.  ( 2007a )  Newly - developed 
devices for two types of underwater vehicles . In:  Oceans 2007 
Conference Proceedings , pp.  1  –  6 .  

    Yoshida ,  H.  ,   Lindsay ,  D.J.  ,   Yamamoto ,  H.  ,  et al.  ( 2007b )  Small hybrid 
vehicles for jellyfi sh surveys in midwater . In:  Proceedings of the 17th 
International Offshore and Polar Engineering Conference , pp.  127 .   

  
 
 
 
 
  
 

   

 





  PART IV 

Oceans Present  –  
Animal Movements 

14   |   Tracking Fish Movements and Survival on the Northeast 
Pacifi c Shelf, 269  

15   |   A View of the Ocean from Pacifi c Predators, 291           





269

Life in the World’s Oceans, edited by Alasdair D. McIntyre 
© 2010 by Blackwell Publishing Ltd.

  Chapter 14 

Tracking Fish Movements and 
Survival on the Northeast 
Pacific Shelf  
  John     Payne 1    ,    Kelly     Andrews 2    ,    Cedar     Chittenden 3    ,    Glenn     Crossin 4    ,    Fred     Goetz 5    ,    Scott     Hinch 6    , 
   Phil     Levin 2    ,    Steve     Lindley 7    ,    Scott     McKinley 8    ,    Michael     Melnychuk 9    ,    Troy     Nelson 10    ,    Erin     Rechisky 9    , 
   David     Welch 11   

   1  Pacifi c Ocean Shelf Tracking Project, Vancouver Aquarium, Vancouver, British Columbia, Canada   
   2  Northwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, 
Seattle, Washington, USA   
   3  Faculty of Biosciences, Fisheries and Economics, University of Troms ø , Troms ø , Norway   
   4  Centre for Applied Conservation Research, University of British Columbia, Vancouver, British Columbia, Canada   
   5  School of Aquatic and Fishery Sciences, University of Washington, Seattle, Washington, USA   
   6  Department of Forest Sciences, Centre for Applied Conservation Research, University of British Columbia, Vancouver, 
British Columbia, Canada   
   7  Southwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, 
Santa Cruz, California, USA   
   8  West Vancouver Laboratory  –  Animal Science, University of British Columbia, West Vancouver, British Columbia, Canada   
   9  Department of Zoology and Fisheries Centre, University of British Columbia, Vancouver, British Columbia, Canada   
   10  Fraser River Sturgeon Conservation Society, Vancouver, British Columbia, Canada   
   11  Kintama Research Corporation, Nanaimo, British Columbia, Canada        

   14.1    Introduction 

 The Pacifi c Ocean Shelf Tracking Project (POST) is one of 
the 14 fi eld projects of the Census of Marine Life. POST 
began in 2001 (see Box  14.1 ) as an ambitious experiment 
to study the movements and survival of salmon in the ocean 
using a large seabed network of acoustic receivers to track 
individual acoustically tagged fi sh. The successful proof - of -
 concept, and the fact that compatible receivers and tags 
were in use by other researchers on the West Coast, helped 
POST mature and diversify into a complex infrastructure 
that is now regarded as an indispensable tool for under-

standing the behavior of many marine species that move 
along the continental shelves. Operationally, POST is a 
non - profi t program run by an independent board, and 
hosted by the Vancouver Aquarium. POST ’ s mission is to 
facilitate the development of a large - scale acoustic telem-
etry network along the entire length of the West Coast of 
North America, working through contractors and partners 
who deploy the array, and through collaborative relation-
ships with independent principle investigators who conduct 
their own research projects using the array. POST main-
tains a public database where currently over 6.2 million 
detections of over 12,000 tags and 18 species are securely 
stored, and may be searched and shared by anyone.   

 POST is distinguished by three attributes: 

  1)     A reliance on acoustic tags and a large network of 
strategically located receivers (Fig.  14.1 ).  
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    Acoustic tags have been in use for 50 years (Johnson 
 1960 ), but in 2001 a fisheries biologist, David Welch, and 
his colleagues proposed to the Alfred P. Sloan and Gordon 
and Betty Moore Foundations to design and build a very 
large network of listening lines to track salmon in the ocean. 
They reasoned that satellite tags were too big to use on 
salmon, archival tags were too unlikely to be recovered 
(and their light - based geo - location estimates were too inac-
curate at the time), and radio tags, although useful for track-
ing salmon in rivers, were useless in the ocean because of 
rapid attenuation of electromagnetic signals in seawater. 

 POST was built around acoustic tags and receivers man-
ufactured by a Canadian company, Vemco ( www.vemco.
com ). Vemco ’ s tags could be implanted in small fish, 
detected at relatively long distances, programmed to have 
relatively long tag lifespans and, most importantly, the 
system generated few false - positive signals. Several studies 
have assessed the effects of the tags on the survival and 
behavior of fish that carry them (Lacroix  et al.   2004 ; Zale  et al.  
 2005 ; Welch  et al.   2007 ; Chittenden  et al.   2009a ; Rechisky  &  
Welch  2009 ), and helped to define fish size limits for tagging. 
Early on, the number of available unique tag identification 
numbers was small so they were re - used, which quickly 
became very confusing on the large scale of the POST array. 
POST helped to motivate the development of a system with 
many identification numbers that are unique worldwide. 

 Early Vemco receivers had short battery lives and could 
not be used in deep water, but by the time POST was 
scaling up, several thousand second - generation VR - 2 
receivers had been sold on the West Coast. These receiv-
ers were tough, reliable, had batteries that lasted one year, 
and, with a maximum depth of about 500   m, could be 
deployed almost anywhere along the continental shelf. 
Most importantly, all of the tags and receivers were compat-
ible. However, the early receivers had to be physically 
retrieved to download the data. Most of the original POST 

network has now been replaced with a newer generation of 
VR - 3 receivers equipped with long - lived batteries (four to 
seven years) and acoustic modems by which a boat can 
download data from the surface without physically recover-
ing the receiver. This has generated significant cost savings 
over the life of the array and made it easier to keep receivers 
in position full - time, year - round. 

 Welch ’ s research and development company, Kintama 
Research Corporation, tackled the problems of deploying 
large - scale arrays and developed the architecture and tag 
programming for the original demonstration array forming 
the core of POST. They designed specialized protective 
flotation collars and anchors (Fig.  14.3 ), improved moor-
ings to reduce losses to trawling and storms, and built 
portable surgery stations and data - recording systems for 
large - scale tagging. They are currently modeling optimal 
array geometries for specific research projects, which 
depend on a host of factors including the research objec-
tives, noise level in the area of the line, behavior of the 
tagged animal, tag parameters (loudness and program-
ming), and position of the receiver relative to features such 
as the surface, the bottom, thermoclines, and haloclines. 
Where measurable, POST lines have obtained high enough 
detection efficiencies to produce useful survival estimates 
for juvenile salmon (Melnychuk  2009 ).   

 With support from US and Canadian government agen-
cies and foundations, the POST array is maturing into a 
network of highly engineered, long listening lines that now 
spans 3,000   km from California to Alaska and is maintained 
year - round for use by any researcher. POST shares data 
with independent researchers who maintain their own, 
smaller receiver networks (some in grids or other geometries). 
We have begun the process of integrating POST data into 
large - scale ocean - observing systems including OBIS (see 
Chapter  17 ), the Ocean Tracking Network, and the Global 
Ocean Observing System (GOOS) system.  

  2)     A focus on studying the behaviors of marine species, 
including long - distance migrations.  

  3)     A focus on estimating survival by deploying acoustic 
receivers in long, relatively straight lines that stretch 
from the coastline to the edge of the continental shelf, 
or across straits between land bodies (Figs.  14.1  and 
 14.2 ). The lines are designed to have a high probability 
of detecting animals that cross them, and the effect is 

to compartmentalize large areas so that survival can be 
estimated within each area.      

 Although not an exclusive focus, POST fi lls a technologi-
cal gap as a method to study the movements of small - bod-
ied marine animals (10   cm  –  1   m in length, including the 
juveniles of larger species), which are abundant, important 
in oceanic food chains, and generally diffi cult to study. 

  Box 14.1

  POST  Technology and History 
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     Fig. 14.1
  The POST array as of 2009. Lines of acoustic 
receivers are shown in red. Permission of POST 
2009.  

   14.1.1    The  q uestions that 
 m otivated  POST  

 POST was originally designed to answer two questions 
about salmon. Salmon are among the most culturally and 
economically important species on the Pacifi c Northwest 
coast of North America, and have sustained human popula-

tions there since prehistoric times. The freshwater portion 
of salmon life cycles may be observed with relative ease, 
yet in the early 1990s, the renowned salmon biologist 
William Pearcy noted that the ocean life - history of Pacifi c 
salmon was a  “ black box ” , constrained by the enormous 
diffi culty of studying salmon on the high seas (Pearcy 
 1992 ). 

     Fig. 14.2
  A conceptual diagram of a POST receiver line. The spheres show hypothetical detection limits for the receivers. The tagged animals are being detected by 
different receivers (yellow objects tethered to the sea floor), and the ship is downloading information from a receiver, via an acoustic modem. Permission of 
POST 2009.  
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of the questions being asked: in a sense, POST has high-
lighted how little we know about the behavior of marine 
animals (Table  14.1 ). POST has now been used to study 18 
species including salmon, salmon sharks, two species of 
squid, rockfi sh, ling, white sturgeon, and English sole.   

 However, there is still a long way to go toward 
answering the original questions. Measuring the survival 
of salmonids along the continental shelf with high accuracy 
and precision is still a goal that will require further meth-
odological refi nement and testing, as well as an expansion 
beyond the large, hatchery - raised fi sh that have been the 
focus of many salmon studies, to smaller wild fi sh and 
a larger range of life histories. Making sense of survival 
estimates in the context of natural and anthropogenic 
variation in ocean conditions will require long - term studies 
for which POST has begun to lay a baseline. Results 
from salmonid studies so far have highlighted enormous 
diversity among populations. Some appear to suffer high 
mortality in - river, others in inland marine waters and 
still others in deeper water beyond the reach of the current 
array. Although some populations appear to have expe-
rienced high mortality immediately upon ocean entry in 
some years, enough populations have shown alternative 
mortality patterns that it is safe to conclude there is no 
single answer to where and when salmon die in the ocean. 
From the perspective of conservation and management, 
this means that it may be diffi cult to identify the causes 
of weak or strong returns of adult salmonids without 
detailed, population - specifi c data. 

 The question of whether salmon have  “ two zip codes ”  
was technologically the more diffi cult of the two original 
questions that motivated POST. Evidence from shelf waters 
suggests that there is inter - annual variation in migration 
patterns, for example in the proportion of Georgia Strait 
fi sh that migrate north rather than south in a given year. 
POST has been unable to test the  “ two - zip code ”  theory in 
deeper waters, but it is a goal that seems closer than ever 
to being answerable. In the chapter summary we discuss 
some new directions in technology that will help to move 
tracking off the continental shelf.  

   14.1.3    The  v alue of 
 m ovement and  s urvival  d ata 

 Nearly every marine species moves in order to take advan-
tage of the ocean ’ s physical and biological diversity. There 
are large differences in temperature, pressure, salinity, 
oxygen levels, and other parameters from the surface to the 
depths, from the equator to the poles, and from the shore-
line to the mid - ocean. Productivity varies over many orders 
of magnitude from rich coastal upwelling zones to the 
barren mid - ocean waters. Where an animal goes determines 
what it experiences. We attempt to understand where 
animals go, the conditions they experience, and the internal 

 The fi rst of the questions was,  “ When and where do 
juvenile salmon die in the ocean? ”  It was known that very 
few of the juvenile salmon that left a river mouth would 
return as adults, and there were many theories about what 
happened to those fi sh. One theory was that the out - 
migrating cohorts suffered high mortality immediately upon 
entry to the ocean, and that the magnitude of that mortality 
would determine how many adult salmon returned from 
each cohort. Receiver lines were also designed to help 
clarify the details of movement patterns, which were known 
in a general way from recaptures of passive tags. 

 The second question was,  “ Are salmon as specifi c in their 
use of the ocean as they are in their use of rivers? ”  This 
was nicknamed the  “ two zip code ”  theory, the idea being 
that salmon could have one address in freshwater and a 
second address in the ocean. Even in mid - ocean, the marine 
environment is much less homogeneous than it appears to 
the human eye. At different scales, natural change encom-
passes variation such as decadal oscillations that affect sea 
surface temperatures and upwelling over vast areas, season-
ally fl uctuating currents that bring warm water into cold 
seas and spin off rings of warmer water which persist for 
months, and short - term turbulence from surface winds and 
currents that can mix thermally stratifi ed water layers or 
concentrate surface debris, creating feeding grounds for 
marine animals. The POST idea was that some of the puz-
zling variation in survival that we observe in neighboring 
salmon populations might be due to their occupation of 
different parts of the ocean, or the timing of those uses, as 
some earlier studies suggested (Mckinnell  et al.   1997 ). This 
question was distinguished from the fi rst by the need to 
track juvenile salmon longer and farther and the need to 
understand how they used deeper water beyond the edge 
of the continental shelf. 

 POST ’ s founders knew the network might prove useful 
for other species as well. The continental shelves are the 
most productive oceanic regions, and many commercially 
important species spend much of their life cycles on the 
shelf (Pauly  &  Christensen  1995 ). Seasonal upwelling of 
cold, nutrient - rich water supports high species diversity, 
commercially important fi sheries, and large populations of 
marine mammals, seabirds, and fi sh in the Pacifi c North-
west (Keiper  et al.   2005 ). The shelves also suffer the heavi-
est anthropogenic impacts from fi shing, shipping, oil 
exploration, marine aquaculture, and land - based activities 
that export sediment, fertilizers, and pollutants.  

   14.1.2    How  s uccessful 
 h as  POST   b een? 

 The signature of the early POST results is just how surpris-
ing they have been. The effort to study salmon survival in 
the ocean, while still in its early stages, has led to an explo-
sion of applications to other species and a great expansion 
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life - history stage, or are sedentary, and movement data are 
useful for describing how species use habitat. Spatially 
resolved survival data are critical for restoration efforts, 
which benefi t from a detailed understanding of a species ’  
full life cycle to identify survival bottlenecks. Marine pro-
tected areas are an understudied new management tool, 
and there are many questions about how  –  and even 
whether  –  they work. Dispersal patterns may determine 
when a protected area will be a source of juveniles that can 
recolonize nearby exploited areas and boost depleted popu-
lations, or when will it be too small or unconnected to do 
so (Botsford  et al.   2009 ). Finally, there is growing acknowl-
edgement in fi sheries management that it is important to 

mechanisms that drive their behaviors, because for marine 
species, being in the right place at the right time may mean 
surviving instead of dying, being able to grow instead of 
going hungry, or reproducing instead of having no off-
spring. Even not moving has consequences, because the 
ocean is dynamic and change can visit a sedentary animal. 

 Movement and survival data are useful in many aspects 
of fi sheries management. These data can help us to under-
stand immigration and emigration from fi sh populations 
and to parse out some of the complexity observed in natural 
mortality rates; both are among the factors that limit the 
accuracy of stock size predictions. Some species are vulner-
able during a brief window when they congregate at some 

  Table 14.1 

  Examples of technological and research questions currently being addressed by projects that use the  POST  array, with a brief summary of results to date. 

   Technological question     Application     Results so far  

  Can receiver lines be engineered so that it 
is possible to estimate the survival rates of 
migrating fish?  

  Juvenile salmonids in rivers    Yes. Detection efficiency can vary with conditions such as 
flow rates  

  Juvenile and adult salmonids on 
the marine continental shelf  

  Yes, but work remains to calibrate estimates, esp. on outer 
coast. High detection efficiency (85 – 95%) appears routinely 
achievable.  

  Do acoustic tags (which are larger than 
some other tag types) cause little enough 
additional mortality to be useful for survival 
studies of small animals?  

  Salmon smolts as small as 
130   mm length, herring, small 
squid, other forage fish  

  Positive evidence so far; more studies are underway. 
Tag - to - body - size ratios do influence survival, and smaller tags 
will enable a wider variety of species, life stages, and stocks 
to be tagged.  

  Research goal/question    Example    Results so far  

  Describe residency, coast - wide 
movements, and interchange between 
major river basins of anadromous species  

  Green sturgeon and white sturgeon 
(California to British Columbia)  

  For green sturgeon, unusual northwards winter migration was 
discovered, plus complex, previously unknown marine 
behavior including substantial interchange between rivers.  

  Characterize movements of an apex 
predator at nested scales  

  Sixgill sharks in Puget Sound    Sharks are relatively sedentary on short time scales, move 
much more on longer scales. Puget Sound may be a nursery.  

  Characterize speed of migration    Salmonids    Speed is more variable in freshwater than in the marine 
environment, and migration of some species is faster and 
more directed than others. Juveniles of some species (for 
example, steelhead) cover long distances very fast.  

  Partition mortality between life - history 
phases (downriver migration, estuary, and 
early ocean)  

  Steelhead (British Columbia and 
Puget Sound)  

  The baseline of survival rates thus far suggests a diversity of 
patterns for different stocks, and finds differences between 
hatchery and wild fish.  

  Locate areas of high mortality for 
endangered stocks  

  Coho salmon (Strait of Georgia)    High - mortality areas seem to be stock - specific. Evidence for 
fall migration out of the strait; possible mortality in summer.  

  Investigate the impact of freshwater 
mitigation efforts on anadromous species  

  Chinook salmon (Columbia and 
Fraser Rivers)  

  Surprising and still controversial preliminary results find no 
evidence that passage through dams causes delayed mortality, 
and find similar survival rates in a dammed and an undammed 
river.  

  Search for physiological explanations of 
a major mortality event  

  Later - run adult sockeye salmon 
(Fraser River) that do not delay 
river entry and die in - river  

  High water temperatures probably exceed salmon physiological 
limits; hormonal changes while fish are at sea may cause 
them to enter the river early.  
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   14.1.4.2    Non -  e lectronic  t ags 
 The simplest tags are passive physical devices or marks such 
as freeze brands, fi n clips, and spaghetti tags used to identify 
individual fi sh. Since 1968, US and Canadian institutions 
have released over 600 million salmon batch - marked with 
coded - wire tags in the largest tagging program on Earth. 
The main drawback to non - transmitting tags is that the vast 
majority are never seen again. Therefore, large sample sizes 
are needed, the species of interest must be the target of a 
substantial fi shery, and any tagging data must be interpreted 
cautiously because the results are infl uenced by the move-
ments, techniques, gear, and reporting behavior of the fi sh-
ermen themselves. Information gathered from a physical 
tag usually can be summarized as two data points (release 
and recapture locations), plus associated dates and meas-
urements. These studies leave many questions open. What 
route did the animal take? How did it respond to the con-
ditions it encountered? What happened to most of the 
animals that were not seen again? Is the behavior observed 
representative of the population?  

   14.1.4.3    Electronic  t ags 
 A passive integrated transponder (PIT) tag is a semi - passive 
radio - frequency device that transmits a unique identifi ca-
tion number when excited by a signal from a scanner. The 
scanner must be close to the tag (usually 45 cm or less). 
PIT tags have been used to tag 1 million to 2 million 
salmon per year since the 1980s, and fi sh are recorded as 
they pass through dams where expensive infrastructure has 
been used to channel and separate tagged juveniles and 
adults from other fi sh.  In these situations, PIT tags are 
powerful tools, although the information each tag provides 
is limited.  

   14.1.4.4    Archival  t ags 
 Archival tags store data from one or more sensors on a 
computer memory chip. Sensors may record internal or 
external conditions, such as light levels and temperature 
that can be analyzed to provide rough estimates of latitude 
and longitude. Non - transmitting archival tags must be 
physically retrieved. Larger archival tags transmit data by 
radio signals to satellite or cell phone networks, and this 
capability to obtain fi sheries - independent, detailed tracks is 
unmatched. With archival tags, it is possible to begin to 
understand the complex questions of why animals go where 
they go, how they navigate, and to observe detailed behav-
ior in the wild. Unfortunately, most species are too small 
to carry satellite tags, and archival tags are not particularly 
useful for measuring survival, except in studies of hooking 
mortality.  

   14.1.4.5    Acoustic  t ags 
 The POST system is based on tags that transmit data to a 
network of submerged receivers. Each tag transmits an 

preserve natural genetic and life - history biodiversity, and 
movement data suggest that there may be variation we are 
not aware of in the life histories of many species. 

 Indirect human impacts on the ocean  –  including climate 
change, acidifi cation, and a host of effects that are pro-
duced by a growing population (increased shipping, 
increased light and noise, increased mineral exploitation, 
and others)  –  now threaten to exceed, perhaps greatly, our 
direct impact through fi sheries. The accumulation of carbon 
dioxide in the Earth ’ s atmosphere is changing global atmos-
pheric temperatures, oceanic currents, ocean chemistry, 
and weather (IPCC  2007 ; Fabry  et al.   2008 ). If we are to 
have any ability to respond to coming changes, we must 
understand a great deal more about the extent to which 
movement behavior is evolutionarily fl exible, and how it 
may be changed by intense natural selection.  

   14.1.4    Acoustic  t racking in the 
 c ontext of  o ther  t echnologies 

 Tagging can be used to understand where an animal goes, 
the conditions it experiences and, to a limited degree, its 
internal state. The smaller an animal is, the more diffi cult it 
is to track and the less sophisticated the tag can be. Tags can 
be categorized by how much information they provide 
about the time between capture and recovery, and by how 
data are retrieved. It is relatively easy to attach a sophisti-
cated tag to a marine animal. The challenge is to retrieve the 
data, and there are only two solutions: to  recover the tag 
physically, or to transmit the data to a receiver (which may 
be on land, in space, or underwater on a variety of platforms 
including fi xed moorings, gliders, or other animals). 

   14.1.4.1    Chemical,  b iological, and 
 g enetic  t racking 
 Many animals have natural markings that can be useful 
in movement studies (Payne  et al.   1983 ). In addition, our 
environment leaves  “ natural tags ”  in our bodies that can 
be deciphered for information about where we have been, 
including ratios of stable isotopes, chemical signatures in 
otoliths (Barnett - Johnson  et al.   2008 ), and even parasites 
(Timia  2007 ). Genetics are widely used for information 
about origins and mixing of stocks (Habicht  et al.   2007 ; 
Seeb  et al.   2004 ), and fatty acid ratios in the tissues of 
predators can help to identify the prey species and pro-
portions eaten (Iverson  et al.   2004 ). These methods are 
very useful because (1) the marking is already done for 
us by nature, and (2) even the smallest larvae retain read-
able signatures. However, calibration of the methods is 
complex and none yields detailed movement information. 
In addition, some require lethal sampling. The only way 
to study the movements of tiny larvae has been to take 
regular samples at grid points (see  www.calcofi .org ) but 
only very limited inferences about movement can be made 
from such data.  
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   14.2    Contributions from 
the  POST  Array to Marine 
Science 

 This section reviews species - specifi c accounts of some of 
the most important results so far from research that has 
taken advantage of the POST array. 

   14.2.1     A   b rief  i ntroduction 
to  s almon 

 The fact that POST began in the North American Pacifi c 
Northwest made it almost inevitable that it would focus on 
anadromous species like salmon which use both fresh and 
saltwater. Salmon ( Oncorhynchus  spp.) spawn in freshwater 
rivers and streams, their eggs develop and hatch, and after 
a few days to two years in freshwater the juveniles swim to 
the ocean. In the ocean, they mature and grow to full size 
and sexual maturity before returning to spawn in their natal 
stream. Anadromous species come into more intimate 
contact with humans than purely marine species. In the 
prosperous Northwest, the human population now affects 
every part of the salmon freshwater life - stage. Many North-
west salmon populations declined dramatically during the 
twentieth century, and contributing factors include habitat 
destruction by agriculture, logging, and development, pol-
lution, overfi shing, negative impacts of large hatchery pro-
grams, hydropower and water storage dams, and changing 
climate patterns. 

 Luckily, salmon are extremely adaptable. The evolution-
ary history of salmon is one of repeated recolonization of 
rivers as the Northwest was covered and uncovered by 
glaciers (Waples  et al.   2008 ), and Pacifi c salmon fi sheries 
are still economically, socially, and environmentally impor-
tant. Even today, many insects, birds, and mammals living 
as far inland as 1,500   km from the ocean owe much of their 
growth to ocean - derived nutrients carried in the bodies of 
salmon, although the total weight of Pacifi c salmon runs in 
this southern portion of their range may now be less than 
10% of historical levels (Gresh  et al.   2000 ). 

 Salmon management in the Pacifi c Northwest is a 
complex pastiche of efforts to regulate and mitigate human 
impacts. Some of the more complicated controversies 
involve efforts to reduce mortality of juveniles and adults 
at hydropower dams, to supplement natural populations 
with hatchery - raised fi sh, and to farm non - native Atlantic 
salmon along the Pacifi c coast.  

   14.2.2    Studies of  s urvival 

 The next three sections on steelhead, coho salmon, and 
chinook salmon highlight the original purpose of the POST 
array, which was to study when and where salmon die in 

individual identifi cation code as a train of acoustic pulses 
at 69   kHz, approximately once a minute for 4 – 12 months, 
depending on battery and programming. The smallest tags 
(7   mm diameter    ×    18   mm length) can be surgically implanted 
in fi sh as small as 130   mm in length, and a new generation 
of higher - frequency tags may be used in fi sh as small as 
95   mm. The two tag models most commonly used in POST 
have an approximate functional range of 200 – 400   m, 
depending on a host of conditions including ambient noise. 
Receivers record tag identifi cation numbers plus associated 
detection times. Vemco ’ s acoustic communications (see 
Box  14.1 ) are engineered to have a low rate of false - positive 
signals. The receivers wait for echoes to die down between 
pulses received from the tag, so the amount of information 
that can be transmitted is small (Grothues  2009 ). However, 
acoustic tags cost less than one - tenth as much as satellite 
tags, and may be manufactured with very long battery lives 
(more than 10 years), so in addition to being the method 
of choice for small species, they are also useful for long 
deployments on larger species.    

     Fig. 14.3
  Acoustic receiver deployed in a tank at the Vancouver Aquarium. The 
receiver (soda - bottle - sized black object) is protected by the yellow 
flotation collar, which suspends it off the bottom and protects it from 
trawl nets and other disturbances, without compromising its ability to 
listen for tags. In an ocean deployment, the anchor would be much 
larger. Photograph: John Healy, Vancouver Aquarium.  
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the ocean. Conservation strategies rely on knowledge of 
when and how much mortality occurs in the population of 
interest, and why. Most marine species are observed only 
when they are caught, usually as adults. An estimate of 
ocean survival for a salmon cohort may be a single number 
that integrates a 15,000 kilometer voyage from Oregon to 
Japan via Alaska and back over as long as fi ve years, but it 
has been impossible to partition such survival estimates by 
location and time period. Despite sometimes being able to 
measure freshwater survival fairly accurately, we observe 
large, unexplained year - to - year variation in overall survival 
rates, as well as surprisingly large differences between 
closely neighboring stocks, both of which indicate the 
importance of ocean survival. 

 Technically, it is more diffi cult to study survival than 
movement, because when an animal is not detected, we 
must determine what happened. As long as the animal 
cannot swim around the end of a line, there are only four 
possibilities: (1) the animal died, (2) it slipped through the 
line undetected, (3) its tag stopped functioning or was lost, 
and (4) the animal took up residence between lines. The 
problem of tag loss can be solved by double - tagging studies 
(Wetherall  1982 ), and the residence problem can be 
addressed by adding additional lines or by using active 
tracking to locate missing tags. The most diffi cult problem 
is estimating the probability of detecting an animal that 
passes through a line (Fig.  14.4 ), and it is traditionally 
solved by jointly estimating detection probabilities and 
survival with mark - recapture models (Amstrup  2005 ). Pro-
ducing survival estimates with narrow confi dence intervals 
requires lines that are highly likely to detect passing fi sh. 
One of the real triumphs of POST has been to demonstrate 
that it is possible to maintain high - effi ciency marine 
receiver lines and to produce survival estimates for migrat-
ing juvenile salmon in rivers and on the continental shelf. 
However, the system works best when animals are migrat-
ing in one direction and pass through lines that completely 
cross rivers or inland waterways, and work remains to 
understand better methodological issues such as tag effects, 
and to expand the range of salmonid stocks, sizes, and life 
histories tagged to a more representative sample of the 
natural range.   

   14.2.2.1    Steelhead 
  Background 
 Steelhead are renowned for their long - distance migrations 
in the North Pacifi c. They are the anadromous form of 
rainbow trout ( Oncorhynchus mykiss ), but are often 
managed alongside the fi ve species of Pacifi c salmon based 
on their behavior. Steelhead juveniles rear in swift streams 
and creeks, then migrate as smolts to the ocean for their 
adult life. Unlike other Pacifi c salmonids, steelhead are 
iteroparous, meaning adults can spawn in freshwater, 
return to the ocean for one or more years, and then spawn 
again. Widely distributed from California to Alaska, steel-

Line E

Release
site 1

Line A
Line D

Line B

Line C

     Fig. 14.4
  The probability of detecting a fish that swims through a line of receivers 
can be estimated when a group of tagged fish is observed again 
after passing through the line, and the number detected can only 
unambiguously be related to detection probability if they  must  have 
passed through it. In the figure, if fish are migrating in the direction 
indicated by the blue arrow, detection efficiency can be measured for 
the array lines A, B, and C. However, detection efficiency cannot be 
estimated at line E (the terminal line, given the direction of the fish 
movement) without additional assumptions. Because fish may go 
around the end of the line at D, the probability that a fish passes 
undetected through line D (dashed line) is confounded with the 
probability that it swims around the end of the line.  

head are highly sought after by anglers in recreational fi sh-
eries, but most southern populations are currently much 
smaller than they were historically. 

 Much like coho salmon, the downstream and early 
marine migration period is thought to be critical in deter-
mining recruitment of steelhead (Pearcy  1992 ). Smolt - to -
 adult survival rates generally declined throughout much 
of their southern range beginning in the 1990s, mirroring 
the declines in abundance. Low smolt - to - adult survival 
rates (less than 5%) have generally persisted to the present. 
There is regional variation in smolt - to - adult survival even 
at relatively small scales, however; populations from Wash-
ington State ’ s inshore Puget Sound typically have had 
lower survival than those from the outer west coast, and 
similarly, populations from British Columbia ’ s east coast 
of Vancouver Island bordering on the Strait of Georgia 
have typically had lower survival than those from the 
west (outer) coast of Vancouver Island despite geographic 
proximity. Variation in survival rates among years and 
watersheds raises a number of questions. Where and when 
do mortality periods predominantly occur? Does variation 
in migration rate or behavior contribute to variation in 
mortality?  

  Findings 
 Several steelhead populations were studied under POST to 
quantify their mortality rates during this critical period, and 
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     Fig. 14.5
  Average travel speeds of steelhead smolt 
populations during the early ocean migration. Travel 
rates are calculated as shortest in - water migration 
distances from river mouth receiver stations to 
stations at exit points from inshore waters, divided 
by the average travel time to complete this distance. 
Error bars show  ± 1 standard deviation. Populations 
are grouped by area: Queen Charlotte Strait (QCS), 
British Columbia; Strait of Georgia (SOG), British 
Columbia; Puget Sound (PS), Washington State; 
and California (Cal). Wild (W) and hatchery - reared 
(H) populations are distinguished. Travel speeds are 
calculated from POST data (QCS, SOG, PS - Green 
River) or provided by Moore  et al.   (2010)  and 
B. McFarlane (personal communication).  

to compare survival among wild and hatchery - reared popu-
lations (Table  14.2 ). Survival from release to the river 
mouth and from release to exit from inshore areas was 
assessed for populations from British Columbia and Wash-
ington State. Populations differed in the distances they 
migrated, but within each watershed, survival of wild popu-
lations was generally greater than that of their hatchery -
 reared counterparts during the smolt migration. The high 
mortality incurred during the downstream and early ocean 
migrations is surprising, considering how little time steel-
head spend in these areas. Steelhead smolts generally exhib-
ited rapid movements downstream, through estuaries, and 
out of the inshore areas of the Strait of Georgia or Puget 
Sound within a few weeks of being released. Travel speeds 
downstream varied widely, depending mostly on river fl ow. 
Those from Fraser River populations varied from 53 to 

81   km per day on average, whereas those from smaller 
rivers varied from 0.2 to 17   km per day. After ocean entry, 
however, average travel speeds were remarkably similar 
among populations, varying little with mean body length 
(which ranged from 161 to 203   mm; travel speeds were 
estimated over distances ranging from less than 20 to more 
than 400   km (Fig.  14.5 ).     

 It appears that mortality rates (on a per - day or per - kil-
ometer basis) are considerably higher during the down-
stream migration than during the early ocean migration, 
but the agents of this freshwater mortality are not well 
known. Much mortality occurs soon after release, espe-
cially in hatchery fi sh that generally have little exposure to 
predators or natural selection pressures before release. 
Considerable mortality also occurs beyond the areas of 
study of the current POST system over the remaining 

  Table 14.2 

  Survival rates of steelhead, from studies that tagged a total of 21 experimental groups of wild and hatchery fi sh. 

   Watershed  

   Survival (%) to marine entry  
   Survival (%) to exit from 
inshore waters  

   Wild     Hatchery     Wild     Hatchery  

  Cheakamus River (British Columbia)  a      64 – 84    33 – 43    18 – 39    3  

  Hood Canal (Washington)  b      78 – 96    88    22 – 40    15  

  Puget Sound rivers (Washington)  c      74 – 87    74 – 76          

  Keogh River (British Columbia)  d              55    17 – 47  

    a    Estimates from Melnychuk  et al.  (2009) , four wild and three hatchery groups.  
   b    Estimates from Moore  et al.  (2010) , four wild and one hatchery groups.  
   c    Estimates from Goetz  et al.  (2010) , four wild (Skagit, Green, Puyallup, Nisqually Rivers) and two hatchery (Green, Puyallup) groups.  
   d    Estimates from Welch  et al.  (2004) , one wild and two hatchery groups.   
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opportunity to investigate the behavior and potentially the 
survival patterns of these coho stocks.  

  Findings 
 The migratory behavior and survival of coho smolts from 
various river systems were examined to identify key fresh-
water and marine mortality areas. The Thompson River (a 
tributary of the Fraser River) coho population is extremely 
endangered and concern has been raised about poor 
habitat quality in the watershed and a lack of research 
being done (Irvine  &  Bradford  2000 ). For these reasons, 
190 hatchery - reared coho smolts were implanted with 
acoustic tags over three consecutive years and tracked 
using the POST array. Survival to the mouth of the Fraser 
River was found to be extremely low during 2004 and 
2005 (0 – 6% and 7%, respectively). The freshwater sur-
vival of other Thompson River salmon species was higher 
(Welch  et al.   2008 , Chittenden  et al.   2010 ), as were the 
survival rates of coho during 2006 and in other river 
systems (Chittenden  et al.   2008 ). The low freshwater sur-
vival of Thompson River coho may be a key reason for the 
endangered status of this stock. Further work needs to 
pinpoint high mortality areas in the Thompson/Fraser 
watershed and possible causes for the low survival. 

 Marine survival was evaluated by tracking 173 tagged 
juvenile coho in the Strait of Georgia during 2006 and 
2007. The fi sh left the Strait of Georgia through the Juan 
de Fuca Strait primarily from October to December, and 
the remaining coho either died or took up residence in the 
strait (Fig.  14.6 ) (Chittenden  et al.   2009b ). The proportion 
of fi sh surviving and migrating from the strait was smaller 
in a group of fi sh tagged in July (19%) than in a group 
tagged in September (52%), suggesting that coho may have 
suffered high mortality during the summer (Chittenden 
 et al.   2009b ). A small proportion of the acoustically tagged 

year(s) of ocean life, as smolt - to - adult survival of many 
populations is typically less than 5%. 

 One exception to the fast, directed migrations of steel-
head smolts is that typically around 5 – 10% of fi sh within a 
cohort will residualize, or fail to migrate downstream (Mel-
nychuk  et al.   2009 ). Residual steelhead may either delay 
their migration for a year or take up permanent freshwater 
residence. This sort of fl exibility in life - history strategies is 
yet another example of the variability that makes it chal-
lenging to estimate survival of salmonids. There is still 
much to be learned about steelhead ecology and life history 
from tagging studies, and additional technologies will likely 
be required to extend investigations further along the ocean 
life - history trajectory of steelhead.   

   14.2.2.2    Coho  s almon 
  Background 
 Coho salmon (coho;  Oncorhynchus kisutch ) in the Strait 
of Georgia have exhibited unusual behavior and survival 
patterns during recent decades. Once the target of a major 
year - round fi shery, the Strait of Georgia coho all but 
disappeared during the mid - 1990s (Beamish  et al.   1999 ). 
Their marine survival had dropped from 10% (during 
the 1980s) to 2% (Beamish  et al.   2000 ), and marked 
coho that would normally have spent their entire lives 
within the strait were being observed off the outer coast 
of Vancouver Island (Weitkamp  et al.   1995 ). The general 
opinion at the time was that overfi shing was to blame, 
but when the fi shery was closed in 1998, no noticeable 
effect on coho marine survival followed (Bradford  &  
Irvine  2000 ). 

 Some investigators hypothesized that climate was 
playing a key role (Beamish  et al.   1999 ). Correlations were 
found between the sudden changes in coho survival and 
climate regime shifts (Hare  et al.   1999 ). As average sea 
surface temperatures in the Pacifi c increased, northern coho 
populations grew, whereas many southern stocks faced 
extinction (Coronado  &  Hilborn  1998 ). The advancing 
onset of spring plankton blooms was identifi ed as a pos-
sible negative infl uence on the later - migrating species such 
as coho (Beamish  et al.   2008 ). Further potential causes 
emerged, including the long - term effects of hatchery pro-
duction, increasing predator populations, pollutant levels, 
and other side effects of human development (Araki  et al.  
 2007 ; Bradford  &  Irvine  2000 ). 

 Research on the marine portion of the coho life cycle 
has been limited by technology. Trawl surveys were initi-
ated in 1997 to examine the distribution and growth of 
juvenile coho in the Strait of Georgia (Beamish  et al.   2008 ). 
Catch surveys and mark – recapture methods have been used 
to examine the distribution and growth of juvenile coho in 
the ocean (Beamish  et al.   2008 ). However, these methods 
are less effective as population sizes and catch rates decline. 
The POST array has provided researchers with another 
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     Fig. 14.6
  Evidence of unexpected autumn migration timing for juvenile coho from 
protected waters to the open ocean: the location of tagged juvenile 
coho salmon by month, from September 2006 to April 2007, expressed 
as the number of fish detected within or outside of the Strait of Georgia.  



Chapter 14 Tracking Fish Movements and Survival on the Northeast Pacifi c Shelf 279

section of the river basin) into the coastal ocean. This is 
referred to as the  “ delayed mortality ”  hypothesis. POST 
brings a new dimension to our ability to test the hypothesis. 
Survival estimates were previously available only for the 
entire life - history period from smolt out - migration until 
adult return to the river, some two to three years later, 
resulting in a signifi cant knowledge gap about ocean sur-
vival and especially whether the very poor adult survival 
still observed was caused by the operation of the hydro 
dams (see, for example, Schaller  et al.   1999 ; Budy  et al.  
 2002 ; Budy and Schaller  2007 ).  

  Findings 
 From 2006 to 2009, 4,000 hatchery - reared juvenile stream -
 type chinook salmon (130 – 200   mm fork length) originating 
from the Columbia River basin were tagged and tracked 
down the river and along the Pacifi c shelf as they swam 
north, in order to address several signifi cant management 
issues. Five of the smolts were detected in Alaska, 2,500   km 
from their release point. A summary of the fi ndings includes 
the following. 

   ●      A comparison of acoustic tags with much smaller PIT 
tags demonstrated that in - river survival estimates from 
the two tag types were statistically indistinguishable 
(Fig.  14.7 ), which suggests that there was not enough 
additional mortality caused by the larger acoustic tags 
greatly to bias the survival estimates relative to 
estimates made with PIT tags.  

Strait of Georgia coho (4%) was also detected on the outer 
coast POST array as far south as Oregon (750   km from the 
release site) (Chittenden  et al.   2009b ). These studies dem-
onstrate that coho survival is stock - specifi c and probably 
dependent on ecosystem dynamics in both fresh and 
saltwater.   

 The long - term effects of hatchery releases on wild coho 
populations may be part of the reason for lower survival 
rates. A study comparing hatchery and wild smolts in 
Campbell River, British Columbia, found differences in 
physiology, travel time, survival, and migratory behavior, 
with wild fi sh spending less time in the river and estuary, 
arriving at POST arrays sooner than hatchery fi sh (Chit-
tenden  et al.   2008 ). Scientists are working to understand 
what effects these differences may have on ecosystem 
dynamics in the Strait of Georgia as well as the relative 
roles that genetics and rearing environment play on the 
phenotypic expression of coho young. 

 The story of the disappearance of coho salmon from the 
Strait of Georgia is complex. Some stocks have been found 
to suffer high mortality before they leave freshwater, 
whereas others have high mortality in the early marine 
phase. Long - term telemetry studies will help to understand 
the effects of climate, and other ecosystem dynamics, on 
the inter - annual variability of coho distributions, behavior, 
and survival.   

   14.2.2.3    Chinook  s almon 
  Background 
 Within the Columbia River basin in the Northwestern 
United States, the completion of the Snake River dams in 
the late 1970s coincided with a  “ regime shift ”  to warmer 
ocean conditions that was generally considered to be del-
eterious to salmon survival in the southern portions of their 
range (Hare  et al.  1999 ). The subsequent rapid decline of 
spring - type chinook ( Oncorhynchus tshawytscha ) in the 
Snake River (an upper tributary of the Columbia) resulted 
in this population being classifi ed as threatened under the 
US Endangered Species Act. The listing had major eco-
nomic consequences for the fi shing industry and for the 
operators of the dams, who have spilled water to accom-
modate salmon migration, resulting in lost potential revenue 
ever since. Over the past several decades, improvements in 
fi sh passage at the dams and the implementation of a fi sh 
transportation program to bypass the impounded section 
of the river basin have improved the survival of seaward 
migrating juveniles (smolts) (Muir  et al.   2001 ), but adult 
return rates have not substantially improved (Williams 
 2008 ; Schaller  et al.   2007 ). 

 Because high in - river smolt survival has not improved 
adult returns from the ocean, it has been hypothesized that 
dam passage or transportation around the dams may reduce 
the fi tness of Snake River smolts by impairing their survival 
after they migrate from the hydrosystem (the impounded 
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unit time may be quite similar in the ocean and the 
river. If true, transporting smolts around the dams may 
provide little benefi t simply because the smolts are 
transported between two environments that currently 
have approximately equal survival prospects; because 
the total lifespan is unchanged, smolts that would 
otherwise die in - river during migration may simply 
die in the ocean  –  at about the same rate  –  if they are 
transported.  

   ●      A large - scale acoustic telemetry comparison was made 
of the dammed Columbia and the un - dammed Fraser 
Rivers (Welch  et al.   2008 ), which found that in - river 
survival rates of steelhead and chinook hatchery smolts 
were similar in both rivers. The reasons for the 
similarity are not yet clear.      

 The ability to estimate survival over thousands of kilom-
eters is now in the near future. The POST array will con-
tribute to testing numerous hypotheses about the effect of 
dam passage on ocean survival, migration timing, and sur-
vival by size, as well as how ocean climate change will affect 
the future sustainability of salmon populations, all of which 
is essential knowledge for improving decision - making 
regarding the sustainability of Pacifi c salmon.    

   14.2.3    Studies of  m ovements, 
 l ife  h istory, and  h abitat  u se 

 The biggest surprise of the POST project occurred when 
green and white sturgeon were detected by chance far 
beyond areas they were thought to use. The very large scale 
of the POST array and its integrated data management 
system will make such serendipitous discoveries ever more 
likely as the number of tagged species increases. Such dis-
coveries emphasize how little we know about the move-
ments of marine animals. In this section, we report on three 
studies of sharks and sturgeon, which all show how the 
POST array can be combined with smaller, local receiver 
networks to study movements. Although lines of receivers 
are not strictly necessary for studying movement, they have 
proven useful. 

   14.2.3.1    Green  s turgeon 
  Background 
 Green sturgeon ( Acipenser medirostris ) are a rare and 
poorly understood species. They are anadromous, and 
known to use just three rivers for spawning. Aggregations 
of green sturgeon have been noted in summer months in 
various Pacifi c coast estuaries, especially Willapa Bay and 
Grays Harbor, Washington, the lower Columbia River in 
Washington and Oregon, and several smaller estuaries on 
the Oregon coast (Adams  et al.   2007 ). Much of the lifetime 
of green sturgeon is spent in marine waters, and although 
they have been observed in coastal waters between Baja 

   ●      A large - scale experimental comparison of survival in 
two tributaries of the Columbia, the Snake and Yakima 
Rivers (which join the Columbia mainstream at 
approximately the same location), to test the delayed 
mortality hypothesis also found similar survival rates. 
Juvenile salmon from the Snake River must pass 
through eight dams on their way to the sea, whereas 
juveniles from the Yakima River pass through only the 
four lowest dams. As survival of Yakima fi sh to 
adulthood is four times greater than the survival of the 
Snake River fi sh, these contrasting adult survival rates 
contributed to the development of the delayed 
mortality hypothesis. 

 Initial results from the 2006 (Rechisky  et al.   2009 ) 
and 2008 (Porter  et al.   2009 ) studies indicated that 
lower - river survival (from below the fi nal dam to the 
fi rst ocean detection line, a distance of 274   km) was 
similar for the Snake and Yakima River populations. 
Survivorship from release to the fi rst ocean detection site 
(911   km for the Snake populations, 655   km for the 
Yakima populations) was also similar, indicating that the 
fourfold greater survival observed in adult return rates in 
favor of the Yakima population may develop later in the 
marine life - history phase and could possibly be 
attributed to different ocean life - history strategies 
(perhaps owing to migration to different ocean regions). 
Because of the current rather coarse spacing of the 
marine sub - arrays, fi ner - scale arrays are needed to better 
assess the behavior and survival of the two populations.  

   ●      A costly mitigation effort was evaluated: many 
out - migrating Snake River juvenile salmon have been 
transported via barge around the entire dam system 
for several decades in hopes that eliminating dam -
 caused mortality would improve adult return rates 
(Williams  2008 ) as over half the in - river migrants die 
before reaching the fi nal hydropower dam. However, 
despite near - perfect survival of the barged fi sh during 
transport, transported smolts do not return at twice 
the rate of the smolts that migrated downstream 
through the dams before reaching the ocean (Schaller 
 et al.   2007 ; Muir  et al.   2001 ). 

 The POST system was used to compare survival of 
transported and in - river fi sh as they swam through 
the estuary and onto the continental shelf. Smolts 
migrating the entire length of the river and smolts fi rst 
transported by barge were observed to have similar 
survival through the estuary to the fi rst ocean detection 
site in both 2006 and 2008. Overall, the number of 
transported hatchery fi sh surviving to the fi rst ocean 
sub - array was greater than that of the in - river migrants, 
as expected based on the initial survival benefi ts from 
transportation. However, the data also indicate that 
survival rates in the ocean and river are very similar. 
The solution to the transportation paradox may 
therefore have a very simple explanation: survival per 
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were captured and tagged in spawning rivers and in estuar-
ies where summer aggregations occur.  

  Findings 
 The augmented POST array showed that green sturgeon 
made surprisingly long and rapid seasonal migrations along 
the west coast of North America (Lindley  et al.   2008 ). 
Many tagged green sturgeon moved northward past the 
northern end of Vancouver Island in the late fall, overwin-
tering somewhere north of Vancouver Island, and then 
made rapid southward migrations in the spring to return 
to spawning rivers or summering grounds in various estuar-
ies in Washington, Oregon, and California. This sort of 
poleward migration in winter is highly unusual in the 
animal kingdom. Many green sturgeon were observed 
making these migrations annually, while a subset appeared 
to overwinter off Oregon without making extensive migra-
tions (Fig.  14.8 ).   

 Closer examination of the migratory behavior of indi-
vidual green sturgeon showed that there is substantial 
diversity among fi sh that is not explained simply by the 
location of capture and release. Most notably, many green 
sturgeon tagged in the Rogue River, but also some from 
the Sacramento and Klamath Rivers, spend summers almost 
exclusively in the Umpqua River estuary, whereas other 
groups of fi sh exhibited characteristic patterns of use of the 

California (Mexico) and the Bering Sea (Moyle  2002 ), 
nothing is known of their migratory behavior. 

 In 2007, the US listed the southern distinct population 
segment of green sturgeon as a threatened species under 
the US Endangered Species Act (Adams  et al.   2007 ). Several 
critical questions were unresolved in the status review that 
led to this listing, however, including the following: 

   ●      Where do green sturgeon in summer aggregations 
originate?  

   ●      What proportion of the population occurs in these 
aggregations?  

   ●      Do green sturgeon migrate frequently among different 
areas and habitat types or do they reside in more 
restricted areas?    

 The deployment of the POST array provided a backbone 
of receiver arrays in the coastal ocean throughout the pur-
ported range of green sturgeon from southeast Alaska to 
Washington starting in 2003, which provided an opportu-
nity to address these critical questions. The POST array was 
augmented by receivers in the coastal ocean off central 
Oregon and in Monterey Bay, California, in estuaries and 
bays in Washington, Oregon, and California, and in known 
(Rogue River, Klamath - Trinity River, Sacramento River) or 
suspected (Umpqua River, Oregon, and Eel River, Califor-
nia) spawning rivers for green sturgeon. Green sturgeon 
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  Sturgeon movements along the Pacific coast, by date  (modified from Lindley  et al.   2008 ) . The blue bars show periods during which receivers were deployed, 
and the arrows between them link detections of individual sturgeon. The map shows the locations of the receivers.  



Part IV Oceans Present – Animal Movements282

and has suffered a 27% loss in total abundance since 
2003 (Nelson  et al.   2008 ). Interestingly, the greatest 
decline in this population has occurred in the lower age 
groups (fi sh younger than 10 years old), which suggests 
that there is either a recruitment issue or perhaps young 
sturgeon are leaving the lower Fraser River (that is, migrat-
ing to marine environments). To address the question of 
residency and migration of lower Fraser River white stur-
geon, 110 specimens of various sizes and ages were cap-
tured and acoustically tagged in the lower Fraser River 
over three seasons (summer and fall 2008, spring 2009). 
Twelve acoustic receiver stations have been established at 
strategic locations in the lower Fraser River and estuary 
to augment existing POST receiver stations in the same 
area. All acoustic tags have been detected since release, 
and the majority of tagged sturgeon have moved consider-
able distances within the lower Fraser River study area. 
This three - year project, conducted in partnership with 
POST and local Aboriginal communities, is providing novel 
and useful information regarding inter -  and intra - annual 
movements and habitat preferences of endangered lower 
Fraser River white sturgeon.   

   14.2.3.3    Sixgill  s harks 
  Background 
 The sixgill shark,  Hexanchus griseus , is one of the largest 
predatory sharks and is found in nearly all temperate and 
tropical seas of the world, preying on a wide variety of 
resources. Their basic life history (slow growth, late matu-
rity, low fecundity) suggests they would be susceptible to 
exploitation and other environmental perturbations. 
Understanding how large predators use habitat through 
time and space is critical to successful management. The 
spatial distributions of populations are created by move-
ment behavior (Turchin  1991 ); the impact of predators on 
local prey populations is relative to how much time they 
spend moving through different habitats (Fortin  et al.  
 2005 ); and the susceptibility of populations to exploitation 
or environmental perturbations is dependent on their 
movement patterns (Kritzer  &  Sale  2006 ).  

  Findings 
 The project reported here took advantage of an array of 
acoustic receivers at more than 200 sites throughout Puget 
Sound established by a consortium of researchers, in addi-
tion to active acoustic tracking methods. From September 
2004 to October 2008, Vemco acoustic transmitters were 
implanted into 59 sub - adult sixgill sharks ranging in size 
from 109   cm to 293   cm total length (6 – 173   kg). Movements 
of individuals were monitored for up to four years. 

 The spatial patterns of movement for sixgill sharks differ 
greatly depending on the temporal scale measured. Daily, 
individuals moved very little, averaging 0.2 – 3.1   km per day, 
with smaller individuals moving four times as far as larger 

lower Columbia River, Grays Harbor, Willapa Bay, and San 
Francisco Bay. 

 Although the appearance of green sturgeon as bycatch 
in specifi c coastal fi sheries had provided some indication of 
the species ’  marine distribution, the telemetry results have 
greatly expanded our insight into the extent and diversity 
of their marine movements. The data have opened and 
sharpened several questions. How stable are these behavior 
patterns and aggregations over years, and to what extent 
do they represent behaviors and habitat use peculiar to 
discrete sub - populations? What mechanism(s) underlies the 
surprising northward migration in the fall and winter? 
More generally, an important but diffi cult question is the 
basis for behavioral diversity in green sturgeon: is migra-
tory behavior determined genetically or is it learned (Culum 
 &  Kevin  2003 )? 

 Acoustic telemetry has spurred a quantum advance in 
our understanding of the migratory behavior of adult green 
sturgeon and has generated valuable demographic informa-
tion (Erickson  &  Webb  2007 ). It would be extremely fruit-
ful to apply the same methods to sub - adult green sturgeon, 
whose behavior is completely unknown, as well as to other 
migratory acipenserids, including the Atlantic sturgeon ( A. 
oxyrinchus ) and the shortnose sturgeon ( A. brevirostrum ).   

   14.2.3.2    White  s turgeon 
  Background 
 White sturgeon are the largest (by length and weight) 
freshwater fi sh in North America, and one of the longest 
freshwater fi shes in the world. In the Fraser River of British 
Columbia, white sturgeon can attain confi rmed lengths to 
6.1   m and weights to 629   kg (Scott  &  Crossman  1973 ). 
They are also late to mature (15 – 20 years for males, 20 – 30 
years for females) and long lived (150 +  years). They are 
truly living fossils, exhibiting little change in morphology 
from fossil records dating back 65 million years. Current 
research suggests that green sturgeon and white sturgeon 
use different sets of watersheds for spawning (Lindley 
 et al.   2008 ). Distribution of white sturgeon is limited to 
western North America, with strong evidence that spawn-
ing occurs in only three major watersheds: the Sacramento 
River (California), the Columbia River (Oregon/Washing-
ton/British Columbia), and the Fraser River (British Colum-
bia). Overfi shing and habitat loss has decreased the 
populations of white sturgeon signifi cantly, and in Canada 
all of the Fraser River stocks have been classifi ed as  “ endan-
gered ”  by the Committee on the Status of Endangered 
Wildlife in Canada and most have been listed for protec-
tion under the Species at Risk Act.  

  Findings 
 Current stock monitoring and assessment of lower Fraser 
River white sturgeon by the Fraser River Sturgeon Con-
servation Society suggests that this population is declining, 
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   14.2.3.4    Other  s pecies 
 The POST array has also been used to study habitat use by 
ling cod in Prince William Sound, Alaska, and rockfi sh in 
the Strait of Georgia, and the movements of bull trout, 
market squid, and English sole in Puget Sound. The study 
of English sole was particularly interesting because it 
showed that sole, which are used as indicators of sediment 
contamination, spend less time at contaminated sites than 
had been presumed. This suggests that contaminated sedi-
ments may have larger impacts on fi sh health than has been 
previously calculated (Johnson  et al.   2002 ; Moser  et al.  
 2010 ).    

   14.3    Interdisciplinary 
Studies  a s a Model for 
Future Research: 
Sockeye Salmon 

 This section reviews several linked studies that have taken 
a multi - disciplinary approach to investigating why a valu-
able population of salmon has suffered very high mortality. 
Some of the studies were done in laboratories or outside 
the POST array. The array was used to identify the travel 
rates, migration timing, and fates of individual fi sh in a 
series of manipulative fi eld experiments. Acoustic tracking 
thus acted as a bridge between laboratory studies of physi-
ological limits and fi eld studies of actual performance of 
migrating fi sh, and helped to integrate those results with 
physiological measures of fi sh condition and genetic stock 
identifi cation. The section demonstrates how experimental 
approaches can be combined with observation and auxil-
iary data to derive the maximum value from acoustic telem-
etry. As such, it is a model for future studies. 

   14.3.1    Background 

 Recent advances in physiological telemetry are now making 
possible the study of marine species at spatiotemporal scales 
that encompass the complete ocean life history of the indi-
vidual animal, thus enabling investigators to explore ques-
tions about  “ why ”  and  “ how ”  animals behave or survive 
the way they do. The behavioral physiology of Pacifi c 
salmon spawning migrations has been most thoroughly 
studied in sockeye salmon ( O. nerka ) hailing from the 
Fraser River in British Columbia (reviewed in Hinch  et al.  
 2006 ). The Fraser River is Canada ’ s most productive 
salmon system, and sockeye are the most abundant species 
after pink salmon ( O. gorbuscha ). Like all Pacifi c salmon, 
sockeye exhibit a high degree of genetic and phenotypic 
diversity, and in the Fraser River there are upwards of 150 
distinct stocks (that is collections of distinct populations) 

individuals (Andrews  et al.   2007 ). Moreover, passive 
receivers detected sharks at the same location as the day 
before 76% of the time. Seasonally, tagged sixgill sharks 
occupied a narrow region (8   km latitudinal range) in the 
southern main basin of Puget Sound during the autumn and 
winter and then dispersed northward during the late spring 
and summer to all parts of the main basin (120   km latitu-
dinal range) (Fig.  14.9 ). At the yearly scale, most tagged 
sixgill sharks were exclusive residents of Puget Sound from 
2004 to 2007. In 2006, 10% of tagged individuals left 
Puget Sound, whereas in the summer of 2008, 46% of 
tagged individuals had left Puget Sound. The sharks that 
left were detected most frequently in the Strait of Georgia 
(approximately 350   km) or Strait of Juan de Fuca (200   km), 
with the farthest detected individual at Point Reyes, CA 
(approximately 1400   km). Four individuals that have left 
and come back to Puget Sound were absent from 1 month 
to 1.5 years.   

 Sixgill sharks show consistent patterns of movement, 
both vertically (Andrews  et al.   2009 ) and horizontally, 
across multiple temporal scales, with most sub - adults resid-
ing in Puget Sound yearlong. The most plausible hypothesis 
for these stable patterns is that sharks are following prey 
populations at various temporal scales until they reach a 
certain size or age, when they make large movements out 
of Puget Sound. It is possible that the sub - adults that left 
Puget Sound in 2008 were members of a large recruiting 
cohort that is now leaving its rearing area. Pregnant and 
other large individuals (longer than 3 meters) have been 
seen in Puget Sound, but most adults are seen on the outer 
coast as bycatch from longline fi sheries.   
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  An example of seasonal movements, which occur on a scale midway 
between smaller daily movements, and larger dispersal over the scale 
of years. Mean location of sixgill sharks in Puget Sound in 2006 as 
measured along a latitudinal gradient from the southern main basin 
(Tacoma, Washington) northward.  
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known about how Pacifi c salmon, or most fi sh for that 
matter, control the timing of their migrations, or how large 
changes in migration timing leads to extraordinarily poor 
survival. To fi ll these gaps in our general knowledge, and 
to get to the core of this specifi c problem, fi eld studies 
began in 2003. Key to these studies was the use both of 
large - scale observational studies and fi eld experiments that 
involved the integration of individual - based physiological 
biopsy of plasma and tissue with positional acoustic and 
radio telemetry tracking of individually tagged adults 
(reviewed in Cooke  et al.   2008 ). Research in 2003 used a 
pilot version of the POST acoustic telemetry array and an 
expanded version in 2006. A companion radio telemetry 
array was also used in both years (Robichaud  &  English 
 2007 ).  

   14.3.3    Observational  s tudies: 
 p hysiological  c orrelates of 
 m igration  r ates and  s urvival 

 Over those two study years, more than 1,000 adult sockeye 
were tagged, biopsied, and then tracked from locales 200 or 
800   km from the mouth of the Fraser River, using the POST 
array. Reproductive preparedness was repeatedly identifi ed 
as a key physiological system driving ocean migration behav-
ior. For example, 200   km from the river, early timed late - run 
migrants had elevated plasma concentrations of reproduc-
tive hormones, including testosterone, 11 - ketotestosterone, 
and estradiol, suggesting that advanced reproductive pre-
paredness may be triggering early migrations (Cooke  et al.  
 2006 ). In a separate study involving both late - run and 
summer - run sockeye, Crossin  et al.  ( 2009a ) confi rmed 
that plasma testosterone concentrations strongly correlated 

which spawn throughout the watershed. Some of these 
travel as little as 100   km upriver to reach natal spawning 
areas whereas others travel over 1,200   km. At the start of 
the freshwater spawning migration, sockeye stocks can 
differ greatly in characteristics like morphology, fecundity, 
and energetics, which provides ample opportunity to 
explore the intraspecifi c bases of diversity. 

 One of the most distinctive behavioral traits in Fraser 
River sockeye is the highly predictable within - stock timing 
of their spawning migrations. The migrations of sockeye 
into the Fraser River are classifi ed into four broad run -
 timing groups, each composed of several distinct stocks and 
populations. Fraser sockeye begin departing the high seas 
of the North Pacifi c Ocean in early June, with the early 
Stuart stock complex entering the river in early July, the 
early summer stocks in mid - July, the summer - run stocks in 
early August, and the late - run stocks in September and 
October. Understanding the mechanisms that control this 
variation in migration timing is interesting from an evolu-
tionary point of view, but this understanding is critical for 
those tasked with the management of Fraser River sockeye 
salmon fi sheries, particularly when so much depends on 
pre -  and in - season predictions of coastal and river migra-
tion timing of these stocks.  

   14.3.2    Conservation  c risis 
and  r esearch  a pproach 

 Late - run sockeye will characteristically delay their migra-
tion from the ocean to the river for four to six weeks by 
 “ holding ”  in the Strait of Georgia within the Fraser River 
Estuary (Fig.  14.1 ) (Cooke  et al.   2004 ). This scale of 
holding behavior is unique among sockeye anywhere, and 
has likely evolved to avoid peak summertime water tem-
peratures in the Fraser River and prolonged exposure to 
various pathogens (Hinch  2009 ). Since 1995, segments of 
all late - run stocks have entered the river with little or no 
delay in the Strait of Georgia, and these early timed migrants 
suffer extraordinarily high mortality during the migration 
(Fig.  14.10 ). Depending on the year, 50 – 95% of late - run 
sockeye have perished during the river migration (Cooke 
 et al.   2004 ) representing more than 4,000,000 individuals 
over that time period. The problem of early migration is a 
clear and ongoing economic and conservation crisis, and 
the long - term sustainability of key sockeye stocks in the 
Fraser is in jeopardy (Cooke  et al.   2004 ; Crossin  et al.  
 2008 ).   

 A team of investigators determined that potential causes 
for this seemingly maladaptive change in migration behav-
ior involved changes in how maturing salmon use endog-
enous or exogenous cues to time their migration into 
freshwater (Cooke  et al.   2004 ). However, it was clear that 
uncovering the specifi c factors responsible would be chal-
lenging as there was surprisingly little basic information 
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  Since 1995, certain populations of sockeye salmon homing to the 
Fraser River have migrated into freshwater three to six weeks earlier 
than the historical norm, probably dying as a result.  
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sterone did correlate with travel rates, a fi nding consistent 
with the original hypothesis (Crossin  et al.   2009b ). These 
results suggest that maturation rates are set in the open 
ocean and that coastal hormone interventions may be too 
late to affect behavioral change. Small sample sizes may also 
have limited this investigation.  

   14.3.4.2    Osmoregulation  e xperiment 
 That ill - prepared osmoregulatory systems may cause 
sockeye to migrate faster and earlier out of the Strait of 
Georgia into the Fraser River was tested by capturing late -
 run sockeye in the ocean near the mouth of the Fraser 
River, transporting them to a nearby marine laboratory for 
experimental exposure for about one week under three 
different salinity conditions (freshwater, 0 ‰ ; iso - osmotic, 
13 ‰ ; saltwater, 28 ‰ ) and then acoustic tagging and 
releasing them to continue their migration. The three salin-
ity treatments produced post - treatment sockeye with dif-
ferent gill Na  +  ,K  +   - ATPase concentrations (freshwater    <    
iso - osmotic    <    saltwater) and freshwater - treated sockeye 
( n     =    7) entered the Fraser River approximately two days 
faster than iso - osmotic ( n     =    12) or saltwater ( n     =    5) post -
 release sockeye. This two - day  “ estuarine holding ”  expressed 
by the saline treatments was a strong effect as it refl ected 
the average Strait of Georgia holding period for late - run 
sockeye that year (Hinch  2009 ). 

 So far, research suggests that the phenomenon of early 
migration of late - run sockeye may have its roots in the high 
seas, based on the reproductive hormone fi ndings and 
recent functional genomics disease assessments (Miller 
 et al.   2007 ), though is likely also driven by coastal environ-
mental variables such as salinity and fi sh abundance 
(reviewed in Hinch  2009 ). Continued experiments using 
POST arrays are needed to establish how oceanographic 
conditions trigger or control physiological, and hence 
behavioral, changes in individual migrating and maturing 
salmon, and how other environmental factors, both endog-
enous such as disease states and exogenous such as local 
abundance, mediate these behavioral changes.    

   14.4    Summary and 
New Directions 

 Even at this early stage, POST has been a surprisingly 
successful experiment. The varied research applications 
of the acoustic receiver array have proven that it is possible 
to monitor both localized and long - distance movements 
of marine animals on the continental shelf. The high effi -
ciency of marine receiver lines has made it possible 
to measure survival of juvenile salmon in the ocean, 
although methodological refi nement and testing is needed 
to improve the accuracy and precision of the measure-
ments. Researchers have discovered very interesting 

with migration rates at locales 200 and 800   km distant from 
the river. The data also suggested that the physiological 
mechanisms responsible for causing early timed migrations 
may be triggered in the open ocean (Hinch  et al.   2006 ; 
Crossin  et al.   2009b ). 

 Marine mortality of tagged fi sh also showed strong 
relations to their physiology at time of tagging. Fraser 
sockeye from several stock groups that perished in the 
Strait of Georgia before reaching the Fraser mouth were 
more physiologically stressed, based on plasma ion, 
glucose, and lactate measures, than those that survived to 
enter the river (Cooke  et al.   2006 ). Late - runs that perished 
in the ocean were also less physiologically prepared for 
freshwater entry (that is, higher plasma chloride and total 
osmolality) than those that survived (Crossin  et al.   2009a ). 
Reproductive and osmoregulatory preparedness play inter-
acting roles both in river entry timing and subsequent 
ability to reach spawning areas. Specifi cally, sockeye that 
delayed river entry in the Strait of Georgia and subse-
quently reached spawning areas had initially high somatic 
energy, low testosterone levels, and low gill Na  +  ,K  +   - ATPase 
activity. In contrast, salmon that entered the river directly 
without delay in the Strait of Georgia and subsequently 
failed to reach spawning areas had initially lower energy, 
higher testosterone, and higher gill Na  +  ,K  +   - ATPase activity 
(Crossin  et al.   2009a ). The implication is that a successful 
strategy to reach spawning areas is to spend time in the 
Strait of Georgia becoming more reproductively mature 
while restructuring gill physiological systems to enable 
freshwater entry. Fish that were reproductively mature 
and entered the river before changing their gill structure 
were likely to perish during the freshwater migration. 
Taken together, these results indicate that early migrations 
and high mortality are related to advanced reproductive 
schedules and poorly prepared osmoregulatory systems 
for the transition from salt to freshwater.  

   14.3.4    Interventional  s tudies: 
 f ield  e xperiments to  t est 
 o bservational  h ypotheses 

   14.3.4.1    Maturation  e nhancement 
 e xperiment 
 That advanced reproductive development may cause 
sockeye to migrate faster was tested by injecting gonado-
tropin - releasing hormone (GnRH) and/or testosterone, as 
a means of altering maturation rates, into acoustic tagged 
Fraser sockeye 800   km from the mouth of the Fraser River 
(Crossin  et al.   2009b ). No differences in travel rates were 
detected between hormone injected ( n     =    6) and non - injected 
( n     =    6) sockeye to the  “ fi rst ”  POST acoustic lines situated 
at northern Vancouver Island (approximately 460   km from 
release) (Fig.  14.1 ). However, pre - injection levels of testo-
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detected on the marine lines after they leave river mouths 
in the Strait of Georgia, but we are not certain whether 
they die or take up residence in the Strait. We see that 
neighboring steelhead stocks on Vancouver Island have 
different survival rates, and our data suggest that migration 
routes may play a role. We do not understand why Puget 
Sound steelhead disappear once they leave Puget Sound, 
nor why juvenile steelhead are not detected on POST ’ s 
Southeast Alaska line. 

 We have not tackled one of the original POST questions: 
where do salmon go in the deep ocean, beyond the shelf? 
Are they as discriminating about their use of specifi c areas 
or features in the deep ocean as they are about their use of 
freshwater habitats? The inter - annual variability in migra-
tion routes that we see on the shelf suggests that salmon 
are seeking out particular conditions, rather than particular 
locations. Archival tags may soon begin to yield answers to 
some of these puzzles. 

 Interesting new questions include the following. Why are 
there marked differences among members of the West Coast 
green sturgeon population in their use of estuaries? What 
are green sturgeon doing in their  “ playground ”  off the 
northwest end of Vancouver Island, and what attracted an 
enormous ball of thousands of white sturgeon to the Bon-
neville dam in 2008? Are sixgill sharks using Puget Sound as 
a breeding ground? Why did 10 million fewer sockeye than 
predicted return to the Fraser River in 2009, at the same 
time that the Columbia River had record sockeye runs? 

 In most cases, we still are far from understanding the 
internal mechanisms that drive behavior. These reactions 
are the key to how species will respond to cyclical annual 
and decadal changes in ocean conditions (El Ni ñ o, Pacifi c 
Decadal Oscillation), as well as to long - term directional 
climate change like ocean acidifi cation, warming, and 
changes in currents. 

 Finally, we are barely beginning to use movement data 
to tell us about species interactions. Understanding species 
interactions is a lofty goal, but as more species are tagged 
and tag technology advances, we will be able to ask ques-
tions about when and where predators and prey co - occur, 
an important step to understanding how they impact each 
other.  

   14.4.2    Technological 
 d evelopments that  c ould 
 c hange the  g ame 

   14.4.2.1    Extending the  s cope:  l arger 
 a rrays,  s maller  t ags,  d eeper  w ater 
 The simplest approach to improving the tracking potential 
of the POST system is to expand the array. Expansion by 
in - fi lling between existing lines will answer questions such 
as whether chinook and coho that disappear in the Strait 
of Georgia have died or taken up residence there. Expan-

behaviors with implications for conservation and manage-
ment, and the technology has served as an important com-
ponent in an extensive, cooperative research effort. Our 
technical knowledge of large - scale arrays has advanced dra-
matically since the inception of POST. 

 Our knowledge of where animals go has increased sub-
stantially for green sturgeon, sixgill sharks, and several 
other species we knew little about. Results have helped 
to confi rm movement patterns of salmonids and have 
enhanced our understanding of their rates of travel. We 
are beginning to assemble a valuable library of behaviors 
that helps us to assess how much variation exists between 
individuals, populations, and species, and helps account 
for life - history transitions such as maturation or use of 
different habitats. The study of sixgill sharks highlights 
the fact that movement behaviors can seem very different, 
depending on the temporal and spatial scales on which 
they are observed, and is a reminder of the importance 
of year - round monitoring, long - duration studies and large 
receiver arrays. 

 One of the consequences of where animals go is whether 
they survive. Finer - scale estimates of survival in the ocean 
and the identifi cation of mortality hot spots should help to 
calibrate life - cycle models and illuminate the practical ques-
tion of what limits population growth. POST studies have 
begun to create a baseline understanding of how juvenile 
salmonid mortality is apportioned between freshwater, resi-
dence in estuaries and the transition to saltwater, and the 
fi rst weeks and months at sea when young salmon typically 
remain over the continental shelf, and to document inter -
 annual and inter - population variation in those rates. 
Researchers are just beginning to estimate survival rates of 
longer - lived species such as sturgeon using detections of 
long - lived tags (Lindley  et al.   2008 ). As data accumulate, 
the fi tness consequences of various life - history strategies or 
events may be estimated, and the results can be synthesized 
into bioenergetic and ecosystem models. 

 We are beginning to understand the environmental con-
ditions animals experience on their journeys, and we expect 
rapid progress in this area. Environmental conditions can 
be assessed by archival tags or by overlaying oceanographic 
data with animal tracks. In combination with laboratory 
studies, such information can guide us in understanding the  
preferences and physiological limits of marine species, 
which will ultimately help us to quantify and predict the 
effects of changing ocean conditions on growth and 
survival. 

   14.4.1    Unknowns 

 There are still many unknowns. Many of the results raised 
new questions. For example, we have observed that stream -
 type chinook have similar survival rates in the dammed 
Columbia and the un - dammed Fraser, but we do not know 
why, or whether those relative rates will hold over time. 
We know that many juvenile coho and chinook are never 
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only transmits but also listens. A business - card tag can be 
put on a large animal such as a seal, sea lion, or shark 
(Stokesbury  2010 ). If the animal can be recaptured, the 
business - card tag will contain a record of every other acous-
tic tag that swam within the detection radius (approxi-
mately 0.2 – 1   km, depending on the tag). This technology 
transforms the large animal into a roving reporter. If the 
animal is double - tagged with a global positioning system 
(GPS) satellite tag, positioning data can be combined with 
the receiver log to show exactly where the animal went and 
what other tagged animals it heard.  

   14.4.2.4    Integrating  a rchival and 
 a coustic  t ags:  g etting to the  c ritical 
 “  w hy ”   q uestions 
 The primary technological goal of the Ocean Tracking 
Network is the development of joint acoustic/archival tags. 
These  “ fully integrated ”  tags will archive data from sensors 
that monitor variables such as water temperature and light 
levels, internal body temperature, stomach pH or heart 
rate, and will include a miniaturized receiver that listens 
for other tagged fi sh. Fully integrated tags will communi-
cate by spread - spectrum acoustic signals to achieve high 
data rates, so that an animal can download information 
about where it has been, what it experienced, and what 
other tags it heard, as it swims past a receiver line. This will 
require a new generation of receivers that will probably be 
more expensive and consume much more power. The 
payoff, however, will be an enormously rich data stream 
that fi nally solves the problem of obtaining information 
about what an animal experienced between the points 
where it was detected, and it will use large animals to track 
smaller animals.  

   14.4.2.5    Synergies from  l arge -  s cale 
 i nfrastructure and  o pportunities for 
 c ollaborative  s tudies 
 As arrays grow, the number of species that can be profi tably 
studied increases, the cost per unit of data declines, and 
opportunities for collaboration increase. The professional 
data - sharing network that grows with a large array is one 
of its most valuable products. The study of Fraser River 
sockeye demonstrates that many tagging studies could be 
improved by integrating laboratory experiments with 
manipulative fi eld experiments, observations, other types 
of tagging, and non - lethal assays, and that telemetry has a 
powerful role to play in validating and confi rming indirect 
methods of studying movement. 

 Finally, the POST approach opens doors to the study of 
forage fi sh like herring, anchovies, sardines, and eulachon: 
these are critically important mid - trophic level fi sh that 
feed nearly all of the ocean ’ s larger fi sh, seabirds, and 
marine mammals, including most of the species that humans 
exploit. The ability to measure how forage fi sh react to 

sion by adding new lines will make new studies possible. A 
line planned for one of the major straits between the Gulf 
of Alaska and the Bering Sea will enable study of species 
interchange between the two seas. 

 Acoustic tags are getting smaller, and with every decre-
ment in size we can tag earlier life stages and new species. 
Vemco ’ s newest generation of smaller acoustic tags (V5) 
will make it possible to tag juveniles of some of the most 
important salmon stocks, as well as some of the mid - trophic 
level  “ forage fi sh ”  species that are currently too small to 
tag. However, smaller tags come with a cost; in this case, 
a higher - frequency (180   kHz) signal that requires new gen-
eration of receivers, and a lower range that requires much 
closer spacing between receivers. Satellite and archival tags 
are also getting smaller, and analytical techniques for deriv-
ing latitude and longitude from light and temperature data 
have advanced greatly. 

 Tests of receiver deployments in deeper water are under-
way in Alaska to determine the usefulness of acoustic arrays 
for monitoring valuable groundfi sh stocks such as halibut 
and sablefi sh. The extent of lifelong migratory behavior and 
seasonal movements by halibut and the question of inter-
change between seemingly separate stocks of sablefi sh 
remain pressing fi shery management questions. Deeper 
receivers may also be useful in the future for linking to data 
cables from oceanographic arrays.  

   14.4.2.2    Large -  s cale  m onitoring 
 One of POST ’ s founding Board members founded a world-
wide extension of POST, the Ocean Tracking Network 
(OTN;  www.oceantrackingnetwork.org ). Collaborators 
will deploy and maintain their own receiver networks, and 
OTN will coordinate data management so that a detection 
of a tagged animal in any country will be discoverable by the 
researcher who tagged the fi sh. Many countries are cur-
rently working toward implementation of ocean observing 
systems as part of the Global Ocean Observing System 
(GOOS). As POST contributes biological observations to 
regional GOOS organizations such as the Northwest Asso-
ciation of Networked Ocean Observing Systems (NANOOS), 
opportunities arise to marry acoustic receivers with other 
sensors on platforms such as oceanographic buoys and sea 
gliders, and to integrate oceanographic data with tracking 
data. A richer understanding of biological oceanography 
will help with efforts to model the movements of very small 
animals such as larvae (Gawarkiewicz  et al.   2007 ), which 
will remain too small to track for the foreseeable future, and 
it will sharpen our knowledge of how changes in ocean 
conditions affect the movement patterns of many species.  

   14.4.2.3    Using  b ig  a nimals to  t rack 
 s maller  a nimals:  b usiness -  c ard  t ags 
 An exciting recent technological development has been the 
manufacture of the  “ business - card tag ” , a miniaturized 
receiver joined with a standard transmitter. The tag not 
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environmental changes is a key requirement for predicting 
the impact of climate change on ocean ecosystems.    

   14.5    Summary 

 The value of the POST experience has been to show clearly 
that large - scale acoustic arrays are practical and enormously 
useful for illuminating the life histories of the host of 
species that spend most of their lives on the continental 
shelves. A defi ning characteristic of results from the POST 
array so far is that they have been surprising and unpre-
dicted. That realization should be a warning that we may 
not know enough yet to generalize to new species and situ-
ations, and we have barely begun to deal with a key com-
plication, which is that species interact. New technologies 
like POST bring opportunities to answer old questions, ask 
new ones, and enrich existing studies with new collabora-
tions. We are confi dent that the POST infrastructure will 
continue to be a rich source of new discoveries for many 
years to come.  

  Acknowledgments 

 Core funding for the POST program has been provided by 
the Alfred P. Sloan Foundation and the Gordon and Betty 
Moore Foundation, with additional key funding from the 
US Department of Energy (Bonneville Power Administra-
tion), Pacifi c Salmon Commission, Pacifi c Salmon Founda-
tion, and the Province of British Columbia (Ministry of 
Environment). Several people not represented in the author 
list made major contributions to the early development of 
POST, including the following: George Boehlert, Bruce 
Ward, George Jackson, Peggy Tsang, Jayson Semmens, 
Heather Holden, Jonathan Thar, and former POST board 
members Ron O ’ Dor and Paul Kariya. We gratefully 
acknowledge editorial advice from POST ’ s Management 
Board, Scientifi c Management Committee, and staff, and 
the patient support of Jesse Ausubel, Aileen Lee, Michael 
Webster, and many other collaborators and colleagues 
throughout POST ’ s early years.  

  References 

    Adams ,  P.B.  ,   Grimes ,  C.  ,   Hightower ,  J.E.  ,  et al.  ( 2007 )  Population 
status of North American green sturgeon  Acipenser medirostris  . 
 Environmental Biology of Fishes   79 ,  339  –  356 .  

    Amstrup ,  S.C.  ,   McDonald ,  T.L.    &    Manly ,  B.F.J.   ( 2005 )  Handbook of 
Capture-Recapture Analysis.   Princeton, NJ :  Princeton University 
Press .  

    Andrews ,  K.S.  ,   Levin ,  P.S.  ,   Katz ,  S.L.  ,  et al.  ( 2007 )  Acoustic monitor-
ing of sixgill shark movements in Puget Sound: evidence for 
localized movement .  Canadian Journal of Zoology   85 ,  1136  –  
1142 .  



Chapter 14 Tracking Fish Movements and Survival on the Northeast Pacifi c Shelf 289

Columbia, and Canada ’ s Coho Recovery Plan . In:  Proceedings of 
the Biology and Management of Species and Habitats at Risk Con-
ference  (ed.   L.M.   Darling  ), pp.  595  –  598 .  Kamloops, BC :  BC Min-
istry of Environment, Lands and Parks, Victoria, BC, and University 
College of the Cariboo, Kamloops, BC .  

    Iverson ,  S.J.  ,   Field ,  C.  ,   Bowen ,  W.D.    &    Blanchard ,  W.   ( 2004 )  Quan-
titative fatty acid signature analysis: a new method of estimating 
predator diets .  Ecological Monographs   74 ,  211  –  235 .  

    Johnson ,  J.H.   ( 1960 )  Sonic tracking of adult salmon at Bonneville 
Dam, 1957 .  Fishery Bulletin   60 ,  469  –  485 .  

    Johnson ,  L.L.  ,   Collier ,  T.K.    &    Stein ,  J.E.   ( 2002 )  An analysis in support 
of sediment quality thresholds for polycyclic aromatic hydrocar-
bons (PAHs) to protect estuarine fi sh .  Aquatic Conservation: 
Marine and Freshwater Ecosystems   12 ,  517  –  538 .  

    Keiper ,  C.A.  ,   Ainley ,  D.G.  ,   Allen ,  S.G.    &    Harvey ,  J.T.   ( 2005 )  Marine 
mammal occurrence and ocean climate off central California, 1986 
to 1994 and 1997 to 1999 .  Marine Ecology Progress Series   289 , 
 285  –  306 .  

    Kritzer ,  J.P.    &    Sale ,  P.F.   ( 2006 )  Marine Metapopulations   Amsterdam : 
 Elsevier .  

    Lacroix ,  G.L.  ,   Knox ,  D.    &    McCurdy ,  P.   ( 2004 )  Effects of dummy 
acoustic transmitters on juvenile Atlantic salmon .  Transactions of 
the American Fisheries Society   133 ,  211  –  220 .  

    Lindley ,  S.T.  ,   Moser ,  M.L.  ,   Erickson ,  D.L.  ,  et al.  ( 2008 )  Marine 
migration of North American green sturgeon .  Transactions of the 
American Fisheries Society   137 ,  182  –  194 .  

    Mckinnell ,  S.M.  ,   Pella ,  J.J.    &    Dahlberg ,  M.L.   ( 1997 )  Population -
 specifi c aggregations of steelhead trout ( Oncorhynchus mykiss ) in 
the North Pacifi c Ocean .  Canadian Journal of Fisheries and Aquatic 
Sciences   54 ,  2368  –  2376 .  

    Melnychuk ,  M.C.   ( 2009 )  Estimation of survival and detection prob-
abilities for multiple tagged salmon stocks with nested migration 
routes, using a large - scale telemetry array .  Marine and Freshwater 
Research   60 ,  1231  –  1243 .  

    Melnychuk ,  M.C.  ,   Hausch ,  S.  ,   Mccubbing ,  D.J.F.    &    Welch ,  D.W.   
( 2009 )  Acoustic tracking of hatchery - reared and wild Cheakamus 
River steelhead smolts to address residualisation and early ocean 
survival . Vancouver, BC: Canadian National Railway Company, 
Monitor 2, Project F.  

    Miller ,  K.  ,   Li ,  S.  ,   Schulze ,  A.  ,   Raap ,  M.  ,   Ginther ,  N.  ,   Kaukinen ,  K.    &  
  Stenhouse ,  L.   ( 2007 ) Late - run gene array research.  Final Report To 
The PSC on Research Conducted in 2006 . Vancouver, BC: Pacifi c 
Salmon Commission Southern Boundary Restoration And Enhance-
ment Fund.  

    Moore ,  M.E.  ,   Berejikian ,  B.A.    &    Tezak ,  E.P.   ( 2010 )  Early marine 
survival and behavior of steelhead trout ( Oncorhynchus mykiss ) 
smolts through Hood Canal and the Strait of Juan de Fuca .  Trans-
actions of the American Fisheries Society   139 ,  49  –  61 .  

    Moser ,  M.L.  ,   Myers ,  M.S.  ,   West ,  J.  ,  et al.  ( 2010 )  English sole spawn-
ing migration and evidence for feeding site fi delity in Puget Sound, 
U.S.A. with implications for contaminant exposure .  Fisheries Man-
agement and Ecology  (in review).  

    Moyle ,  P.B.   ( 2002 )  Inland Fishes of California .  Berkeley, California : 
 University of California Press .  

    Muir ,  W.D.  ,   Smith ,  S.G.  ,   Williams ,  J.G.  ,  et al.  ( 2001 )  Survival esti-
mates for migrant yearling chinook salmon and steelhead tagged 
with passive integrated transponders in the lower Snake and lower 
Columbia rivers, 1993 – 1998 .  North American Journal of Fisheries 
Management   21 ,  269  –  282 .  

    Nelson ,  T.C.  ,   Gazey ,  W.J.    &    English ,  K.K.   ( 2008 )  Status of white 
sturgeon in the lower Fraser River: Report on the fi ndings of the 
Lower Fraser River White Sturgeon Monitoring and Assessment 
Program 2007 . Vancouver, BC: Fraser River Sturgeon Conserva-
tion Society.  

    Pauly ,  D.    &    Christensen ,  V.   ( 1995 )  Primary production required to 
sustain global fi sheries .  Nature   374 ,  255  –  257 .  

    Crossin ,  G.T.  ,   Hinch ,  S.G.  ,   Cooke ,  S.J.  ,  et al.  ( 2009a )  Mechanisms 
infl uencing the timing and success of reproductive migration in a 
capital - breeding, semelparous fi sh species: the sockeye salmon . 
 Physiological and Biochemical Zoology .  82 ,  635  –  652 .  

    Crossin ,  G.T.  ,   Hinch ,  S.G.  ,   Cooke ,  S.J.  ,  et al.  ( 2008 )  Experimental 
effects of temperature on the behaviour, physiology and survival 
of river homing sockeye salmon .  Canadian Journal of Zoology   86 , 
 127  –  140 .  

    Crossin ,  G.T.  ,   Hinch ,  S.G.  ,   Welch ,  D.W.  ,  et al.  ( 2009b )  Physiological 
profi les of sockeye salmon in the Northeast Pacifi c Ocean and the 
effects of exogenous GnRH and testosterone on rates of homeward 
migration .  Marine Freshwater Behavior and Physiology   42 , 
 89  –  108 .  

    Culum ,  B.    &    Kevin ,  N.L.   ( 2003 )  Social learning in fi shes: a review . 
 Fish and Fisheries   4 ,  280  –  288 .  

    Erickson ,  D.L.    &    Webb ,  M.A.H.   ( 2007 )  Spawning periodicity, spawn-
ing migration, and size at maturity of green sturgeon,  Acipenser 
medirostris , in the Rogue River, Oregon .  Environmental Biology 
of Fishes , pp  255  –  268 .  

    Fabry ,  V.J.  ,   Seibel ,  B.A.  ,   Feely ,  R.A.    &    Orr ,  J.C.   ( 2008 )  Impacts of 
ocean acidifi cation on marine fauna and ecosystem processes .  ICES 
Journal of Marine Science   65 ,  414  –  432 .  

    Fortin ,  D.  ,   Beyer ,  H.L.  ,   Boyce ,  M.S.  ,  et al.  ( 2005 )  Wolves infl uence 
elk movements: behavior shapes a trophic cascade in Yellowstone 
National Park .  Ecology   86 ,  1320  –  1330 .  

    Gawarkiewicz ,  G.  ,   Monismith ,  S.    &    Largier ,  J.   ( 2007 )  Observing 
larval transport processes affecting population connectivity: 
progress and challenges .  Oceanography   20 ,  40  –  53 .  

    Goetz ,  F.  ,   Jeanes ,  E.    &    Morello ,  C.   ( 2010 )  Puget Sound Steelhead 
Telemetry Study: 2006 Study Results . US Army Corps of Engi-
neers, Seattle District, Washington.  

    Gresh ,  T.  ,   Lichatowich ,  J.    &    Schoonmaker ,  P.   ( 2000 )  An estimation 
of historic and current levels of salmon production in the northeast 
Pacifi c ecosystem: evidence of a nutrient defi cit in the freshwater 
systems of the Pacifi c Northwest .  Fisheries   25 ,  15  –  21 .  

    Grothues ,  T.M.   ( 2009 )  A review of acoustic telemetry technology and 
a perspective on its diversifi cation relative to coastal tracking 
arrays . In:  Tagging and Tracking of Marine Animals with Electronic 
Devices  (ed.   J.L.L.   Nielsen  ), pp.  77  –  90 .  Springer Science + 
Business Media B.V .  

    Habicht ,  C.  ,   Seeb ,  L.W.    &    Seeb ,  J.E.   ( 2007 )  Genetic and ecological 
divergence defi nes population structure of sockeye salmon popula-
tions returning to Bristol Bay, Alaska, and provides a tool for 
admixture analysis .  Transactions of the American Fisheries Society  
 136 ,  82  –  94 .  

    Hare ,  S.R.  ,   Mantua ,  N.J.    &    Francis ,  R.C.   ( 1999 )  Inverse production 
regimes: Alaska and West Coast Pacifi c salmon .  Fisheries   24 , 
 6  –  14 .  

    Hinch ,  S.G.   ( 2009 )  Overview and synthesis: early migration and 
premature mortality in Fraser River late - run sockeye salmon . In: 
 Conference on Early Migration and Premature Mortality in Fraser 
River Late - run Sockeye Salmon: Proceedings  (eds.   S.G.   Hinch    &  
  J.   Gardner  ), pp.  8  –  14 .  Vancouver, BC :  Pacifi c Fisheries Resource 
Conservation Council . Available at  http://www.psc.org/infor_
laterunsockeye.htm .  

    Hinch ,  S.G.  ,   Cooke ,  S.J.  ,   Healey ,  M.C.    &    Farrell ,  A.P.   ( 2006 )  Behav-
ioural physiology of fi sh migrations: salmon as a model approach . 
In:  Behaviour and Physiology of Fish  (eds.   K.S.   Balshine    &    R.  
 Wilson  ), pp.  239  –  295 .  New York :  Elsevier .  

   IPCC  ( 2007 )  Climate Change 2007: synthesis report. Contribution 
of Working Groups I, II and III to the Fourth Assessment . In: 
Core Writing Team (eds. R.K. Pachauri  &  A. Reisinger). Geneva, 
Switzerland: Intergovernmental Panel on Climate Change. 
104 pp.  

    Irvine ,  J.R.    &    Bradford ,  L.M.   ( 2000 )  Declines in the abundance of 
Thompson River coho salmon in the interior of Southern British 



Part IV Oceans Present – Animal Movements290

    Payne ,  R.  ,   Brazier ,  O.  ,   Dorsey ,  E.M.  ,  et al.  ( 1983 )  External features 
in southern right whales ( Eubalaena australis ) and their use in 
identifying individuals . In:  Communication and Behavior of Whales  
(ed.   R.   Payne  ), pp.  371  –  445 .  Colorado :  Westview Press .  

    Pearcy ,  W.G.   ( 1992 )  Ocean Ecology of North Pacifi c Salmonids . 
 Seattle, WA :  University of Washington Press .  

    Porter ,  A.D.  ,   Welch ,  D.W.  ,   Rechisky ,  E.R.  ,  et al.  ( 2009 ) Pacifi c Ocean 
Shelf Tracking Project (Post): Results from the Acoustic Tracking 
Study on Survival of Columbia River Salmon, 2008. Report to the 
Bonneville Power Administration by Kintama Research Corpora-
tion, Contract No. 2003 - 114 - 00, Grant No. 00021107. Available 
at  http://www.efw.bpa.gov/Publications/XXXX .  

    Rechisky ,  E.L.    &    Welch ,  D.W.   ( 2009 )  Surgical implantation of acous-
tic tags: infl uence of tag loss and tag - induced mortality on free -
 ranging and hatchery - held spring chinook ( O. tschawytscha ) 
smolts . In:  Tagging Telemetry and Marking Measures for Monitor-
ing Fish Populations. A Compendium of New and Recent Science 
for Use in Informing Technique and Decision Modalities  (eds.   K.S.  
 Wolf    &    J.S. O  ’  Neal  ), pp.  69  –  94 .  Duvall, WA :  The Pacifi c North-
west Aquatic Monitoring Partnership and KWA Ecological 
Sciences .  

    Robichaud ,  D.    &    English ,  K.K.   ( 2007 )  River entry timing, survival, 
and migration behaviour of Fraser River sockeye salmon in 2006 . 
Final Report to the PSC on Research Conducted in 2006. Vancou-
ver, BC: Pacifi c Salmon Commission Southern Boundary Restora-
tion And Enhancement Fund.  

    Schaller ,  H.  ,   Wilson ,  P.  ,   Haeseker ,  S.  ,  et al.  ( 2007 )  Comparative sur-
vival study (CSS) of PIT - tagged spring/summer chinook and steel-
head in the Columbia River Basin: ten - year retrospective analyses 
report . Comparative Survival Study Oversight Committee and Fish 
Passage Center.  

    Schaller ,  H.A.  ,   Petrosky ,  C.E.    &    Langness ,  O.P.   ( 1999 )  Contrasting 
patterns of productivity and survival rates for stream - type chinook 
salmon ( Oncorhynchus tshawytscha ) populations of the Snake and 
Columbia rivers .  Canadian Journal of Fisheries and Aquatic Sci-
ences   56 ,  1031  –  1045 .  

    Scott ,  W.B.    &    Crossman ,  E.J.   ( 1973 )  Freshwater fi shes of Canada . 
 Bulletin of the Fisheries Research Board of Canada   184 ,  1  –  966 .  

    Seeb ,  L.  ,   Crane ,  P.  ,   Kondzela ,  C.  ,  et al.  ( 2004 )  Migration f Pacifi c Rim 
chum salmon on the high seas: insights from genetic data .  Envi-
ronmental Biology of Fishes   69 ,  21  –  36 .  

    Stokesbury ,  M.J.W.   ( 2010 )  Tracking of diadromous fi shes at sea 
using hybrid acoustic and archival electronic tags . In:  Challenges 
for Diadromous Fishes in a Dynamic Global Environment  
(ed.   R.   Cunjak  ).  Bethesda ,  Maryland: American Fisheries Society  
(in press).  

    Timia ,  J.T.   ( 2007 )  Parasites as biological tags for stock discrimination 
in marine fi sh from South American Atlantic waters .  Journal of 
Helminthology   81 ,  107  –  111 .  

    Turchin ,  P.   ( 1991 )  Translating foraging movements in heterogeneous 
environments into the spatial distribution of foragers .  Ecology   72 , 
 1253  –  1266 .  

    Waples ,  R.S.  ,   Pess ,  G.R.    &    Beechie ,  T.   ( 2008 )  Evolutionary history of 
Pacifi c salmon in dynamic environments .  Evolutionary Applica-
tions   1 ,  189  –  206 .  

    Weitkamp ,  L.A.  ,   Wainwright ,  T.C.  ,   Bryant ,  G.J.  ,  et al.  ( 1995 ) Status 
review of coho salmon from Washington, Oregon and California.  

    Welch ,  D.W.  ,   Batten ,  S.D.    &    Ward ,  B.   ( 2007 )  Growth, survival, and 
rates of tag retention for surgically implanted acoustic tags in 
steelhead trout ( O. mykiss ) .  Hydrobiologia   582 ,  289  –  299 .  

    Welch ,  D.W.  ,   Rechisky ,  E.L.  ,   Melnychuk ,  M.C.  ,  et al.  ( 2008 )  Survival 
of migrating salmon smolts in large rivers with and without dams . 
 PLoS Biology   6 ,  e265 .  

    Welch ,  D.W.  ,   Ward ,  B.R.    &    Batten ,  S.D.   ( 2004 )  Early ocean survival 
and marine movements of hatchery and wild steelhead trout ( Onco-
rhyncus mykiss ) determined by an acoustic array: Queen Charlotte 
Strait, British Columbia .  Deep - Sea Research II   51 ,  897  –  909 .  

    Wetherall ,  J.A.   ( 1982 )  Analysis of double - tagging experiments .  Fishery 
Bulletin   80 ,  687  –  701 .  

    Williams ,  J.G.   ( 2008 )  Mitigating the effects of high - head dams on the 
Columbia River, USA: experience from the trenches .  Hydrobio-
logia   609 ,  241  –  251 .  

    Zale ,  A.V.  ,   Brooke ,  C.    &    Fraser ,  W.C.   ( 2005 )  Effects of surgically 
implanted transmitter weights on growth and swimming stamina 
of small adult westslope cutthroat trout .  Transactions of The 
American Fisheries Society   134 ,  653  –  660 .       



291

Life in the World’s Oceans, edited by Alasdair D. McIntyre 
© 2010 by Blackwell Publishing Ltd.

  Chapter 15 

A View of the Ocean from 
Pacific Predators  
  Barbara A.     Block 1    ,    Daniel P.     Costa 2    ,    Steven J.     Bograd 3   

   1  Hopkins Marine Station, Department of Biology, Stanford University, Pacifi c Grove, California, USA   
   2  Long Marine Laboratory, Department of Ecology and Evolutionary Biology, University of California, Santa Cruz, California, 
USA   
   3  Environmental Research Division, National Oceanic and Atmospheric Administration, Southwest Fisheries Science 
Center, Pacifi c Grove, California, USA        

    15.1    Large Pelagic Species 
in the Marine Ecosystems of 
the North Pacific 

 In the oceanic realm, species diversity, population struc-
ture, migrations, and gene fl ow in marine pelagic species 
are poorly understood. Large marine animals such as 
whales, pinnipeds, seabirds, turtles, sharks, and tunas have 
behaviors and life - history strategies that involve high dis-
persal movements and vagile populations. Most of these 
animals lack obvious geographic barriers in the marine 
environment. Obtaining baseline information about sea-
sonal movement patterns, regional habitat use, and location 
of foraging and breeding grounds has remained elusive. 
The population status and general oceanic movements of 
many species and guilds were virtually unknown in the 
eastern Pacifi c basin when Tagging of Pacifi c Predators 
(TOPP) was initiated as a fi eld program of the Census of 
Marine Life. Additionally, potential effects of global 
climate change on species diversity, biomass, and com-
munity structure in pelagic environments remain largely 
unexplored and diffi cult to assess or predict. These are 
alarming facts, given that many species face an unprece-
dented level of exploitation from both directed fi sheries 

and bycatch, and ecosystem management is dependent 
upon a scientifi c understanding of habitat use. 

 The lack of knowledge about large marine species is pri-
marily due to the challenges inherent in studying marine 
animals. The sheer size of the Pacifi c Ocean makes it chal-
lenging to use traditional techniques such as ship surveys. In 
an effort to rectify this lack of knowledge the Census initi-
ated two Pacifi c tagging efforts, TOPP (see  www.topp.org ), 
and the Pacifi c Ocean Shelf Tracking Project (POST) ( www.
postcoml.org ; see Chapter  14 ). These programs proposed to 
use electronic tracking technology to study the movements 
of marine organisms in the North Pacifi c. In the case of 
TOPP, biotelemetry or biologging (use of electronic tags 
carried by the animal to measure its biology) became the 
major ecological tool of choice for advancing knowledge of 
multi - species habitat use. We proposed combining elec-
tronic tag technology data with oceanographic data acquired 
through remote sensing and, when possible, with foraging 
ecology and genetics. We hypothesized that the primary 
physical forces that infl uence temporal distribution patterns 
were temperature and primary production. We expected 
that by studying multiple species within an ecosystem such as 
the California Current, we could reveal common locations 
for feeding, migration highways, potential reproduction 
regions, and hot spots. The principal factors acting on popu-
lation dynamics might be revealed, and these would include 
seasonal variations in thermal regimes and the formation of 
prey - aggregating physical features, which were assumed 
to cause variation in food supply, physiological perform-
ance, and predation pressures. Understanding behavior of 
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the tag deployments throughout the program (2006 – 2009). 
Large - scale deployments (approximately 3,000 tags) of 
existing and new technologies across multiple taxa in a 
synoptic seasonal pattern occurred. Central to the TOPP 
plan was selection of approximately two dozen key target 
species that had distributions within the eastern and central 
North Pacifi c Ocean and were tractable for tagging and 
population studies. The implementation plan built on the 
known tagging success of key species during the early 
years, to inform the selection of TOPP target species. 
The tag data would be combined with  in situ  and remotely 
sensed oceanographic observations to build a decade - long 
survey of key species in the North Pacifi c Ocean. As data 
began to be collected, TOPP scientists focused on the 
improvement of electronic tagging technology, implemen-
tation of simultaneous large - scale tagging, development 
of a data acquisition system capable of handling multiple 
tagging platforms, and integration and visualization of 
multiple data streams and initiation of four - dimensional 
display. 

 Workshop deliberations and early tagging experiments 
generated a list of key animals that became the research 
subjects of TOPP (Box  15.2 , p. 308). This included a 
diverse group of species with interesting ecological link-
ages. One key concept that emerged early in the program 
was the focus on tagging of guilds of closely related species. 
The TOPP species guilds include sharks of the family Lam-
nidae (white, mako, and salmon), fi sh of the  Thunnus  guild 
(yellowfi n, bluefi n, and albacore), albatrosses (black footed 
and Laysan), pinnipeds (elephant seals, California sea lions, 
and northern fur seals), rorqual whales (blue, fi n, and 
humpback whales), and sea turtles (loggerheads and leath-
erbacks). The guild concept turned out to be among the 
most successful ideas in TOPP for exploration of the 
oceanic environment harnessing the evolutionary power 
for related species. By using this classic comparative 
approach, we were able to examine how organisms of 
similar phylogeny have diverged in their niche use and 
foraging ecology and the physiological mechanisms used 
(Feder  1987 ; Costa  &  Sinervo  2004 ). Additionally, we 
found that tagging techniques could easily be passed on to 
multiple species, improving the trophic connections and 
comparative methodologies (Block  2005   ). Several addi-
tional species that shared similar habitats complemented 
the original guild species. These species included blue and 
thresher sharks that overlapped with the lamnid guild, 
molas that were common in the tuna guild ecosystem, and 
shearwaters that overlapped with the albatross guild. The 
guild approach simplifi ed the logistics of the tagging efforts. 
More than one species within a guild is often found in the 
same region at the same time of year, making it possible 
to maximize the success of the tagging effort by using a 
single platform to tag multiple species. Details of the types 
of tag used, and how tag technology progressed during 
TOPP, are given below.  

organisms relative to the physical and biological forces they 
experience was considered prerequisite to a study of multi -
 species community structure of large pelagic species in the 
North Pacifi c Ocean.  

   15.2    Tagging of Pacific 
Predators, 2000 – 2008 

   15.2.1    Planning and  i nitiation 
of  TOPP  

 TOPP scientists proposed a decade - long tagging campaign 
to elucidate the distribution, movements, behavior, and 
ecological niche of apex marine predators within the 
oceanic ecosystems of the North Pacifi c Ocean. To examine 
whether it was possible to observe and monitor multiple 
species in coastal and open - ocean habitats in the North 
Pacifi c, a series of planning workshops was initiated. Ninety 
participants from the USA, Canada, Mexico, France, and 
Japan met in Monterey, California, USA, for four days in 
November 2000 to discuss the experimental tagging 
approaches, selection of organisms, and together developed 
the foundation deployments of the TOPP program. This 
workshop led to a formal TOPP plan to use biologging 
techniques in concert with oceanographic data, feeding 
studies, and molecular techniques to examine 23 top preda-
tors of the North Pacifi c Ocean (Block  et al.   2003 ). After 
the initial TOPP workshop, ten working groups were 
formed and met separately to plan the details of the program 
and experiments, and coordinate the ocean - scale tagging 
efforts (Box  15.1 ). The working groups were concentrated 
around seven organismal teams (tunas, sharks, squid, pin-
nipeds, seabirds, cetaceans, and turtles), as well as oceanog-
raphy, tag development, data management, and education 
and outreach. As with any project of this size and complex-
ity the work reported here could not have been done 
without the participation and dedication of many individu-
als to the TOPP program (Box  15.1 ).   

 The workshop participants recommended a staged 
implementation of the TOPP program, beginning with 
species selection. An emphasis was placed initially on the 
use of current technologies that had a track record of 
proven deployment success in large - scale experiments (for 
example archival/TDR tags), on species that would most 
likely yield quick data returns (elephant seals, Pacifi c 
bluefi n tuna). Initiation of pilot studies to explore new 
and potentially challenging species (for example squid and 
swordfi sh), and to test large - scale deployments or new 
technologies and attachment strategies were also initiated 
(for example spot tags on shark dorsal fi ns, archival tags 
on shearwaters). After the successful completion of this 
testing and development phase (2003 – 2005), a second 
round of fi eld efforts focused on increasing the scale of 
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    a     Oregon State University  
  b     University of California at Santa Cruz  
  c     Cascadia Research Collective  
  d     Australian Antarctic Division  
  e     Moss Landing Marine Lab  
  f     Southwest Fisheries Science Center, NOAA - NMFS  
  g     Wake Forest University  
  h     Sonoma State University  
  i     Centro de Investigaci ó n en Alimentaci ó n y Desarrollo, 
Unidad Guaymas  
  j     Sea Mammal Research Unit  
  k     National Marine Mammal Lab, NOAA - NMFS  
  l     Duke University  
  m     Cornell University  
  n     Indiana University  
  o     Drexel University  
  p     Point Reyes Bird Observatory  
  q     CICESE  
  r     Stanford University  
  s     Pelagic Shark Foundation  
  t     Alaska Fish  &  Game  
  u     University of California at Davis  
  v     Monterey Bay Aquarium  
  w     Inter - American Tropical Tuna Commission  
  x     University of California at Santa Barbara     

  These individuals represent the members of the various organismal working 
groups of  TOPP . Their work and perseverance in field tagging efforts and 
dedication to the  TOPP  program made this ten - year effort possible. 

  Box 15.1 
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methods to synthesize a vast array of disparate data streams 
(Teo  et al.   2004b ; Tremblay  et al.   2006, 2007, 2009 ; 
Bailey  et al.   2008 ). Simply put, TOPP is the fi rst large - scale 
tagging program to implement automation of the ARGOS 
and geolocation tag management, metadata delivery, and 
integration of online data display in near - real - time with 
oceanographic data information. A public display in a 
browser format (las.pfeg.noaa.gov/TOPP) was developed 
for the TOPP team members and education and outreach. 

 Four broad classes of electronic tags were tested, refi ned 
and/or developed, and deployed as part of the TOPP 
program. 

   15.2.2.1    Archival  t ags 
 Archival tags log high - resolution time - series data from 
sensors that measure pressure, water temperature, body 
temperature, salinity, and light level (Biuw  et al.   2007 ; 
Simmons  et al.   2009 ; Teo  et al.   2009 ; Costa  et al.   2010b ). 
Archival tags are either implanted in the animal (fi sh), 
glued to the hair or feathers (birds and mammals), or 
attached to a leg band (birds). The major limitation of this 
tag type is that it must be recovered to obtain the data. 
In fi sh this tag can only be used on highly exploited species 
(tunas) where an enhanced reward is offered to recover 
the tag after capture. Archival tags are also used with 
species that have a high probability of returning to the 
colony where they were initially tagged (that is, sea lion, 
elephant seal, albatross, and shearwater). Archival tags have 
provided tracks covering up to 1,000 days in northern 
bluefi n tuna (Block  et al.   2001 ; Block  2005 ) and 1,160 
days in yellowfi n tuna (Schaefer  et al.   2007 ). These tags 
were a mainstay of the TOPP program, with over approxi-
mately 1,600 light, temperature, depth (LTD) (Lotek) 2310 
tags deployed, primarily on bluefi n (Kitagawa  et al.   2007 ; 
Boustany  et al.   2010 ), yellowfi n (Schaefer  et al.   2007, 
2009 ) and albacore tunas. This archival tag (D - series) has 
a pressure accuracy of  ± 1% of the full - scale reading (up 
to 2,000   m). The LTD temperature ranged from  − 5 to 
40    ° C, with an accuracy of 0.05    ° C. The temperature 
response is less than 2 seconds, so that as an animal dives, 
it provides a temperature profi le with depth (Simmons  et 
al.   2009 ). In the TOPP program, archival tags were used 
primarily on tunas that were juveniles (3 – 20   kg) and ado-
lescents (up to 55   kg). The smallest animal tagged was the 
sooty shearwater (Shaffer  et al.   2006 ), weighing approxi-
mately 800   g. For this, we used the smallest archival tag 
the Lotek LTD 2410 that weighs only 5.5   g and is 11   mm 
in diameter and 35   mm long. 

 Archival tags often carry sensitive optical detectors that 
can measure variations in light level quite accurately. The 
Lotek 2310 tag used by TOPP has a polystyrene light stalk 
that extends externally from an animal after it has been 
surgically implanted. The wall of the stalk contains a fl uo-
rescent dye that is sensitive to narrow band blue light 

   15.2.2    Developing  t ag 
 t echnologies for  m arine  b iologging 

 Biologging technology allows researchers to take measure-
ments from free - swimming marine animals as they move 
undisturbed through their environment. Importantly, it 
permits researchers to observe animals beyond the natural 
reach of humans, and provides extensive data on both the 
animals ’  behavior and their physical environment. Biolog-
ging can be used for observational studies of animal 
behavior, controlled experimental studies (translocation 
experiments), oceanographic observations of the  in situ  
environment surrounding the animal, and ecological 
research such as foraging dynamics. 

 An early challenge for TOPP was to solve the many 
technological issues associated with the tag platforms before 
launching the major deployment phase. For the fi rst three 
years of TOPP deployments (2001 – 2004), the priority was 
to develop effi cient deployment strategies of proven tech-
nologies, while simultaneously investing in and testing new 
tags. TOPP worked with four manufacturers of commercial 
tags and advised signifi cant engineering decisions, which 
over the course of a decade led to advancements in all 
major tag types used. Testing included a development phase 
with new ARGOS transmitters, Fastloc GPS, novel sensors 
with oceanographic capabilities, increased memory, mini-
aturization, new track fi ltering, and data compression algo-
rithms (Teo  et al.   2004a, 2009 ; Kuhn  &  Costa  2006 ; 
Tremblay  et al.   2006, 2007, 2009 ; Biuw  et al.   2007 ; Bailey 
 et al.   2008 ; Kuhn  et al.   2009 ; Costa  et al.   2010a ; Simmons 
 et al.   2009 ). 

 Stable and prototype electronic tags were both available 
in 2000. They ranged from ARGOS tags to data storage 
tags (archival) that could be attached or implanted surgi-
cally, and pop - up satellite archival tags designed to track 
large - scale movements and behavior of animals for which 
the use of real - time ARGOS satellite tags was not possible. 
The pop - up satellite tags jettisoned from the animal on a 
pre - programmed date and transmitted data about depth, 
ambient temperature, pressure, and light to ARGOS satel-
lites (Block  et al.   1998 ). Each generation of the tags had 
technological issues that included the accuracy of sensors, 
the resilience of tag components, pressure housing prob-
lems, and algorithm limitations. In the fi rst phase of TOPP 
we tested many of the tags on free - ranging animals to 
ensure that they would be suffi ciently robust for the larger -
 scale deployments in the second phase. 

 Tag attachment strategies were another early challenge. 
Strategies were shared among organismal working groups, 
and the increased communication with multiple taxa spe-
cialists helped to facilitate the exchange of ideas and tech-
niques. In addition, the increased memory capacity of the 
new tags, and the scale of the TOPP deployments, resulted 
in the need for investment in a novel data management 
system, improved analytical and visualization tools, and 
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is less than a second over a 70% step in this range. 
Further advances in the form of data compression have 
made it possible to get signifi cantly more data through 
the limitations of the ARGOS system, including detailed 
oceanographic and behavioral information (Fedak  et al.  
 2001 ). ARGOS satellite tags are larger than archival tags, 
with the smallest unit weighing 30   g.  

   15.2.2.3     GPS   t ags 
 With funds from the National Oceanographic Partnership 
Program (NOPP), TOPP supported the development of a 
GPS tag for use on marine species (Decker  &  Reed  2009 ; 
Costa  et al.   2010b ). The advantage of GPS tags is twofold. 
First, GPS tags provide an increase in the precision of 
animal movement data to within 10   m compared with the 
1 – 10   km possible with ARGOS satellite tags. Second, GPS 
tags provide a higher time resolution, with positions 
acquired every few minutes compared with a maximum of 
about eight to ten positions a day with ARGOS. However, 
standard navigational GPS units do not work with diving 
species, as they require many seconds or even minutes of 
exposure to GPS satellites to calculate positions and the 
onboard processing consumes considerable power. At the 
beginning of the TOPP project, two conceptual solutions 
to this problem were identifi ed and resources invested in 
the development and testing of the Fastloc system devel-
oped by Wildtrack Telemetry Systems (Leeds, UK). The 
Fastloc uses a novel intermediate solution that couples brief 
satellite reception with limited onboard processing to 
reduce the memory required to store or transmit the loca-
tion. This system captures the GPS satellite signals and 
identifi es the observed satellites, calculates their pseudo -
 ranges without the ephemeris or satellite almanac, and pro-
duces a location estimate that can be transmitted by ARGOS. 
Final locations are post - processed from the pseudo - ranges 
after the data are received using archived GPS constellation 
orbitography data accessed through the Internet. Although 
this technology provides a major advance in our ability to 
monitor the movements and habitat use of marine animals 
(Fig.  15.1 ), TOPP researchers have also used these tags to 
validate the error associated with ARGOS satellite locations 
(Costa  et al.   2010a ).    

   15.2.2.4    Conductivity,  t emperature, 
and  d epth  t ags 
 A fundamental component of the TOPP program was a 
desire to further the development of using animals to 
collect oceanographic data. This served two functions: the 
fi rst was to acquire physical oceanographic data that were 
not otherwise available, and the second was to collect 
physical environmental data at a scale and resolution that 
matched the animal ’ s behavior. As with the GPS tag, funds 
from the NOPP program allowed TOPP to support the 
development and testing of a reliable and commercially 

(470   nm) passing through the side wall of this optical fi ber. 
When excited, it radiates light in the green wavelengths and 
focuses the light down the base of the fi ber where it is 
detected by a photodiode. The photodiode is used to 
convert the fl ow of photons into a fl ow of electrons that is 
measured with an electrometer with about 9 decades of 
range, allowing detection of sunrise and sunset while a tuna 
is cruising at depths. On board or post - processing algo-
rithms allow construction of light - level curves and the cal-
culation of local apparent noon to determine longitude. 
Estimates of time of sunrise and sunset are used to deter-
mine day length and latitude using threshold techniques 
(Hill  &  Braun  2001 ; Ekstrom  2004 ). These locations can 
be improved by using archival tag observed measurements 
of sea surface temperature, and TOPP research with double 
tag datasets provided a robust improvement for these algo-
rithms (Teo  et al.   2004a ). Archival tags have also been used 
to estimate  in situ  chlorophyll concentrations (Teo  et al.  
 2009 ).  

   15.2.2.2     ARGOS   s atellite  t ags 
 Satellite tags provide at - sea locations and have the advan-
tage that the data can be recovered in real time and 
remotely without the need to recover the tag. The satel-
lites are operated by CLS - ARGOS (Toulouse, France, or 
Landover, Maryland, USA) and the data are acquired from 
this service over the Internet. Because the antenna on the 
satellite transmitter must be out of the water to com-
municate with an orbiting ARGOS satellite, the technology 
has mainly been used on air - breathing vertebrates that 
surface regularly (McConnell  et al.   1992a, b ; Le Boeuf 
 et al.   2000 ; Polovina  et al.   2000 ; Weimerskirch  et al.  
 2000 ; Shaffer  &  Costa  2006 ). A signifi cant innovation 
of the TOPP program was the realization that satellite 
tags could be effectively deployed on sharks (Weng  et al.  
 2005 ; Jorgensen  et al.   2010 ). For large fi sh, sharks, or 
other animals that remain continuously submerged, the 
ability to transmit to ARGOS at the surface is not 
possible. For these organisms, a pop - up satellite archival 
tag (PSAT) was developed (Block  et al.   1998, 2001 ; 
Lutcavage  et al.   1999 ; Boustany  et al.   2002 ). Pop - up 
satellite archival tags combine data - storage tags with satel-
lite transmitters. These tags are externally attached and 
are programmed to release or pop off at a preprogrammed 
time. The pop - up satellite devices communicate with the 
ARGOS satellites that serve both to uplink data and cal-
culate an end - point location. Importantly, the tags are 
fi sheries - independent in that they do not require recapture 
of the fi sh for data acquisition. The Mk10Pat model, the 
most used in TOPP, has a pressure sensor with resolution 
of about 0.5   dBar. The temperature accuracy improved as 
an external thermistor was tested and used to improve 
acquisition of oceanographic quality data (temperature 
accuracy is  ± 0.1 ° C with 0.05    ° C accuracy from about  − 5 
to 40    ° C) (Simmons  et al.   2009 ). The temperature response 
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        Fig. 15.1 
   Basin - scale Pacific map showing all TOPP tracks 
color - coded by species.  (A)  shows salmon sharks 
on the top layer,  (B)  shows elephant seals on the 
top layer.  
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     Fig. 15.2 
   Example of North Pacific conductivity (salinity) and temperature ( ° C) profiles derived from CTD tags deployed on seven elephant seals. Each seal is 
represented by a different color line on the top or surface of each track. The curtain effect represents the integrated temperature or conductivity profile.  

available conductivity, temperature, and depth (CTD) tag 
for animals, in collaboration with the Sea Mammal 
Research Unit at St. Andrew ’ s University, UK (SMRU; 
 www.smru.st-andrews.ac.uk ). A conductivity – tempera-
ture – depth satellite relay data logger (CTD - SRDL) incor-
porates a Valeport CTD sensor with pressure accuracy 
 ± 5   dBar, temperature resolution of  ± 0.001    ° C, with an 
accuracy of 0.01    ° C and an inductive coil for measuring 
conductivity with resolution of  ± 0.003   mS   cm  − 1 . The tag is 
optimized to collect oceanographic data at the descent and 
ascent speeds exhibited by seals (approximately 1   m   s  − 1 ). 
In addition to collecting data on an animal ’ s location and 
diving behavior, it collects CTD profi les (Fig.  15.2 ). The 
tag looks for the deepest dive for a 1 -  or 2 - hour interval. 
Every time a deeper dive is detected for that interval, the 
tag begins rapidly sampling (2   Hz) temperature, conductiv-
ity, and depth from the bottom of the dive to the surface. 
These high - resolution data are then summarized into a set 
of 20 depth points with corresponding temperatures and 
conductivities. These 20 depth points include 10 prede-
fi ned depths and 10 infl ection points chosen by a  “ broken 
stick ”  selection algorithm (Fedak  et al.   2002 ). These data 
are then held in a buffer for transmission by ARGOS. 
Given the limitations of the ARGOS system, all records 
cannot be transmitted; therefore a pseudo - random method 
is used to transmit an unbiased sample of stored records. 
If the SRDLs are recovered, all data collected for transmis-
sion, whether or not it was successfully relayed, can be 
recovered. The use of these tags has led to insights into 
both the animal ’ s behavior relative to its environment 
(Biuw  et al .  2007 ) as well as the physical oceanography 
(Boehme  et al.   2008a, b ; Charrassin  et al.   2008 ; Nicholls 
 et al.   2008 ; Costa  et al.   2010b ).     

   15.2.3    Top  p redator  d istributions 
and the  d iscovery of  b asin -  s cale 
 m igrations 

 One of the principal results of the TOPP program was a 
new understanding of the distribution and migration pat-
terns of a suite of apex marine predators. Over the course 
of the TOPP program, 4,306 animals, representing 23 
species (Box  15.2 ), were equipped with a variety of sophis-
ticated tags carrying high - resolution sensors (Figs.  15.1 A 
and B). The predators recorded data on their position, the 
ocean environment, habitat use, and behaviors while 
traveling remarkable distances underwater. The dataset 
yielded many surprises and demonstrated for the fi rst time 
seasonal patterns and fi delity to the eastern Pacifi c for many 
species tagged in TOPP and unlimited boundaries when 
roaming over vast reaches of the Pacifi c Ocean for others 
(Figs.  15.3 ,  15.4 , and  15.5 ). For example, white sharks 
show a coastal to offshore migration from California near-
shore waters to offshore waters of Hawaii and back, result-
ing in homing behavior (Boustany  et al.   2002 ; Weng  et al.  
 2007a ; Jorgensen  et al.   2010 ). Salmon sharks move from 
the Arctic to the sub - tropical reaches of the North Pacifi c 
Ocean and back to the foraging grounds in Prince William 
Sound (Weng  et al.   2005 ), whereas bluefi n tuna and log-
gerhead turtles range across the North Pacifi c, breeding in 
the western Pacifi c but migrating as juveniles and adoles-
cents to the eastern Pacifi c to take advantage of the highly 
productive California Current (Peckham  et al.   2007 ; Bous-
tany  et al.   2009 ). Leatherback turtles tagged on their nesting 
beaches in Indonesia cross the Pacifi c basin to feed off 
central California, whereas sooty shearwaters use the entire 
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archival tags on juvenile Pacifi c bluefi n in the eastern Pacifi c. 
Recovery rates ranged from 50% to 75%, indicative of high 
mortality on these juveniles. The bluefi n tagged displayed 
a cyclical pattern of movements on a seasonal scale that 
ranged annually from the southern tip of Baja California to 
the coast of Oregon (Boustany  et al.   2010 ). This seasonal 
signal was apparent and provided the fi rst clear signal that 
the California Current has a seasonality that many TOPP 
species (bluefi n, yellowfi n, and albacore tunas, blue whales, 
lamnid sharks, and shearwaters) were following. Approxi-
mately 5% of the recovered tagged bluefi n tuna migrated 
back into the western Pacifi c using the North Pacifi c Transi-
tion Zone (Fig.  15.3 ). Large adult Pacifi c bluefi n tuna were 
also tagged in the south Pacifi c off New Zealand during 
TOPP (Fig.  15.1 ). The emerging story is of a Pacifi c bluefi n 
that travels across the entire North Pacifi c Ocean as a juve-
nile and adolescent, and that is capable of post - spawning 
migrations from the North Pacifi c to the South Pacifi c. 
Taken together, the electronic tag data on adolescents and 
adults demonstrate this tuna species encompasses one of 
the largest home ranges on the planet.  

Pacifi c Ocean from the Antarctic to the Bering Sea (Shaffer 
 et al.   2006 ). These trans - oceanic journeys require remark-
able animal navigation, energetics, and philopatry. The 
TOPP species that best illustrate these trans - oceanic migra-
tions are the Pacifi c bluefi n tuna, the sooty shearwater, and 
the leatherback turtle.   

   15.2.3.1    Pacific  b luefin  t una 
 Pacifi c bluefi n tuna are one of three species of bluefi n tuna 
that inhabit subtropical to subpolar seas throughout the 
world ’ s oceans. Among  Thunnus , Pacifi c bluefi n tuna have 
the largest individual home range, being found throughout 
the North Pacifi c Ocean and ranging into the western South 
Pacifi c (Collette  &  Nauen  1983 ). Pacifi c bluefi n tuna 
remain in the western Pacifi c after being spawned (near the 
Sea of Japan) but a proportion of the juveniles make exten-
sive migrations into the eastern Pacifi c late in the fi rst or 
second year (Bayliff  1994 ; Inagake  et al.   2001 ). It has been 
hypothesized that the trans - Pacifi c migrations from west to 
east are linked to local sardine abundances off Japan 
(Polovina  1996 ). TOPP researchers deployed over 600 
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     Fig. 15.3 
   Multiple trans - Pacific migrations of a single 15   kg 
Pacific bluefin tuna that crossed the North Pacific 
three times in 600 days. Positions are from a Lotek 
2310 tag with threshold geolocation for longitude 
and sea surface temperature enhanced positions for 
latitude.  
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   The migrations of sooty shearwaters.  From Shaffer 
 et al .  2006  .  

   15.2.3.2    Sooty  s hearwaters 
 Equally impressive was the TOPP observation with archival 
tags that sooty shearwaters that breed off the Southern 
Islands of New Zealand cross the equator to feed in diverse 
regions of the North Pacifi c Ocean, from Japan to Alaska 
and California (Shaffer  et al.   2006, 2009 ). We were able 
to document this trans - equatorial migration using newly 
developed miniature archival tags that log data for estimat-
ing position, dive depth, and ambient temperature. The 
Pacifi c Ocean migration cycle had a fi gure - eight pattern 
(Fig.  15.4 ) while traveling, on average, 64,037    ±    9,779   km 
round trip over 198    ±    17 days. This is the longest migration 
of any individual animal ever tracked. Shearwaters foraged 
in one of three discrete regions off Japan, Alaska, or 
California before returning to New Zealand through a 
relatively narrow corridor in the central Pacifi c Ocean. 
These migrations allow shearwaters to take advantage of 
prey resources in both the Northern and Southern hemi-
spheres during the most productive periods; in other 
words, they exist in an  “ endless summer. ”   

   15.2.3.3    Leatherback  t urtles 
 Two distinct populations of leatherback turtles were tagged 
during TOPP: one that breeds on the Indonesian islands of 
the western Pacifi c and another that breeds on the beaches 
of Costa Rica. A portion of the tagged western Pacifi c 
leatherbacks undergo remarkable trans - Pacifi c migrations, 
arriving off the coast of California in late summer to forage 
on dense aggregations of jellyfi sh. The eastern Pacifi c popu-

lation, in contrast, undergoes a cross - equatorial migration 
that takes them into the oligotrophic waters of the eastern 
subtropical South Pacifi c (Shillinger  et al.   2008 ). Nearly all 
of the tagged eastern Pacifi c leatherbacks made this journey, 
traversing a relatively narrow migration corridor through 
the highly dynamic equatorial Pacifi c. The apparently 
different migration and foraging strategies of these two 
populations of Pacifi c leatherbacks was another surprise 
result of TOPP.   

   15.2.4    Identification of  b iological 
 h ot  s pots,  n iche  s eparation, 
 h oming,  a nd  f idelity 

 In addition to identifying trans - oceanic migration routes, 
another fundamental result of the TOPP program was the 
identifi cation of critical foraging habitat, migration corri-
dors, and regions of high occupancy: that is, biological hot 
spots. The identifi cation and characterization of biological 
hot spots is a new focus in marine ecological research, with 
important implications for understanding ecosystem func-
tions, prioritizing habitat for marine zoning, and managing 
targeted fi sheries populations (Worm  et al.   2003 ; Sydeman 
 et al.   2006 ). Although it is well known that top predators, 
including large predatory fi shes, cetaceans, pinnipeds, sea 
turtles, marine birds, and human fi shers, congregate at loca-
tions of enhanced prey (Olson  et al.   1994 ; Polovina  et al.  
 2000 ), little is known about why particular regions or 
physical features are hot spots, how the animals locate and 
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throughout the eastern Pacifi c, including leatherback and 
loggerhead turtles, sooty shearwaters, Laysan and black -
 footed albatrosses, blue and humpback whales, sea lions, 
northern fur seals, elephant seals, bluefi n, yellowfi n and 
albacore tunas, white, makos, salmon, blue, and thresher 
sharks. The CCS is a highly productive eastern boundary 
current system, driven by seasonal coastal upwelling, which 
maintains numerous economically important marine fi sher-
ies. This region is characterized by strong cross - shore gra-
dients in physical and biological fi elds, is strongly modulated 
by seasonal wind forcing and Ekman dynamics, and has a 
complex and energetic current structure (Hickey  1998 ; 
Palacios  et al.   2006 ). These dynamics contribute to the 
aggregation of prey and, hence, top predators. Within the 
California Current, several areas have emerged as critical 
multi - species hot spots. These include areas we have desig-
nated as the California Marine Sanctuaries Hot Spot 
(CMHS), the Southern California Bight Hot Spot (SCBHS), 
and the Baja California Hot Spot (BCHS). 

 TOPP data have shown that the North Pacifi c Transition 
Zone (NPTZ) is equivalent to a major top predator highway 
across the North Pacifi c Ocean. Bluefi n and albacore tunas, 
albatrosses, shearwaters, elephant seals, fur seals, and 
turtles all occur with great frequency in this region. The 
NPTZ is a complex region encompassing an abrupt north 
to south transition from subarctic to subtropical water 
masses, has an abundance of energetic mesoscale features 
(fronts and eddies), and is dominated by biological patchi-
ness (Roden  1991 ). Interactions between eddies and the 
mean fl ow create transient jets and submesoscale vortices, 
resulting in up -  and downwelling patches a few kilometers 
across that contribute to this biological patchiness (Woods 
 1988 ; Roden  1991 ). This large basin - scale frontal feature 
serves as a primary foraging area and migratory corridor 
for most of the TOPP predators that undergo trans - oceanic 
movements. 

 The CCS and NPTZ hot spots support several important 
ecological functions for North Pacifi c top predators. TOPP 
data has also revealed distinct niche separation among 
TOPP guilds that use these regions (Figs.  15.1 ,  15.3 , and 
 15.7 ). At the initiation of the Census we knew that there 
were differences in the thermal tolerances of marine preda-
tors. As a result of the TOPP program, we now know that 
the physiological tolerance of marine predators, their ener-
getics, and physiological constraints on the cardiac system 
(Weng  et al.   2005 ) determine the home range of many of 
the TOPP species. For example, endothermy enables birds, 
mammals, salmon sharks, and bluefi n tuna to range over 
vast regions of the North Pacifi c Ocean, including the 
colder temperate and subarctic oceans. In contrast, species 
such as yellowfi n tuna, mako, and blue sharks are more 
constrained in their thermal tolerances to the warm temper-
ate to subtropical waters of the North Pacifi c Ocean. The 
clear separation in habitat between members of fi sh or 
shark guilds occurs primarily by thermal preferences, with 

use these features, and what trophic interactions occur 
within the hot spots. The inaccessibility of open ocean hot 
spots has precluded systematic fi eld studies that could elu-
cidate the physical characteristics and ecological function 
of biological hot spots. The TOPP dataset has provided a 
unique view of North Pacifi c top predator hot spots, allow-
ing us to address several compelling questions. What condi-
tions occur within hot spots to make these areas of 
confl uence for a diverse set of species? What are the physi-
cal characteristics and spatial - temporal persistence of the 
hot spots? What are the behavioral responses of different 
species when they enter a hot spot? What trophic interac-
tions occur within hot spots? How can a better understand-
ing of critical habitat result in enhanced conservation and 
management of these species? 

 Efforts at studying biological hot spots have relied on 
two complementary approaches. From a  “ bottom - up ”  per-
spective, standard oceanographic sampling (particularly 
remote sensing) can be used to describe ocean features of 
relevance to apex pelagic predators. This approach has 
several advantages: (1) it can provide global, near - real - time 
views of the ocean surface; (2) it can identify regions of 
enhanced biological activity (from ocean color); (3) it can 
identify features that are persistent or recurrent in space 
and time, which may be appealing areas for migratory 
animals; and (4) it can describe the dominant scales of 
ocean variability, from which hot spots can be classifi ed 
(that is, based on their spatial - temporal scale, their degree 
of persistence or recurrence, their forcing mechanisms, and 
their potential biological impacts) (Palacios  et al.   2006 ). 

 A more direct  “ top - down ”  approach is to let the animals 
identify and describe hot spots through large - scale tagging 
studies such as TOPP (Costa  1993 ; Block  et al.   2001, 2003 ; 
Block  2005 ; Costa  et al.   2010b ). This approach allows 
(1) a direct detection and observation of the preferred 
habitats of the animals; (2) a matching of behavioral cues 
to local oceanographic conditions; (3) a differentiation of 
behavioral responses in relation to ocean features, allowing 
a classifi cation of hot spots by their ecological function (for 
example, aggregation, migration, foraging, diving, and 
breeding); and (4) a differentiation between species - specifi c 
hot spots and hot spots that are biologically diverse and 
more universally occupied. Understanding the oceano-
graphic, ecological, and physiological factors that are 
important in attracting apex marine predators to these hot 
spots, and determining how and why they remain retentive 
to these species, is a continuing research aim of TOPP and 
will likely be one of its primary legacies. 

 Two oceanographic regions that have emerged as key 
top predator hot spots in the North Pacifi c Ocean are the 
California Current and the North Pacifi c Transition Zone, 
which are described in detail below. 

 The California Current ecosystem (CCS) has emerged as 
a major hot spot for more than a dozen exploited, pro-
tected, threatened, or endangered predators that range 
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tracking data obtained. Among the lamnid sharks there is a 
remarkable niche diversifi cation, with salmon sharks occu-
pying the most expansive regions ranging from northern 
cold - temperate to subpolar habitats and occupying year 
round temperatures below 6    ° C. They frequent Prince 
William Sound, the Alaskan Gyre, the North Pacifi c Sub-
tropical Gyre, and the CCS. White sharks move from the 
CCS to the oligotrophic regions of the central Pacifi c and 
back. Mako sharks use the CCS throughout the North 
American continental shelf, overlapping with the blue and 
thresher sharks. TOPP data have shown that the three 
lamnid sharks have very little overlap in niche use. In fact, 
there appears to be diversifi cation of habitat use for most of 
the year, with each shark group being specialized for forag-
ing on specifi c prey items. Adult white sharks use marine 
mammals, salmon sharks eat pollock and herring, and 
makos and blues appear to specialize on sardines and squid 
(Pyle  et al.   1996 ; Anderson  et al.   2008 ; Goldman and 
Musick  2008 ; Lopez  et al.   2009 ). The tagging has provided 
an oceanic view of the habitat selection and niche use of 
closely related groups of sharks. Again, the SCBHS emerges 
as an important foraging region and nursery ground for 
blue, mako, thresher, and juvenile white sharks. 

 White sharks are a cosmopolitan species that occur 
circumglobally. In TOPP we combined satellite tagging, 
passive acoustic monitoring, and genetics to reveal how 
eastern Pacifi c white sharks adhere to a highly predictable 
migratory cycle (Fig.  15.5 ) (Jorgensen  et al.   2010 ). Pop - up 
satellite tagging revealed how individual sharks return to 
the same network of coastal hot spots following distant 
oceanic migrations, and comprise a population genetically 
distinct from previously identifi ed phylogenetic clades. The 
homing behavior has been hypothesized to have led to the 
separation of the (TOPP - tagged) northeastern Pacifi c popu-
lation after an introduction from Australia/New Zealand 
migrants during the late Pleistocene. Mitochondrial DNA 
collected from samples obtained during tagging provided 
independent evidence for a demographically independent 
management unit not previously recognized. This fi delity 
to discrete and predictable migration pathways and loca-
tions offers clear population assessment, monitoring, and 
management options vital for ensuring the white sharks ’  
protection. 

 Satellite tags directly attached to the dorsal fi n of salmon 
sharks have provided long - term datasets (as long as four 
consecutive years) on the movements and environmental 
preferences of female salmon sharks in the eastern Pacifi c 
(Weng  et al.   2005, 2007b ). This research has shown that 
there are repeated annual patterns of migration in the 
eastern North Pacifi c of the population being tagged in 
Alaska, and incredible fi delity to Prince William Sound (the 
location of deployments). Salmon sharks are believed to use 
the southern extent of their range as nursery areas; in par-
ticular, regions around the NPTZ (Nakano  &  Nagasawa 
 1996 ) and potentially even the CCS (Goldman  &  Musick 

sister taxa (for example yellowfi n and bluefi n) occupying 
warm to cold environs on a latitudinal scale. Secondly, diet 
has emerged as a major factor in niche separation. For 
example, adult white sharks show a marine mammal prefer-
ence and hence are localized for a portion of the year near 
pinniped colonies close to shore, whereas mako sharks 
primarily eat fi sh and are more frequently associated with 
the continental shelf and slope areas (Pyle  et al.   1996 ; 
Anderson  et al.   2008 ; Goldman  &  Musick  2008 ; Jorgensen 
 et al.   2010 ). Advances in electronic tagging in TOPP, com-
bined with genetic research, have made it possible to discern 
the importance of philopatry for population structure of 
pelagic marine predators once thought to be panmictic 
(Jorgensen  et al.   2010 ). These results are illustrated below 
for several of the TOPP guilds.   

   15.2.4.1    Tuna 
 TOPP has recorded more than 92,000 days of archival tag 
data for Pacifi c, yellowfi n, and albacore tunas occupying 
the California Current (Schaefer  et al.   2007, 2008 ; Bous-
tany  et al.   2010 ). Pacifi c bluefi n are spawned in the waters 
off Japan and recruit to the eastern Pacifi c late in year one 
or as two - year - olds. TOPP tagging was conducted in the 
eastern Pacifi c on individuals from 2 to 5 years of age, and 
most fi sh remained in the eastern Pacifi c for several years 
(Kitagawa  et al.   2007 ; Boustany  et al.   2010 ). The principal 
pan - tuna hot spot was the SCBHS, which has ample bathy-
metric forcing and seasonal upwelling that may attract the 
prey these species feed upon. Furthermore, the region is 
within the thermal preferences of all three species for a 
large part of the year. Tunas show latitudinal movement 
patterns that were correlated with peaks in coastal 
upwelling - induced primary productivity (Boustany  et al.  
 2009 ). Habitat use distributions derived from kernel density 
analyses of daily geolocations indicate that all three CCS 
hot spot regions are occupied by one or all three  Thunnus  
species in a predictable seasonal pattern. Each species 
showed distinct thermal preferences that lead to spatial and 
temporal separation of the species. Bluefi n and albacore 
showed distinct geographic areas of niche overlap, but diel 
distinctions in their vertical movements. Pacifi c bluefi n fed 
in the mixed layer, consistent with a forage preference for 
sardines and anchovy, whereas albacore tended to occupy 
the deep scattering layer. Interannual variation in the local-
ity of the productivity peaks can be linked to movement 
patterns of the tunas (Boustany  et al .  2010 ).  

   15.2.4.2    Sharks 
 Perhaps no marine predators have been more challenging 
to study than the large predacious sharks of the lamnid 
guild. This includes closely related species such as the white, 
mako, and salmon shark. The lamnids, along with blue and 
thresher sharks, have been heavily studied in TOPP (Weng 
 et al .  2005, 2007b, 2008 ), with more than 50,000 days of 
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their chicks. We have now tracked adult albatrosses during 
the post - breeding exodus and their subsequent return to 
breeding, a period lasting about 160 days. Using archival 
data loggers, our data show that black - footed albatrosses 
from NWHI spend several months within the CCS, whereas 
Laysan albatrosses from the same colony use the habitat of 
the NPTZ (Shaffer  et al.   2009 ; Kappes  et al.   2010 ). The 
oceanographic conditions that black - footed albatrosses 
experience within the CCS, warmer water temperatures, 
higher productivity, and lower sea surface height were 
quite different than those experienced by Laysan alba-
trosses (Kappes  et al.   2010 ), refl ecting a difference in pre-
ferred foraging habitat.    

   15.2.4.4    Whales 
 Blue and humpback whales showed consistent use of 
the CCS, moving from as far south as the Costa Rica 
Dome in the eastern tropical Pacifi c to regions off Oregon 

 2006 ) are believed to be parturition areas, suggesting that 
movements to and within these hot spots may be related to 
reproductive activities.  

   15.2.4.3    Seabirds 
 Albatrosses and shearwaters are highly migratory species, 
traveling widely across entire ocean basins and passing 
through many territorial regions. The highly productive 
CCS is a major destination for seabirds traveling from as 
far away as New Zealand (Shaffer  et al.   2006 ). Previous 
research has shown that black - footed albatrosses travel 
from breeding colonies in the Northwest Hawaiian Islands 
(NWHI) to the west coast of North America to forage 
within the CCS during breeding (Hyrenbach  et al.   2002 ). 
This was verifi ed with a greater time - series and tracking 
effort during the TOPP program (Kappes  et al.   2010 ) (Figs. 
 15.4  and  15.6 ). However, visits to the CCS are typically 
on the order of days because adults must return to feed 
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     Fig. 15.5 
   Site fidelity of white sharks tagged along the 
central California coast during 2000 – 2007 revealed 
by PAT records.  (A, B, C, D, E, and F)  Fidelity is 
demonstrated by six individual tracks (yellow lines; 
based on five - point moving average of 
geolocations). Triangles indicate tag deployment 
locations and red circles indicate satellite tag popup 
endpoints (ARGOS transmissions) for white sharks 
returning back to central California shelf waters 
after offshore migrations.  (G)  Site fidelity of all 
satellite tagged white sharks ( n     =    68) to three core 
areas in the Northeast Pacific including the North 
American continental shelf waters, the waters 
surrounding the Hawaiian Island Archipelago, and 
the white shark  “ Cafe ”  in the eastern Pacific 
halfway between North America and Hawaii. Yellow 
circles represent position estimates from light -  and 
SST - based geolocations  (Teo  et al.   2004 ) , and red 
circles indicate satellite tag endpoint positions 
(ARGOS transmissions), respectively.  From 
Jorgensen  et al.   (2010)    .  
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moved at higher speeds and also appeared to be more 
transient, with movements up and down the coast, than 
the humpbacks. One whale that was tracked for more 
than 16 months repeated much of the previous year ’ s 
pattern during the fall and winter, with multiple offshore 
routes during the southward migration. Humpback migra-
tion routes extended from California and Oregon to 
southern breeding areas, including one whale with an 
extended stay in the Banderas Bay region of Mexico and 
another venturing farther south off Nicaragua. These tracks 
provide the fi rst evidence for the actual route, rate of 

and Washington (Fig.  15.7 ). The occurrence of area 
restricted search behavior throughout the migration cycle, 
including the Eastern Tropical Pacifi c, provides evidence 
that these animals forage year - round (Bailey  et al .  2010 ). 
The extent of their northward migration from Baja Cali-
fornia to Washington during summer/fall varied signifi -
cantly interannually, likely in response to environmental 
changes affecting their prey. Most blue whales traveled 
within 100 – 200   km of the California coast, although indi-
viduals ranged offshore up to 2,000   km. In contrast, hump-
back whales remained closer to the coast. The blue whales 
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     Fig. 15.6 
   Foraging trips of 37 laysan and 36 black - footed 
albatrosses breeding at Tern Island, northwest 
Hawaiian Islands, during the incubation period, as 
determined by satellite telemetry. Data encompass a 
period of four breeding seasons, from 2002 – 03 
through 2005 – 06. ARGOS satellite locations are 
denoted by marker points along the interpolated 
tracks, overlaid on ocean bathymetry.  From Kappes 
 et al.   (2010) .   

     Fig. 15.7 
   Map of individual SSSM - derived tracks for 92 tags 
on blue whales,  Balaenoptera musculus , deployed 
between 1994 and 2007 that transmitted for more 
than seven days, color coded by deployment 
location. In each panel the four tag deployment 
locations are shown as white circles, the annual 
climatological position of the CRD as a white 
contour, and the bathymetry as shades of blue. 
Map projection: sinusoidal (equal area).  From Bailey 
 et al.   (2010) .   
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farther from shore and spend more time swimming at 
sea in 2005.  

   15.2.4.6    Elephant  s eals 
 Female northern elephant seals forage across the highly 
productive regions of the NPTZ. However, the use of the 
NPTZ is seasonal, with the greatest number of females 
foraging there during their longest at - sea migration over 
the summer months and the fewest in the winter/spring, 
when the females are on shore pupping or conducting 
shorter foraging trips (Fig.  15.8 ). The TOPP program was 
able to extend our knowledge of the foraging patterns of 
elephant seals and track animals from colonies that repre-
sent the southern (San Benitos Islands, Baja, Mexico) and 
northern (A ñ o Nuevo California) limits of their range. 
These two colonies span the entire known breeding range 
of northern elephant seals, a distance of 1,200   km. Track-
ing seals over their extant range has provided a more com-
plete understanding of the foraging ecology of this species 
throughout the North Pacifi c Ocean. Interestingly, females 
from the southernmost regions travel further to reach the 
same regions of the NPTZ used by females transiting from 
the northern colonies. Data from repeat trips suggest that 
female elephant seals rely on the persistence of the NPTZ 
as a key foraging ground, as they return to the same region 
year after year. Although these repeat visits have been seen 
in females over a two -  to three - year period, the most 
impressive repeat track was from a female fi rst tagged in 
1995 when she was six years old and then tagged again 11 
years later. What is remarkable about this record is the two 
tracks are almost identical.     

   15.2.5    Conservation  a pplications 

 Many TOPP species are harvested by human fi shers whereas 
others are caught indirectly as a byproduct of fi shing activi-
ties (loggerhead and leatherback turtles, shearwaters, and 
albatross). Tracking data show that TOPP species (tuna and 
sharks) do not recognize political boundaries and travel 
through the exclusive economic zones of many countries, 
making it clear that these species require multinational 
protection. For example, Laysan albatrosses tagged at 
Guadalupe are found within the CCS and within at least 
three different exclusive economic zones. Pacifi c bluefi n 
tuna that were spawned in the western Pacifi c were found 
to be so overexploited in the eastern Pacifi c that approxi-
mately 65% of the tags were recovered over the course of 
TOPP archival tagging, and few individuals lived long 
enough to make trans - Pacifi c migrations back to the spawn-
ing grounds near Japan. Similarly, over 50% of TOPP yel-
lowfi n tags were recovered, indicative of high purse seine 
effort in the Baja California region. 

 TOPP data have been used by several national and inter-
national bodies. For example, TOPP data have been used 
in listing black - footed albatrosses as an endangered species 

speed, and timing of the southbound migration for Cali-
fornia humpback whales to their breeding areas. Although 
sample sizes are still limited compared with other TOPP 
species, there are general patterns emerging about the 
behavior and habitat use of large whales. In general, blue 
whales move farther from shore into deeper water than 
the humpback whales, probably refl ecting the differences 
in diet between the two species. Blue whales feed on 
euphausids, whereas the humpback whales have a more 
generalized diet, which includes small schooling fi sh found 
predominately nearshore (Fiedler  et al.   1998 ; Clapham 
 2009 ; Sears  &  Perrin  2009 ). The long track durations 
obtained from electronic tagging have provided essential 
new information about the critical habitats of eastern 
Pacifi c whale populations.  

   15.2.4.5    California  s ea  l ions 
 Just as TOPP has shown that animals move across large 
ocean basins, TOPP data have also revealed that animal 
distributions can be signifi cantly affected by climate fl uc-
tuations. California sea lions feed throughout the highly 
productive CCS, with male sea lions moving from the 
breeding grounds of the Southern California Islands to 
winter foraging grounds along the coasts of California, 
Oregon, and Washington. In contrast, female California 
sea lions remain mostly in and around the Southern 
California Bight, as they are limited by the need to 
return to their dependent pups on the breeding islands. 
However, we have documented changes in the foraging 
patterns of California sea lions in response to anomalous 
warming in the CCS. During what could be considered 
a normal winter of 2003 – 04, adult male sea lions remained 
close to the California coast and the durations of their 
foraging excursions averaged 12 hours, feeding almost 
exclusively over the continental shelf during trips lasting 
only 0.8 days. This pattern markedly contrasts with that 
of the 2004 – 05 season, where male sea lions traveled 
300 – 500   km offshore for durations of 2.5 days on average, 
though longer trips also occurred (Weise  et al.   2006 ). 
During spring and summer of 2005, the seasonal upwelling 
pattern was greatly delayed, resulting in the most spatially 
extensive and persistent sea surface temperature and 
primary productivity anomalies in the CCS since the 
1997 – 98 El Ni ñ o. Although there was no seasonal vari-
ation in the proportion of time male sea lions spent 
surface swimming during 2003 – 04, there was a monthly 
increase during 2004 – 05 that corresponded to the increas-
ing SST anomaly. Anomalous conditions in 2005 led to 
large disruptions in the trophic structure of the fi sh com-
munity off California during 2005. These geographic 
shifts in prey distribution were refl ected in the diet of 
sea lions in central California. Sardine and rockfi sh were 
more abundant in the diet during 2005 compared with 
2004, whereas market squid and anchovy declined. This 
redistribution of prey probably forced sea lions to search 
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     Fig. 15.8 
   Kernel density plots showing the seasonal changes in the use of the North Pacific Ocean by female northern elephant seals. The numbers above each panel 
reflect the number of individual tracks used to create the image.  

by the US Fish and Wildlife Service and have been incor-
porated into BirdLife International and the US Fish and 
Wildlife Service for deliberations within the international 
Agreement for the Conservation of Albatrosses and Petrels. 
The discovery of a persistent and predictable migration 
corridor for eastern Pacifi c leatherback turtles (Shillinger 
 et al.   2008 ) also led to an International Union for Conser-
vation of Nature resolution to conserve this endangered 
species in the open seas. Another example of a successful 
conservation application in TOPP was the creation of a 
marine protected area off the coast of Baja California to 

protect loggerhead turtles (Fig.  15.9 ) (Peckham  et al.   2007 ). 
The satellite and acoustic tagging of white sharks, com-
bined with a new Bayesian model to provide population 
estimates, have provided a baseline for future studies 
focused on monitoring and assessing the white shark popu-
lation (Jorgensen  et al.   2010 ; T. Chapple, unpublished 
observations). Over the course of the program, the TOPP 
team has shown that monitoring population trends and 
designing new tools for the protection of pelagic predators 
is possible. These efforts can be used as templates for future 
work or expanded to include multiple species.     
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optic positional data from apex predators simultaneously 
with environmental data has provided a unique opportu-
nity to synthesize how distinct ecological guilds of top 
predators use common habitats, as well as a framework for 
comparative studies between species groups. 

 Removal of top predators by intense overexploitation 
by high - seas fi sheries is threatening epipelagic ecosystems 
(Myers  &  Worm  2003 ; Sibert  et al.   2006 ) and poses 
serious, but as yet unquantifi ed, threats to the stability 
of marine ecosystems (Jackson  et al.   2001 ). The removal 
of top predators from ecosystems due to the impact of 
commercial fi sheries has been shown to have a cascading 
effect throughout the food web, resulting in a shift in 
species composition (Springer  et al.   2003 ; Frank  et al.  
 2005 ; Pauly  et al.   2005 ). The role of biodiversity in 
maintaining the structure and integrity of pelagic eco-
systems has been challenging to study because of the 
diffi culties associated with monitoring species over such 

   15.3    Limitations to 
Knowledge of Marine 
Top Predators 

 The structure and function of open ocean pelagic ecosys-
tems, including the roles played by top predators, is chal-
lenging to understand. Obtaining reliable data on the 
physiology, behavior, population structure, and ecology of 
a diverse suite of apex marine predators has been limited 
by a lack of appropriate observational tools and methods. 
The mechanisms linking physical forcing, primary and sec-
ondary production, prey abundance and distribution to 
top predator movements are still being elucidated. Further-
more, the infl uence of climate variations, and potential 
impacts of climate change, on top predator distributions 
remain largely unknown. In TOPP, the acquisition of syn-
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     Fig. 15.9 
   Kernel density of loggerhead turtle habitat use in the 
North Pacific. Inset: positions of tracked loggerheads 
(yellow) spanned the North Pacific Basin. The 50% 
use distribution for observed loggerheads consisted 
of an area of 4,115   km centered 32   km from the 
Baja California South coast, well within the 55   km 
range of small - scale fisheries (white line)  (Peckham 
 et al .  2007 ) .  
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 Although conventional survey methods provide the 
potential to fully characterize the biota of a particular ocean 
region that is accessible (by vessel, submersible, divers, and 
so forth), the region outside the search area will always 
remain unknown and in many cases unknowable. Elec-
tronic tags report on an animal ’ s whereabouts and the 
characteristics of its environment wherever the animal may 
go, completely independently of our ability to reach these 
areas with conventional survey platforms such as ships. 
Electronic tags also allow us to identify biodiversity hot 
spots, areas where the greatest abundance and diversity of 
tagged animals are aggregated, as well as to understand the 
oceanic processes responsible for the formation of these 
biological hot spots. Before TOPP, few studies provided 
information on top predator distribution and biodiversity 
on an oceanic scale. 

 What we as yet cannot do is predict how the ecosystems 
of the North Pacifi c Ocean are changing in the long term. 
We have just begun to understand the foraging responses 
of a select group of species, and we lack a true understand-
ing of the connectivity and ecological interactions among 
the full suite of apex marine predators. Until we deploy 
biologging technologies continuously and on the oceanic 
scale, it will be diffi cult to get a more complete picture of 
how ocean ecosystems work. TOPP has, however, provided 
the baseline of a decade of study of top predators in the 
North Pacifi c from which future monitoring programs can 
compare or contrast results.  

   15.5    Conclusions 

 The maintenance of biodiversity on Earth depends upon 
our capacity to understand and manage it in our lifetime. 
TOPP scientists have demonstrated that biologging is a 
powerful tool for observing and monitoring how animals 
use the blue ocean ecosystems. In less than a decade, TOPP 
has shown a remarkable capacity to generate ocean - scale 
spatial and temporal movement data that have far - reaching 
impacts for stewardship and management activities in our 
oceans. The science of biologging is still evolving and incor-
poration of tagging data into population assessment models 
is only just beginning. 

 TOPP has provided a decade - long view of the distribu-
tion and movements of 23 top predators in the North 
Pacifi c Ocean. The repeatable observation of philopatry in 
TOPP animals such as white sharks, leatherbacks, elephant 
seals, and bluefi n tuna is indicative of a large - scale biogeo-
graphic patterning of the North Pacifi c. Although some 
long - lived species remain reproductively active in the 
western Pacifi c, their inclination and success when foraging 
in the eastern Pacifi c provides the basis for epic trans - 
oceanic migrations. This biogeographic pattern is only now 
emerging, and shows the California Current system to be 
a retentive habitat for some species and an attractive habitat 
for others. Following up these tracking studies with genetic 

large spatial scales. The resilience of ecosystems in the 
face of climate variability as well as the top - down elimi-
nation of oceanic predators has been diffi cult to quantify. 
The uncertainty associated with the inability to appro-
priately study and visualize the response of pelagic eco-
systems to climate effects or human perturbations is 
hampering our ability to describe the nature of pelagic 
predator populations. 

 Knowledge of how predators use the oceanic ecosystem 
lags far behind terrestrial ecology, partly because of the 
challenge of following large, highly migratory animals at 
sea. Limits to our knowledge are due largely to technologi-
cal limitations, such as our ability to increase battery life, 
miniaturize electronics, develop inexpensive silicone - based 
technologies, increase the rate of data transmission to satel-
lites, apply GPS technologies to marine animals, reduce the 
error associated with geolocations, and develop methods to 
infer behavior of marine animals from tagging data. TOPP 
is providing fundamental information that is addressing 
these unknowns.  

   15.4    The Future of 
Marine Biologging 

 As humans place enormous pressure on marine ecosystems 
through overexploitation and climate change, the chal-
lenges of understanding critical ecosystem processes and 
learning how to monitor, model, and manage these ecosys-
tems will be of increasing importance. TOPP has provided 
proof that direct observation of large marine ecosystems is 
possible. Linking the biotic and abiotic processes is techno-
logically within our reach. The challenge is building the 
infrastructure and commitment to continue what has been 
started during the past decade. 

 Biologging offers new tools for fi sheries managers to 
obtain critical information on exploited and unexploited 
populations required to better understand ecosystem func-
tion. In most cases before TOPP, scientists and managers 
lacked important distribution, abundance, and ecological 
information for modeling populations in the North Pacifi c 
Ocean. For managing protected areas and building spatially 
explicit models, appropriate distribution and abundance 
data on a scale never before obtained is now available 
for many top predator groups. These data can now support 
population assessments that are critical for management 
decisions. By establishing technologies that can be used 
reliably, remotely, and in combination with satellite data, 
we can provide inputs of ecological and physiological 
data that will improve predictive models. By making inno-
vative efforts, TOPP has provided a road map for com-
prehensive new approaches to animal observation and for 
improving our understanding of habitat use. This informa-
tion, in turn, will lay a foundation for improved ecosystem -
 based management. 
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ocean - scale biologging program that is essential for moni-
toring and sustaining the health of our ocean ecosystems.  
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(Jorgensen  et al.   2010 ) and genomic studies may reveal 
important information on how the species of the eastern 
Pacifi c have come to colonize these highly variable ocean 
ecosystems, and may reveal critical information on how 
these species can adapt to the stresses of this unique and 
highly variable environment. 

 TOPP has also shown that newly developed sensor capa-
bilities in animal tags are a remarkable new addition to  in 
situ  ocean observing networks. The high mobility of marine 
predators, coupled with the remarkable technical advances 
made in biologging, has enabled the collection of a variety 
of high - resolution oceanographic data that are important 
for improving four - dimensional ocean observations. In 
TOPP, more than 200,000 tagging days and 2,000,000 
profi les were collected by our  “ animal oceanographers ” . 
This dataset has high quality ocean data that are now being 
assimilated into an animal ocean portal that will serve OBIS 
data (see Chapter  17 ) to National Aeronautics and Space 
Administration (NASA) and National Oceanic and Atmos-
pheric Administration (NOAA) portals. Biologging pro-
vides the only means to measure  in situ  ocean conditions 
concomitant with, and at the scale of, the behavioral 
response of the animals. Most importantly, TOPP has built 
the capacity for, and demonstrated the effi cacy of, an 

  Air -  b reathing  v ertebrates 

 Leatherback turtle,  Dermochelys coriacea  
 Loggerhead turtle,  Caretta caretta  
 Black - footed albatross,  Phoebastria nigripes  
 Laysan albatross,  Phoebastria immutabilis  
 Elephant seal,  Mirounga angustirostrus  
 California sea lion,  Zalophus californianus  
 Northern fur seal,  Callorhinus ursinus  
 Blue whale,  Balaenoptera musculus  
 Fin whale,  Balaenoptera physalus  
 Humpback whale,  Megaptera novaengliae  
 Sperm whale,  Physeter macrocephalus  
 Sooty shearwater,  Puffinus griseus  
 Pink shearwater,  Puffinus creatopus   

  Fish,  s hark, and  s quid 

   Bluefin tuna,  Thunnus 
thynnus orientalis  

   Salmon shark,  Lamna 
ditropis  

   Yellowfin tuna,  Thunnus 
albacares  

   Blue shark,  Prionace 
glauca  

   Albacore tuna,  Thunnus 
alalunga  

   Common thresher shark,  
Alopias vulpinus  

  White shark,  Carcharodon 
carcharias   

  Humboldt or giant squid, 
 Dosidicus gigas   

  Mako shark,  Isurus 
oxyrinchus   

  Ocean sunfish,  Mola mola   

   TOPP  species. The species in this list were chosen by the organismal working 
groups as having those biological and ecological attributes meeting the goals 
of the  TOPP  program. 

  Box 15.2 
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The Future of Marine 
Animal Populations  
  Boris     Worm   ,    Heike K.     Lotze   ,    Ian     Jonsen   ,    Catherine     Muir  

   Biology Department, Dalhousie University, Halifax, Nova Scotia, Canada        

   16.1    Introduction 

 The Census of Marine Life ’ s overarching goal is to assess 
and explain the diversity, distribution, and abundance of 
marine organisms throughout the world ’ s oceans. By stimu-
lating exploration and research in all ocean habitats it has 
accumulated an unprecedented wealth of new information 
on the patterns and processes of marine biodiversity on a 
global scale. Three questions are guiding this research 
effort. What did live in the oceans? What does live in the 
oceans? What will live in the oceans? The Future of Marine 
Animal Populations (FMAP) Project ultimately aims to 
answer that third question through the analysis and synthe-
sis of available data, and the modeling of patterns and 
trends in marine biodiversity. This entails all levels of bio-
diversity, from individuals, to populations, communities, 
and ecosystems (Box  16.1 ).   

 Despite the ultimate focus on future prediction, the syn-
thetic analyses undertaken within the FMAP project inform 
all three aspects of the Census, past, present, and future. 
The rationale is that without a solid understanding of past 
and present trends, it is impossible to make sound future 
projections. Likewise, our research efforts encompass dif-
ferent levels of organization, from the movements of 
individual animals through space and time, to broad macro -
 ecological patterns of abundance and diversity. Hence, an 
improved understanding of processes at the level of an 

individual animal may help inform the interpretation of 
larger - scale patterns. 

 Our main analytical tools are meta - analytic models, used 
to combine and understand species abundance and distribu-
tion trends, including both historical and recent data. 
Models that are effective for synthesis also have potential 
for prediction, and have been used by others to project 
potential future effects of fi shing and climate change, for 
example Botkin  et al .  (2007) . Moreover, modeling can help 
defi ne the limits of knowledge: what is known and how 
fi rmly, what may be unknown but knowable, and what is 
likely to remain unknown in the foreseeable future. 

 FMAP grew out of a workshop held at Dalhousie Uni-
versity in Halifax, Nova Scotia, Canada, in June 2002. 
Representatives of other Census projects, including the 
History of Marine Animal Populations (HMAP) project, 
the fi eld projects, and the Ocean Biogeographic Informa-
tion System (OBIS), participated and provided guidance in 
the design of this project. FMAP was originally envisioned 
and led by Ransom A. Myers, Killam Chair of Ocean 
Studies at Dalhousie University. His leadership carried the 
project until his sudden passing in 2007. Two additional 
FMAP centers were established in 2003 at the University 
of Iceland with Gunnar Stefansson, and the University of 
Tokyo with Hiroyuki Matsuda. Since 2007 the project has 
been co - led by the authors of this chapter. 

 FMAP ’ s mission has been to describe and synthesize 
globally changing patterns of species abundance, distribu-
tion, and diversity, and to model the effects of fi shing, 
climate change, and other key variables on those patterns. 
This work has been performed across ocean realms and 
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with an emphasis on understanding past changes and pre-
dicting future patterns. The project benefi tted throughout 
from close collaboration with statisticians and mathemati-
cal modelers, which enabled the proper processing and 
analysis of large datasets. FMAP has collaborated with 
other Census projects to varying degrees, most consistently 
with HMAP, Tagging of Pacifi c Predators (TOPP), and 
OBIS (see Chapters  1 ,  15 , and  17 ), as well as various deep -
 sea projects. 

 This chapter does not intend to provide an exhaustive 
overview of the research activities within FMAP (see  www.
fmap.ca  for individual projects and publications). Instead, 
we aim to highlight key areas of interest and discuss major 
advances that have been made. It is structured along three 
major research topics, aiming to cover the major research 
themes of the Census (distribution, abundance, and diver-
sity of marine life): (1) marine biodiversity patterns and 
their drivers, (2) long - term trends in animal abundance and 
diversity, (3) distribution and movements of individual 
animals. In the concluding section we aim to provide some 
insight into what is unknown, and what is currently 
unknowable, particularly with respect to predicting the 
future of marine biodiversity.  

    FMAP engaged primarily in the statistical modeling of eco-
logical patterns derived from empirical data. The emphasis 
has been on data synthesis, often by means of meta - 
analysis, which is the statistical integration of multiple data-
sets to answer a common question (Cooper  &  Hedges 
 1994 ). FMAP researchers have also engaged in field 
surveys and experimental work, but have mostly focused 
on analyzing and synthesizing datasets collected by other 
Census projects and third parties. This approach enabled 
us to ask broad scientific questions about the status and 
changes in diversity, abundance, and distribution of marine 
animals, such as the following: 

   •      What are the global patterns of biodiversity across 
different taxa?  

   •      Which are the major drivers explaining diversity 
patterns and changes?  

   •      What is the total number of species in the ocean 
(known and unknown)?  

   •      How has the abundance of major species groups 
changed over time?  

   •      What are the ecosystem consequences of fishing and 
other human impacts?  

   •      How are animal ranges and their distribution in the 
ocean changing?  

   •      How is the movement of animals determined by 
behavior and the environment?    

 The main limits to knowledge have been missing data 
on species that have not been counted, mapped, or tagged, 
and in some cases missing access to existing data on 
species that have been monitored. From a statistical per-
spective, the main challenge has been to overcome data 
limitations such as the limited length of most time series, 
the problem of temporal or spatial autocorrelation, and 
separating ecologically relevant patterns from environmen-
tal noise and measurement error.  

  Method and Questions 

  Box 16.1 

   16.2    Biodiversity Patterns 
and  t heir Drivers 

   16.2.1    Previous  w ork 

 Before the Census, mapping of the ocean with respect to 
our knowledge of fundamental patterns of abundance and 
diversity was limited. The fi rst global study was published 
in 1999, presenting a pattern of planktonic foraminiferan 
diversity derived from the analysis of a large sediment core 
database (Rutherford  et al .  1999 ). Another study high-
lighted global hot spots of endemism and species richness 
for corals and associated organisms (Roberts  et al.   2002 ). 
Several authors had investigated latitudinal gradients for 
particular species groups (Hillebrand  2004 ). Yet compared 
with our understanding of life on land, synthetic knowl-
edge on marine biodiversity was sparse. It became clear 
from these early studies, however, that some of the patterns 
were uniquely different from those seen on land, where 
biodiversity is generally highest in the tropics (Gaston 
 2000 ).  
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tive correlation over most of the observed temperature 
range (5 – 25    ° C), but a negative trend above that (Fig.  16.2 ). 
This decline of diversity at high temperatures was most 
pronounced in the western Pacifi c  “ warm pool ” , which has 
the highest equatorial SST (warmer than 30    ° C), and 
weakest in the tropical Atlantic, which has the lowest equa-
torial SST (lower than 27 ° C). The relation between tuna 
and billfi sh diversity and SST could also be independently 
reconstructed from an analysis of individual species tem-
perature preferences (Boyce  et al .  2008 ).   

 Another factor that explained signifi cant variation in 
tuna and billfi sh species richness on a global scale was the 
steepness of horizontal temperature gradients. Sharp tem-
perature gradients are found around frontal zones and 
eddies that are typically associated with mesoscale oceano-
graphic variability. Fronts and eddies often attract large 
numbers of species, likely because they concentrate food 
supply, enhance local production, and increase habitat het-
erogeneity (Oschlies  &  Gar ç on  1998 ; Hyrenbach  et al.  
 2000 ). They may also form important landmarks along 
transoceanic migration routes (Polovina  et al.   2001 ). 
Finally, dissolved oxygen concentrations were positively 
correlated with diversity. This likely relates to species phys-
iology, as low oxygen levels (less than 2   ml   l  − 1 ) may limit 
the cardiac function and depth range of many tuna species 
(Sund  et al .  1981 ). Regions of low oxygen are located west 
of Central America, Peru, West Africa, and in the Arabian 
Sea. Despite optimal SST around 25    ° C, most of these areas 
showed conspicuously low diversity. 

 Knowledge of the relation between SST and diversity for 
various species groups (Fig.  16.2 ) allows us to predict how 
diversity may change as SST changes spatially and tempo-
rally with climate variability and climate change. The effects 
of climate variability, such as ENSO and the Pacifi c Decadal 
Oscillation, are discussed above. With respect to long - term 
climate change, Whitehead  et al .  (2008)  combined Inter-
governmental Panel on Climate Change (IPCC) scenarios 
for observed and projected changes in SST between 1980 
and 2050 with an empirically derived relation of SST 
and deep - water cetacean diversity. For the baseline 1980 
dataset, diversity was predicted to be highest at latitudes of 
about 30 ° , falling towards the equator, and more precipi-
tously towards the poles. With global warming, these bands 
of maximal diversity were predicted to move pole - wards. 
The warming tropical oceans were predicted to decline in 
diversity, while richness was predicted to increase at lati-
tudes of about 50 °  – 70 °  in both hemispheres (Whitehead 
 et al .  2008 ). These general conclusions were recently 
corroborated by an analysis of 1,066 exploited fi sh and 
invertebrate species (Cheung  et al .  2009 ).  

   16.2.3    Other  s pecies  g roups 

 Other groups that were investigated with respect to their 
diversity patterns were deep - water corals and tropical reef 

   16.2.2    Large  m arine  p redators 

 FMAP studies have mainly focused on large pelagic preda-
tors such as tuna and billfi sh, whales, and sharks, for which 
global data were available. These species groups were found 
to peak in diversity in the subtropics, often between 20 – 30 
degrees latitude north or south. Although a similar distribu-
tion pattern was fi rst described for Foraminifera (Ruther-
ford  et al .  1999 ), we were able to show that this is a more 
general pattern that applies across very different species 
groups (Worm  et al .  2003, 2005 ). Furthermore, it became 
clear that this biodiversity pattern is not static, but dynami-
cally changing on both short and long time scales. 

 Species richness patterns for tuna (Thunnini), billfi sh 
(Istiophoridae), and swordfi sh (Xiphiidae) were derived 
from a global Japanese longline - fi shing dataset (Fig.  16.1 ). 
Pelagic longlines are the most widespread fi shing gear in 
the open ocean, and are primarily used to target tuna and 
billfi sh. The Japanese data represents the world ’ s largest 
longline fl eet and the only globally consistent data source 
reporting species composition, catch and effort for all tuna, 
billfi sh, and swordfi sh. Statistical rarefaction techniques 
were used to standardize for differences in fi shing effort 
and to estimate species richness (the expected number of 
species standardized per 50 randomly sampled individuals) 
for each 5 °     ×    5 °  cell in which the fi shery operated.   

 As seen in Figure  16.1 , species richness of tuna and 
billfi sh displayed a global pattern with large hot spots of 
diversity in all oceans in the 1960s. These hot spots faded 
over time, indicating declining species richness, a pattern 
most clearly seen in the Atlantic and Indian Oceans. Declin-
ing species richness coincided with 5 -  to 10 - fold increases 
in total fi sheries catch of tuna and billfi sh in all oceans, 
which may have led to regional depletion of vulnerable 
species (Worm  et al .  2005 ). In the Pacifi c, however, initial 
losses of diversity began to reverse in 1977, coinciding with 
a large - scale climate regime shift, whereas the Pacifi c 
Decadal Oscillation changed from a cool to a warm phase. 
Climatic drivers were also found to be important on an 
annual scale. Short - term (year - to - year) variation in species 
richness showed a remarkable synchrony with the El Ni ñ o 
Southern Oscillation (ENSO) index, with increasing tem-
peratures leading to basin - wide increases in species richness 
(Worm  et al .  2005 ). This may be explained by warming of 
sub - optimal temperature habitats. ENSO - related decreases 
in diversity were seen in the tropical Eastern Pacifi c, a 
region that suffers from greatly reduced productivity and 
associated mass mortality of marine life during El Ni ñ o 
events. A subsequent study showed that seasonal variation 
in sea surface temperature is driving the taxonomic richness 
patterns for deep - water cetaceans (whales and dolphins) as 
well (Whitehead  et al .  2008 ). 

 For tuna and billfi sh, as well as cetaceans and Foraminif-
era, mean sea surface temperature (SST) clearly emerged as 
the strongest single predictor of diversity, showing a posi-
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     Fig. 16.1 
   Tuna and billfish species richness over time. Maps 
depict the number of expected species per 50 
individuals as calculated from pelagic longlining 
catch and effort data using rarefaction techniques. 
 After data from Worm  et al .  (2005) .   
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and at depths shallower than around 1,500   m (Fig.  16.3 ). 
Seamount summits in most other regions appeared less 
likely to provide suitable habitat, except for small near -
 surface patches. In these models oxygen and carbonate 
availability played a decisive role in determining large - scale 
scleractinian coral distributions on seamounts (Tittensor 
 et al .  2009a ). These results raise concerns about the pos-
sible consequences of ocean acidifi cation (Orr  et al .  2005 ) 
and the observed shallowing of oxygen minimum zones in 
the wake of global climate change (Stramma  et al .  2008 ). 
Both factors would be predicted to limit the distribution of 
scleractinian corals, and the fauna associated with them.    

   16.2.4    Total  s pecies  r ichness 

 The number of species is the most basic index used to 
measure biodiversity and one that plays a fundamental role 
in the quantifi cation of human - related extinctions and 
impacts. Unfortunately, the total number of species remains 
poorly known in the oceans. For example, Grassle  &  
Maciolek  (1992)  famously suggested that the number of 
(largely unknown) deep - sea benthic species is more than 1 
million, but may even exceed 10 million. The only pub-
lished estimate of the total number of marine species relied 
on an inventory of European fauna that was scaled up to 
the global level (Bouchet  2006 ). A more analytical approach 
has recently become possible through the Census ’  Ocean 
Biogeographical Information System (OBIS) in combina-
tion with newly developed modeling approaches (Mora 
 et al .  2008 ). These modeling methods derive estimates of 
species richness from  “ discovery curves ”  of species sampled 
over time, and produce confi dence limits that allow us to 
estimate the known and unknown of global species rich-
ness. An FMAP pilot project on total marine fi sh species 
has estimated that there are approximately 16,000 known 
species of marine fi sh, with about another 4,000 awaiting 
discovery (Mora  et al .  2008 ). These methods are currently 
being used to estimate the known and unknown of total 
marine species richness.   

   16.3    Long -  t erm Trends 
in Abundance 

   16.3.1    Previous  w ork 

 Underlying the changing patterns of biodiversity or species 
richness are changes in the abundance and distribution of 
individual populations. Most previous work has empha-
sized variability in population abundance in relation to 
climate, oceanography, or other factors on yearly to decadal 
(see, for example, Attrill  &  Power  2002 ) or evolutionary 
time scales (Vermeij  2004 ; Jackson  &  Erwin  2006 ). 
Changes in marine life over the Anthropocene (the past few 

fi sh. The goal was to gain a better understanding of the 
effects of human impacts such as fi shing and ocean acidifi -
cation on the distribution, abundance, and diversity of dif-
ferent species groups (reviewed by Tittensor  et al .  2009b ). 

 A study on tropical reef fi sh at fi shed and unfi shed sites 
in three oceans revealed predictable changes in the species –
 area relation (SAR). The SAR quantifi es the relation between 
species richness and sampling area and is one of the oldest, 
most recognized patterns in ecology. Fishing consistently 
depressed the slope of the SAR, with the magnitude of 
change being proportional to fi shing intensity (Tittensor 
 et al .  2007 ). Changes in species richness, relative abun-
dance, and patch occupancy contributed to this pattern. It 
was concluded that species - area curves can be sensitive 
indicators of community - level changes in biodiversity, and 
may be useful in quantifying the human imprint on reef 
biodiversity, and potentially elsewhere (Tittensor  et al . 
 2007 ). This study highlighted how human impacts can 
affect biodiversity through multiple pathways. 

 Subsequent work focused on cold - water scleractinian 
corals, an important habitat - forming group of stony corals 
commonly found on seamounts (Clark  et al .  2006 ). Despite 
their widely accepted ecological importance, records of 
cold - water corals are patchy and simply not available for 
most of the global ocean. In an FMAP - CenSeam (Global 
Census of Marine Life on Seamounts) collaboration (see 
also Chapter  7 ), the probable distribution of these corals 
was derived from habitat suitability models, that incorpo-
rated all the available data on cold - water coral distribution 
in relation to environmental variables such as depth, tem-
perature, and carbonate availability (Tittensor  et al .  2009a ). 
Highly suitable habitat for seamount stony corals was pre-
dicted to occur in the North Atlantic, and in a circumglobal 
strip in the Southern hemisphere between 20 °  and 50 °  S 
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     Fig. 16.2 
   Temperature effects on diversity. Shown are the empirical relationships 
between sea surface temperature (SST) and species richness for 
deep - water cetaceans (blue line), planktonic foraminiferans (green line), 
and tuna and billfish (red line).  After data from Worm  &  Lotze  (2009) .   
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     Fig. 16.3 
   Habitat suitability for cold water corals on seamounts. Colors indicate relative predicted habitat suitability ranging from high (red) to low (blue) as revealed by 
maximum entropy habitat suitability modeling (after Tittensor  et al .  (2009b) ).  The photograph depicts  Lophelia pertusa  framework with rich associated 
invertebrate fauna, Hatton Bank, Northeast Atlantic (UK Department for Business Innovation and Skills (formerly DTI) Strategic Environmental Assessment 
Programme, c/o Bhavani Narayanaswamy).   

hundred years; an epoch dominated by human infl uences) 
have only recently received focused attention. This has two 
reasons: fi rst, the ocean has long been seen as a vast fron-
tier, where human activities would not leave a permanent 
mark; second, empirical monitoring data are mostly avail-
able just for the past 20 to 50 years, which prevented 
longer - term studies from reaching back beyond the twen-
tieth century.  

   16.3.2    Synthesizing  l ong -  t erm 
 t rends 

 Over the past decade, the Census at large, and HMAP 
and FMAP in particular, have partly overcome these 
limitations. Although HMAP has made enormous progress 
in unraveling detailed historical, archaeological, and pale-
ontological records of past changes in different animal 
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populations and regions (see Chapter  1 ), FMAP has devel-
oped ways of combining and analyzing these data to reveal 
long - term changes in ocean ecosystems, and uncover their 
drivers and consequences. 

 One of FMAP ’ s goals has been to synthesize the long -
 term trends in the abundance, distribution, and diversity of 
marine life. This has been pursued for coastal regions over 
the past centuries and millennia (Lotze  &  Milewski  2004 ; 
Lotze  et al .  2005, 2006 ) and continental shelf and open 
ocean regions over the past 50 years (Myers  &  Worm 
 2003, 2005 ; Worm  et al .  2005, 2009 ). These studies have 
shown that human impacts have resulted in sharply reduced 
abundance of target and some non - target populations, as 
well as range contractions and local extinctions that pre-
cipitated local and regional losses of species diversity. 

 To synthesize long - term trends in population abun-
dances of large marine animals, we analyzed 256 records 
from 95 published studies, many of them from HMAP, 
FMAP, or other Census projects (Lotze  &  Worm  2009 ). 
Trend estimates for marine mammals, birds, reptiles, and 
fi sh were derived from archaeological, historical, fi sheries, 
ecological, and genetic studies and revealed an average 
decline of 89% (range: 11 – 100%) from historical abun-
dance levels (Lotze  &  Worm  2009 ). Remarkably, the mag-
nitude of depletion was relatively consistent across different 
species groups (Fig.  16.4 A) despite considerable variability 
in data quality, analytical methods, and time span of the 
records. Diadromous fi sh such as sturgeon and salmon, sea 
turtles, pinnipeds, otters, and sirenia showed the strongest 
declines with more than 95%. On the other hand, conserva-
tion efforts in the twentieth century enabled several whale, 
pinniped, and coastal bird species to recover from a histori-
cal low point in abundance (Fig.  16.4 A). These recoveries 
have reduced the level of depletion across all 256 analyzed 
species to 84% on average.   

 Another important dimension of change is the spatial 
expansion of exploitation, which began in rivers and along 
the coasts centuries ago and only in the mid - twentieth 
century moved towards open oceans and the deep sea. 
Thus, some of the highest population declines can be found 
in rivers and coastal habitats, with lesser declines found on 
continental shelves and the open ocean (Fig.  16.4 B). Deep -
 sea habitats differ from this trend, which may be explained 
by their extreme vulnerability to exploitation (Roberts 
 2002 ). Along with this spatial expansion there has been a 
temporal acceleration in exploitation due to technological 
advances. Population declines unfolded over hundreds or 
thousands of years in many rivers and coastal regions, one 
to two hundred years on the continental shelves, approxi-
mately 50 years in the open ocean, and approximately 
10 – 20 years in the deep sea (Lotze  &  Worm  2009 ). As a 
result, the average magnitude of change is almost independ-
ent of when exploitation started (Fig.  16.4 C). Interestingly 
though, recoveries are mostly found in species that have 
been exploited at least 100 years ago and protected in the 

early to mid - twentieth century, whereas more recently 
exploited species do not yet show recovery. 

 Changes in population abundance and distribution have 
resulted in changes in species diversity. As was discussed 
previously, there have been remarkable changes in tuna and 
billfi sh species richness in the open ocean over the past 50 
years (Fig.  16.1 ). In the coastal ocean, changes in diversity 
have occurred in two ways: (1) diversity declines have 
occurred in large marine animals such as mammals, birds, 
reptiles, and fi sh due to global, regional, or ecological 
extinctions; (2) diversity increases have occurred through 
the invasion of mostly smaller species including inverte-
brates, plants, unicellular plankton and bacteria, and viruses 
(Lotze  et al .  2005, 2006 ). This shift in diversity from large -  
to small - bodied animals has resulted in a different species 
composition, with consequences for ecosystem structure, 
functioning, and services (see below).  

     Fig. 16.4 
   Long - term population declines in large marine animals. Shown are 
relative changes across  (A)  species groups,  (B)  ocean realms, and 
 (C)  time period (AD) when exploitation started. There are two 
measures, the decline to the low point of abundance in the past (open 
circles) and the decline to today (filled circles), with the difference 
indicating recovery in population abundance  (based on data from Lotze 
 &  Worm  (2009) ) .  
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However, the reverse was also true: conservation efforts in 
the twentieth century, especially reduced exploitation, the 
protection of habitat, and in some cases pollution control, 
enabled several species to recover from low abundance. In 
many cases it was not a single factor, but a combination of 
exploitation, habitat loss, and other factors that caused a 
population decline or  –  in reverse  –  enabled recovery (Lotze 
 et al .  2006 ). Whereas species invasions and climate change 
were less dominant drivers of marine biodiversity change 
in the past, they may increase in importance in the future 
(Harvell  et al .  2002 ; Harley  et al .  2006 ; Worm  &  Lotze 
 2009 ). 

 The cumulative and interactive effects of different 
drivers have also been explored with multi - factorial labora-
tory experiments. For example, a three - factorial experi-
ment that used rotifers as a model system showed additive 
effects between exploitation and habitat fragmentation on 
population declines and synergistic effects if environmental 

   16.3.3    Drivers of  l ong -  t erm 
 c hange 

 The underlying drivers of observed long - term changes may 
include natural and anthropogenic drivers, as well as the 
cumulative effects of multiple factors. To unravel the rela-
tive importance of different drivers on population and 
ecosystem changes, we have used a variety of methods, 
including meta - analysis of large datasets, experimental 
manipulations, and ecosystem models. 

 For example, an analysis of drivers of long - term popula-
tion changes in 12 estuaries and coastal seas revealed that 
exploitation (primary factor) and habitat loss (secondary) 
were by far the most important causes for the depletion 
and extinction of marine species over historical time scales 
(Lotze  et al .  2006 ). Pollution, physical disturbance, disease, 
eutrophication, and introduced predators also contributed 
to some species declines, although to a lesser extent. 
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     Fig. 16.5 
   Multiple drivers of biodiversity change. 
 (A)  Experimental manipulations of the cumulative 
effects of harvesting, immigration (as a measure of 
habitat fragmentation), and environmental warming 
on population decline in a model organism  (after 
Mora  et al.   2007 , with permission) .  (B)  Effects of 
different socioeconomic and environmental factors 
on the regional variability of coral reef communities 
 (adapted from Mora  (2008) ) .  
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lutants, thereby maintaining good water quality. If the func-
tioning of coastal ecosystems is compromised, so are the 
ecosystem services provided for human well - being (Worm 
 et al .  2006 ; Lotze  &  Glaser  2009 ). For example, overex-
ploitation, habitat loss, and pollution have depleted many 
fi sheries that previously provided food and employment 
(Fig.  16.6 C). The loss of fi lter functions together with 
increasing municipal and industrial discharges have posed 
health risks to people through harmful algal blooms, con-
taminants, and disease. Finally, the expansion of oxygen -
 depleted zones, invasive species, and fl ooding compromises 

warming was also involved (Mora  et al .  2007 ). Although 
each of these three factors individually caused populations 
to decline by similar amounts, all factors combined resulted 
in up to 50 times faster declines of experimental popula-
tions (Fig.  16.5 A). These results highlight the importance 
of multiple human drivers for past and future population 
and biodiversity changes in the ocean.   

 Many human drivers have their ultimate roots in the 
social conditions and economic activities of society. 
Although some individuals, communities, or societies may 
exercise overexploitation, habitat destruction, and waste 
dumping, others promote successful stewardship and gov-
ernance through harvest regulations, pollution controls, 
and the protection and restoration of species and habitats 
(Lotze  &  Glaser  2009 ; Worm  et al .  2009 ). In one study, 
Mora  (2008)  analyzed socioeconomic and environmental 
databases together, to separate the proximate and ultimate 
drivers of coral reef degradation. Most of the local and 
regional variability in fi shes, corals, and macroalgae was 
explained by human - related factors such as agricultural 
land use, coastal development, overfi shing, and climate 
change (Fig.  16.5 B). Signifi cant ecological interactions 
among the different species groups further highlighted the 
need for a comprehensive management of human infl u-
ences on coral reef ecosystems (Mora  2008 ).  

   16.3.4    Ecosystem  c onsequences 

 What are the consequences of long - term population changes 
on the structure and functioning of marine ecosystems 
today and in the future? And how will changes in ecosystem 
structure affect the services marine ecosystems provide for 
human well - being? These questions have been diffi cult to 
tackle. First, ecosystem structure, functioning, and services 
are not easy to quantify and the relevant data are not 
readily available. This problem was overcome by compiling 
and analyzing long - term datasets on ecological, environ-
mental, and socioeconomic changes in marine ecosystems. 
Second, a multitude of species, environmental drivers, and 
human impacts may interact in ways that are impossible to 
unravel from simple trend analyses. We therefore used 
ecosystem modeling approaches to determine overall 
changes in food web structure, energy fl ows, and stability. 
These modeling techniques may also serve to project future 
scenarios under changing environmental or human condi-
tions, which we are currently exploring. 

 Long - term changes in population abundance as well as 
the loss (extinction) and gain (invasion) of species has 
changed the structure of many coastal ecosystems (Fig. 
 16.6 A). This can have important effects on ecosystem func-
tioning. Many species fulfi ll important ecological functions, 
including the provision of spawning, nursery, and foraging 
habitat by wetlands, underwater vegetation, and reef - build-
ing organisms (Fig.  16.6 B). Most of these habitats also play 
an important role in fi ltering particles, nutrients, and pol-
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     Fig. 16.6 
   Ecosystem consequences of marine biodiversity change.  (A)  Structural 
changes in 12 estuaries and coastal seas measured as the relative 
abundance and occurrence of species (as percent from historical 
baseline) and number of species invasions.  (B)  Changes in ecosystem 
functions such as habitat provision and water quality control expressed 
as nutrient loading and eutrophication response.  (C)  Loss of ecosystem 
services including the depletion of fisheries, health risks related to 
harmful algal blooms (HAB), and diminished recreation related to dead 
zones  (data adapted from Lotze  et al .  (2006) ; Worm  et al .  (2006) ) .  
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     Fig. 16.7 
   Food web modeling. Robustness of food webs to the simulated extinction of  (A)  species that are most connected, most commercial, random, or least 
connected in the Adriatic food web in the 1970s, and  (B)  the most connected species in food webs from different regions and time periods. Diagonal black 
lines indicate where 50% of species are lost through combined removals and secondary extinctions (i.e. robustness)  (adapted after Coll  et al .  (2008) ) .  

recreation and shoreline safety (Worm  et al .  2006 ). As 
human impacts spread offshore and expand to other ocean 
regions (Halpern  et al .  2008 ), the observed changes in 
coastal oceans may forecast potential future changes in 
other habitats.   

 To understand better the ecosystem effects of marine 
biodiversity change, we used two different modeling 
approaches, stochastic network models and mass - balance 
food web models. First, basic food and interaction webs 
are assembled from data on species occurrence, abundance, 
feeding links, and other ecological information (Coll 
 et al .  2008 ). Next, the two different models enabled us 
to analyze changes in up to 22 food web properties refl ect-
ing (among others) species composition, food - chain length, 
energy transfer between trophic levels, and the linkage 
density and complexity of the webs. For example, food 
webs in the Adriatic and Catalan Seas in the Mediterranean 
were found to be very similar in terms of their structure 
and functioning, but were more ecologically degraded 
compared with food webs from the Caribbean, Benguela, 
and US continental shelf (Coll  et al .  2008 ). Food web 
properties estimated by both models yielded very similar 
results, thereby enhancing confi dence in our results com-
pared with any single modeling approach. 

 The network models also allowed us to analyze the 
robustness of food webs to simulated species loss (Coll 
 et al .  2008 ). It had previously been shown that the removal 
of highly connected species in the food web results in a 
much higher rate of secondary extinctions than randomly 

deleted or less strongly connected species. In our analyses, 
removing the commercial species caused intermediate rates 
of secondary extinctions indicating that commercial species 
are often well connected in the food web (Fig.  16.7 A). 
Finally, we could show that a larger degree of ecological 
degradation in the Mediterranean food webs resulted in a 
diminished robustness to species loss and a higher rate of 
secondary extinctions (Fig.  16.7 B). This suggests that the 
degradation of marine ecosystems may accelerate the rate 
of biodiversity loss in the future.     

   16.4    Animal Movements 

   16.4.1    Previous  w ork 

 Movement patterns and behavior of individual animals col-
lectively contribute to broader - scale population distribu-
tion, species ’  ranges, and patterns of biodiversity. The 
development of a statistical toolbox for studying the 
movements of electronically tagged marine predators and 
collaboration with animal trackers provides a powerful 
complement to the global - scale studies of biodiversity and 
abundance conducted by FMAP. Our aim has been to 
elucidate the underlying mechanisms that determine animal 
distributions at the individual scale, and how these contrib-
ute to marine predator distribution and biodiversity pat-
terns at broader scales. Much of our previous knowledge 
on marine animal movement patterns has been inferred 
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   16.4.2    Statistical  t ools and 
 k ey  r esults 

 The project has played the leading role in developing a 
state - of - the - art statistical toolbox for electronic tracking 
data (Jonsen  et al .  2003, 2005 ). This has been a multidis-
ciplinary venture, involving biologists, ecological modelers, 
and statisticians. Our approach has focused on state - space 
models (SSMs), which are statistical time - series tools that, 
in the present context, allow one to estimate true animal 
positions from error - prone tracking data. State - space 
models have two components, a process model that 
describes how animals move from one position to the next 
and an observation model that relates the true, unobserved 
positions to the empirical tracking data. 

 In general, there can be two goals to fi tting a SSM to 
tracking data. The fi rst goal is to estimate the true positions 
of a tagged animal by accounting for the observation error 
inherent in the tracking data. This is called state fi ltering 
and yields a set of position estimates (and associated uncer-
tainties) that occur over regular time intervals (Fig.  16.8 ). 
This kind of fi ltering is fundamentally different from 
traditional travel rate fi lters (McConnell  et al .  1992 ) as all 
observed locations are modeled by a known probability 
distribution with implausible observations being down -
 weighted rather than discarded. The result is that all infor-
mation contained in the data is used to estimate the true 
positions.   

from observations of species ’  departures and arrivals at 
geographically disparate locations (Carr  1986 ) or from tra-
ditional mark – recapture methods (Hilborn  1990 ). These 
studies were necessarily coarse in scale and yielded little 
insight into the interactions between foraging or migrating 
animals and their environment. Furthermore, these 
approaches only revealed movements to locations where 
observers were present, biasing estimates of movement 
rates and, more generally, our understanding of marine 
animal movement patterns. 

 All this has changed with the introduction of electronic 
tagging and telemetry technologies that revolutionized our 
view of animal movement patterns and distribution in the 
ocean (Block  et al .  2001 ; Birdlife International  2004 ; James 
 et al .  2005 ). Satellite and light - based geolocation tracking 
technologies now allow us to follow marine animals for 
protracted periods as they make their living in the ocean 
(see Chapter  15 ). The veritable explosion of tracking 
studies using increasingly refi ned technologies has revealed, 
for example, extraordinary 64,000 - km round - trip migra-
tions by sooty shearwaters (Shaffer  et al .  2006 ), physiologi-
cal mechanisms underlying niche expansion in salmon 
sharks (Weng  et al .  2005 ), and previously unknown return 
migrations in white sharks (Bonfi l  et al .  2005 ). Despite 
these and many other success stories, our ability to track 
and document animal movements has far out - stripped our 
ability to conduct sophisticated analyses of rapidly amass-
ing tracking data. This gap proved to be a fertile area of 
investigation for FMAP.  

48°

44°

40°

–64° –60° –56° –52°

     Fig. 16.8 
   Example of state filtering applied to data for a grey 
seal tagged on Sable Island, Nova Scotia, with a 
SMRU (Sea Mammal Research Unit) Argos satellite 
platform terminal transmitter with a 2 - day duty 
cycle. The white points and lines denote the 
Argos - observed positions, which contain substantial 
error (note positions on land and some highly 
improbable movements). The red points denote the 
estimated true positions with a 2 - day time step. 
 Adapted from Jonsen  et al .  (2005) .   
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 et al .  2007 ). The switching model is used to estimate the 
probabilities that an animal is in a particular behavioral 
state, conditional upon the previous behavioral state. This 
approach offers a powerful tool to infer animal behaviors 
from remote tracking data and is being used by FMAP col-
laborators to analyze migration and foraging patterns in 
Pacifi c leatherback turtles (Bailey  et al .  2008 ; Shillinger 
 et al .  2008 ). Similar approaches have been adopted for 
analyzing foraging behaviors of southern bluefi n tuna 
(Patterson  et al .  2009 ). 

 FMAP researchers have used the switching SSM 
approach to identify potential foraging areas in space and 
time, a fi rst step in quantifying critical foraging habitat and 
in developing mechanistic predictions of the potential infl u-
ence of climate variability and changing distribution of 
foraging predators. Breed  et al .  (2009)  show that adult 
male and female grey seals forage in different areas of the 
Scotian Shelf but both sexes tend to focus on relatively 
small, intensely used foraging sites (Fig.  16.10 A). This 

 Breed  et al .  (2006)  used the state fi ltering approach to 
gain insight into the sexual segregation of seasonal foraging 
in adult grey seals breeding on Sable Island, Nova Scotia. 
Grey seals are an important generalist predator in the 
Scotian Shelf ecosystem, with a population that has expe-
rienced exponential growth over the past 35 years. From 
October to December and February to March, males used 
areas along the continental shelf break, whereas females 
used mid - shelf regions. Breed  et al .  (2006)  suggested that 
this broad - scale segregation may help individuals maximize 
fi tness by reducing intersexual competition during primary 
foraging periods. 

 The second goal of fi tting a SSM is to estimate biological 
parameters or behavioral states specifi ed in the process 
model, thereby allowing inference of unobservable proc-
esses that drive the movement and distribution patterns. 
The ability to construct biologically meaningful models and 
to estimate their parameters directly from complex, error -
 prone data is the most compelling facet of the SSM toolbox. 
For analyses of individual movement datasets, this approach 
is best achieved when individual datasets are combined 
meta - analytically (Jonsen  et al .  2003 ). Meta - analysis facili-
tates synthesis of multiple datasets, enabling inference both 
within and among datasets, and improves parameter esti-
mation from limited datasets. 

 State - space models allow researchers to think about 
questions that have no conventional solution. Jonsen  et al . 
 (2006)  highlighted this by showing that endangered leath-
erback turtles migrating throughout the North Atlantic 
slow down at night, perhaps to feed on macrozooplankton 
that migrate toward the ocean surface and/or because their 
navigation abilities are less precise than during the day. One 
problem with this is that calculating travel speeds becomes 
diffi cult when travel distance is small during a single day 
or night period (no more than 30   km) compared with the 
uncertainty in the observed positions (up to 250   km). Con-
ventional analyses of these data are not able to reveal the 
patterns in day versus night travel rates that the SSM analy-
sis can (Fig.  16.9 ). Furthermore, Jonsen  et al . ( 2006 ) 
showed that a Bayesian meta - analytic SSM, a model that 
estimates day versus night travel rates simultaneously from 
all datasets, yielded superior estimates for individual turtles 
and provided the basis for prediction at a population level.   

 A particularly compelling application of the SSM allows 
one to infer the (hidden) behavioral state of animals based 
upon the shifts in movement patterns observed in the track-
ing data. To derive, for example, the probability of an 
animal foraging versus migrating, a switching model can be 
added to the standard SSM (Jonsen  et al .  2005 ). Key to this 
approach are the underlying assumptions that animal move-
ments can be modeled by a small set of correlated random 
walks, each corresponding to a unique behavioral state, and 
that animals typically engage in area - restricted type move-
ments (such as slow travel rates with a high frequency of 
turning) when searching for and consuming prey (Jonsen 
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     Fig. 16.9 
   Comparison of the ratio of day - to - night travel rates for a conventional 
ad - hoc calculation of travel rates  (A)  and a meta - analytic SSM fit to all 
datasets simultaneously  (B) . The ratios presented in  (A)  are means with 
95% confidence intervals, and those presented in  (B)  are posterior 
modes with 95% credible interval raindrops. The black raindrop is the 
Bayesian predictive distribution (BPD), which forms the basis for 
making predictions at a population or other appropriate level.  Adapted 
from Jonsen  et al .  (2006) .   
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     Fig. 16.10 
   Foraging patterns of adult male and female grey seals  (A)  and adult or sub - adult leatherback turtles  (B)  inferred by a switching SSM. In panel  (A) , blue points 
are positions associated with foraging behavior and red points are positions associated with transiting behavior. Color intensity indicates the degree of 
uncertainty in the behavioral state estimates (less intense is less certain). In panel  (B) , light blue points are positions associated with foraging behavior, red 
points are positions associated with transiting behavior, and yellow points are positions with uncertain behavioral state estimates. Image of adult female grey 
seal leaving Sable Island with an Argos satellite tag and VHF radio tag is courtesy of W.D. Bowen. Image of an Argos satellite - tagged leatherback turtle 
returning to the water after tagging is courtesy of the Canadian Sea Turtle Network.  Adapted from Breed  et al .  (2009)   (A)  and Jonsen  et al . (unpublished 
data)  (B) .   
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        •      Marine biodiversity has been changing profoundly over 
the past 100 – 1,000 years in coastal regions and the 
past 50 years in open ocean regions.  

   •      A reduction of up to 90% in the abundance of large, 
commercially exploited megafauna has occurred in 
these regions, along with a reduction of total animal 
biomass and the local extinction of particular species.  

   •      These changes in abundance and diversity have 
negatively impacted ecosystem productivity and 
resilience, and compromised water quality, fishery 
yields, and other ecosystem services.  

   •      Conservation and management efforts over the past 
century have halted or even reversed the decline of 
biodiversity in some areas.  

   •      In areas where there are few management initiatives in 
place, the abundance and diversity of marine animal 
populations continues to decline, mostly in direct 
relation to multiple human impacts.  

   •      Modeling approaches have allowed us to do the 
following: (1) think about problems that have no 

conventional solution; (2) synthesize data of varying 
quality and type; (3) make quantitative predictions 
about future trends.  

   •      Spatial patterns of animal behaviors are markedly 
discrete and predictable both seasonally and inter -
 annually, implying strong connections to environmental 
drivers and prey distribution.  

   •      Sea surface temperature is the primary oceanographic 
driver of marine animal distribution and diversity at 
global scales. Therefore, in addition to the effects of 
exploitation, changes in temperature have large effects 
on marine diversity patterns, as well as the behavior of 
individual animals.  

   •      The future of marine animal populations may be 
determined in large part by two key variables: the rate 
of ocean warming and the rate of exploitation. Where 
those rates are low, it will increase the chance for 
adaptation and recovery. Where they continue to rise, 
the loss of marine biodiversity and associated services 
will likely be severe.     

Key results: Past – Present – Future 

  Box 16.2 

switching SSM analysis builds on previous efforts that sug-
gested grey seals foraged over broad areas of the shelf 
(Breed  et al .  2006 ) by resolving spatial patterns in move-
ment behaviors hidden within the tracking data (Breed 
 et al .  2009 ). Similar patterns of concentrated foraging 
activity, albeit at a much broader spatial scale, are emerging 
in an ongoing analysis of leatherback turtle satellite data 
(Fig.  16.10 B). Figure  16.10 B presents only a small, but 
fairly representative, subset of the results so far. Switching 
SSM analysis of 36 individual tracks, spanning a period 
from 1999 to 2006, suggests that foraging activity is con-
centrated along the slope waters of the Scotian Shelf and 
around Cape Breton in Northeastern Nova Scotia. Both 
regions are highly productive and likely support large sea-
sonal aggregations of the leatherback ’ s prey, jellyfi sh.   

 What is striking about both of these analyses is the 
distinct patchiness of foraging activity exhibited by both 
species. Grey seals are benthic foragers and are predomi-
nantly tied to shallow banks on the continental shelf, 
whereas leatherback turtles forage on jellyfi sh both in the 
coastal and pelagic realms. Regardless, both species show 
distinct and annually predictable preferences for relatively 

discrete regions. Understanding how these behavioral pat-
terns may change in the future as a result of changes in 
prey distribution and abundance, and as a result of climate 
variability can provide valuable insight into mechanisms 
underlying future change in species biodiversity and abun-
dance. Current work is focusing on the biophysical char-
acterization of species ’  foraging areas and development of 
switching SSMs that can directly relate environmental gra-
dients to the behavioral patterns hidden within electronic 
tracking data.   

   16.5    Concluding Remarks 

 The FMAP Project has been active from 2002 to 2010 
as the modeling component of the Census. Our emphasis 
has been on data synthesis to reveal broad patterns of 
diversity, abundance, and distribution of marine animals, 
with a particular emphasis on large predators. We have 
developed data analysis and modeling techniques that 
enabled us to estimate the diversity of known and unknown 
species in the ocean, to derive long - term trends, short -
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 term dynamics, and spatial patterns of diversity change, 
and to understand better the distribution and behavior of 
individual species. 

 In our communications we have strived to use the 
knowledge gained to inform society about both the drivers 
of biodiversity change, as well as current and possible 
future consequences of biodiversity loss for marine ecosys-
tems and human society. Major results and patterns derived 
from this project are listed in Box  16.2 . In interpreting this 
body of new knowledge, it is important to realize that these 
patterns do not play out equally everywhere. A necessary 
weakness inherent in large - scale data synthesis is that indi-
vidual differences may be lost in averaging across a large 
population of animals, different regions, and environmen-
tal conditions. It may be these differences, however, exist-
ing between one place and another, or one population and 
another, that hold the key to understanding the ocean ’ s 
future (Worm  et al .  2009 ). There is no doubt that, given 
our large and growing infl uence on the marine environ-
ment, future societal decisions will drive the trajectory of 
change in marine animal populations and the ecosystems in 
which they are embedded. Within FMAP we can highlight 
past and current trends, and assume different scenarios as 
to how these may extend into the future. What will actually 
happen, however, is unknown, as societal choices and tech-
nological change will determine future changes. This 
process will certainly be infl uenced by the availability of 
new scientifi c information, and its perception among the 
public and decision - makers. It is our hope that the FMAP 
Project will continue to provide such information into the 
foreseeable future.    
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   17.1    Introduction 

 Informed management of the environment has to be sup-
ported by data (Richardson  &  Poloczanska  2008 ; Stokstad 
 2008 ). Often marine biological data are the result of 
projects with a limited taxonomic, temporal, and spatial 
cover. Taken in isolation, datasets resulting from these 
projects are only of limited use in the interpretation 
of large - scale phenomena. More specifi cally, they fail to 
inform on a scale commensurate with the problems human-
kind is confronted with: pollution, global change, invasive 
species, harmful algal blooms, and the loss of biodiversity 
to name but a few. Individual studies are restricted in the 
amount of data they can generate but, by combining the 
results from many studies, massive databases can be created, 
making possible analyses on a more relevant, much larger 
scale. It is the ambition of the Ocean Biogeographic Infor-
mation System (OBIS;  www.iobis.org ; see Box  17.1 ) com-
munity to provide a sound basis for management decisions 
by integrating data from many sources, and thus facilitat-
ing badly needed regional, ecosystem, and global analyses. 
OBIS does so by facilitating publication of data, and stimu-
lating open and free access for all potential users. Indeed, 
OBIS is often mentioned as the organization best suited 
for this role (see, for example, Poloczanska  et al.   2008 ).   

 OBIS was conceived as the data integration compo-
nent of the Census of Marine Life (Box  17.1 ). It is 

very much a  “ work in progress ” : we know that many 
important datasets are not available through OBIS. 
However, we do think that the present content is suf-
fi cient to start exploring global patterns of biodiversity, 
taking into account a wide range of life forms; this 
exercise was not possible before OBIS brought the 
relevant data together into one consolidated, quality -
 controlled system. 

 In the fi rst part of this chapter, we discuss some of the 
issues we encountered while working on OBIS. In the 
second part, development of OBIS, in terms of both tech-
nology and content, is discussed. In the third part, some of 
the possible analyses are illustrated, and the content of the 
database is explored.  

   17.2    List of Acronyms 

    CoL:  Catalogue of Life  
  CPR:  Continuous Plankton Recorder  
  FAO:  Food and Agriculture Organization  
  GBIF:  Global Biodiversity Information Facility  
  GCMD:  Global Change Master Directory  
  GEO:  Group on Earth Observations  
  ICES:  International Council for the 

Exploration of the Sea  
  iOBIS:  International OBIS (secretariat and 

portal based at Rutgers University)  
  IOC:  Intergovernmental Oceanographic 

Commission  
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  IODE:  International Oceanographic Data and 
Information Exchange  

  LME:  Large Marine Ecosystems  
  MarBEF:  Marine Biodiversity and Ecosystem 

Functioning  
  NOPP:  National Oceanographic Partnership 

Program (USA)  
  NSF:  National Science Foundation (USA)  
  OBIS:  Ocean Biogeographic Information 

System  
  OBIS SEAMAP:  OBIS Spatial Ecological Analysis of 

Megavertebrate Populations  
  RON:  Regional OBIS Node  
  SAHFOS:  Sir Alister Hardy Foundation for Ocean 

Science,  www.sahfos.ac.uk/   
  WOA:  World Ocean Atlas (published by the 

World Data Center for Oceanography, 
Silver Spring)  

  WOD:  World Ocean Database (published by 
the World Data Center for 
Oceanography, Silver Spring)  

  WoRMS:  World Register of Marine Species     

   17.3    The Data  Sharing 
Challenge 

 The willingness to share data is a prerequisite to data 
portals. Advantages of sharing data are clear and numerous, 
and have prompted many organizations, including the 
International Council for Science (ICSU) and the Intergov-
ernmental Oceanographic Commission (IOC), to adopt a 

    The Ocean Biogeographic Information System (OBIS) is an 
online, user - friendly system for absorbing, integrating, and 
assessing data about life in the oceans. It is recognized by 
many as the prime provider of information on the distribution 
of marine species. OBIS aims to stimulate new research that 
generates new hypotheses about evolutionary processes 
and species distributions by providing software tools for 
data exploration and analysis. All data are freely available 
over the Internet and interoperable with similar databases. 
OBIS integrates data from many sources, over a wide range 

of marine themes, from poles to equator, from microbes to 
whales. It is the largest provider of information on the distri-
bution of marine species, and one of the largest contributors 
to Global Biodiversity Information Facility (GBIF). Any organi-
zation, consortium, project, or individual may contribute. 
OBIS was created as the data integration component of the 
Census of Marine Life; the international portal is hosted by 
Rutgers University, New Jersey, USA. A global network of 15 
Regional and Thematic OBIS Nodes assures the worldwide 
scientific support needed to fulfill the global mandate.  

   OBIS   “ Biography ”  

  Box 17.1 

policy of open access to data. The physical oceanographers 
have set an example with the World Ocean Database 
(WOD) and derived products such as World Ocean Atlas 
(WOA), published by the US National Oceanic and Atmos-
pheric Administration (NOAA) (Boyer  et al.   2006 ). Much 
of our understanding of global patterns is based on these 
global databases (see, for example, Levitus  1996 ; Conk-
right  &  Levitus  1996 ). The advantages might be clear, but 
practice is often lacking. This led the participants at 
the Ocean Biodiversity Informatics (OBI) conference in 
Hamburg, 2004, to formulate a public statement summariz-
ing the benefi ts (Box  17.2 ) (Vanden Berghe  et al.   2007a ).   

 Here are a few of the benefi ts of data sharing. 

   ●      Sharing data is a way to avoid data loss related to 
institutional discontinuities or poor archiving (Froese 
 et al.   2003 ); the very fact of sharing data creates 
redundancy, and this will assist in recovery of data 
after accidental destruction of a dataset.  

   ●      Sharing data makes the data more visible, and so 
increases the opportunities to create collaborative 
ventures with scientists outside the immediate 
environment.  

   ●      It facilitates re - use of the data for purposes that they 
were not originally collected for; every time a datum 
is used in some analysis or consulted through a 
website, society ’ s return on investment in collecting 
the data increases.  

   ●      Not all countries are fortunate enough to have the 
expertise and/or the resources to set up data 
management systems of their own; data sharing 
ventures can be the framework for data repatriation to 
developing countries, and assist them in fulfi lling their 
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tem Functioning ”  (MarBEF). The incentive is, in this case, 
clearly the opportunity to analyze a larger dataset than the 
one available from a single data provider, and to become a 
co - author on the resulting papers. 

 However, the model of co - authorship as incentive for 
data sharing does not scale: it is not tenable with large 
databases such as OBIS or the WOD/WOA. There are too 
many individual data contributors, so papers based on the 
complete dataset would have to list thousands of authors. 
Also, even if the number of data contributors were more 
reasonable, it does not always make sense for people to 
become co - author; in principle, anyone listed as an author 
on a paper should have made a direct intellectual contribu-
tion to the paper, and share responsibility for the conclu-
sions. A recent trend to include too many colleagues as 
co - authors is putting pressure on science ’ s credit system 
(Greene  2007 ; Sekercioglu  2008 ). In many cases, citation 
of the source of the data would be more appropriate. 
However, this needs a formal system of indexing, just as 
the citations of  “ classical ”  publications are indexed by the 
Institute for Scientifi c Information (ISI). And, of course, use 
or re - use of a dataset should contribute to the career 
advancement of any person involved in the collection or 

reporting obligations in the framework of international 
conventions such as the Convention on Biological 
Diversity.  

   ●      Last but not least, by sharing data it becomes possible 
to create the large data systems we need to support 
proper management of our natural resources.    

 Any initiative relying on the willingness to share data 
has to take into account the sociology of science: data 
owners will have to see clearly the advantages of sharing 
data, and will need incentives to do so. Scientists have to 
be compensated for the time that they spend making the 
data available for re - use, and for the loss of exclusive access 
to the data, and the competitive advantage associated with 
this. An obvious example of such an incentive is when data 
are shared between several data providers, with the intent 
to analyze the pooled dataset and to publish the results 
jointly. Examples include the North Sea Benthos Project of 
the International Council for the Exploration of the Sea 
(ICES) (Rees  et al.   2007 ; Vanden Berghe  et al.   2007b ); 
MacroBen (Somerfi eld  et al.   2009 ; Vanden Berghe  et al.  
 2009 ); and other initiatives of the European Union (EU) 
Network of Excellence  “ Marine Biodiversity and Ecosys-

    We note that increased availability and sharing of data 

   •      is good scientific practice and necessary for 
advancement of science  

   •      enables greater understanding through more data 
being available from different places and times  

   •      improves quality control due to better data 
organization, and discovery of errors during analysis  

   •      secures data from loss    

 The advantages of free and open data sharing have 
been determining factors while developing the data 
exchange policy of the Intergovernmental Oceanographic 
Commission of UNESCO. 

 We call on scientists, politicians, funding agencies and 
the community to be proactive in recognizing data ’ s 

   •      overall cost/benefit  

   •      importance to science  

   •      long - term benefits to society and the environment  

   •      increased value by being publicly available    

 We also call upon employers of scientists, academic 
institutions and funding agencies and editors of scientific 
journals, to 

   •      promote on - line availability of data used in published 
papers  

   •      promote comprehensive documentation of data, 
including metadata and information on the quality of 
the data  

   •      reward on - line publication of peer reviewed electronic 
publications and on - line databases in the same way 
conventional paper publications are rewarded in the 
hiring and promotion of scientists  

   •      encourage and support scientists to share currently 
unavailable data by placing it in the public domain in 
accordance with publicly available standards, or in 
formats compatible with other users     

  Public Statement from  OBI  Conference in Hamburg, 2004 

  Box 17.2 
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 Metadata, data about the data, are essential when sharing 
data. They make it possible for users to judge fi tness - for - use 
(Chapman  2005 ), so that they are not inadvertently used 
for purposes for which they are not suited; part of this 
fi tness - for - use statement is a description of quality control 
and quality assurance methods applied to the data. Meta-
data facilitate data discovery through their inclusion in 
metadata repositories such as the Global Change Master 
Directory (GCMD;  gcmd.gsfc.nasa.gov ) of the National 
Aeronautics and Space Administration (NASA). They are 
essential in creating an audit trail, so that any datum can 
be traced to its origin. Part of the audit trail is a list of all 
those involved in collecting, managing, and controlling the 
quality of the data, which makes it possible to give appro-
priate credit. 

 Making data publicly available is a critical step, but it is 
only the fi rst. To be available for large - scale analysis, data 
have to be integrated and their quality controlled. Creating 
these integrated databases is a second step up the ladder 
from raw data through information and knowledge to 
wisdom (Fig.  17.1 ). Data integration requires knowledge 
about the data being handled, and often is a time - 
consuming business; it is important to avoid duplication of 
effort, and to preserve any efforts expended. Without 
mechanisms to preserve these efforts, any large - scale analy-
sis would have to redo this step of data integration.   

 An important aspect of the integration of individual 
datasets is to check for consistency between them, and 
where inconsistencies are found, to resolve them. Obvious 
examples here are the spelling of taxonomic names, or 
detection of outlier distribution points caused by misiden-
tifi cation or errors of georeferencing. This reconciliation 
process is an extra opportunity for quality control, in addi-
tion to what is possible at the level of single datasets; 
confl icts between datasets are fl ags for potential problems. 
Data warehouses such as OBIS can add value by resolving 
these inconsistencies in consultation with specialists and 
end users, and with the original data providers. Quality -
 control procedures have to be documented, so that end 
users can judge whether data are reliable enough for their 
purposes. 

management of the data. Several initiatives have started to 
address data citation. There is a working group of the 
Global Biodiversity Information Facility (GBIF) discussing 
this issue, organized in response to a discussion at the 
e - Biosphere conference; another working group, jointly 
organized by the Scientifi c Council for Oceanographic 
Research (SCOR) and the International Oceanographic 
Data and Information Exchange (IODE), recently pub-
lished a fi rst report (SCOR  &  IODE  2008 ). 

 When trying to persuade someone to do something, one 
has the choice of using a carrot or a stick. Data citation and 
co - authorship are clear examples of the former. However, 
the stick can also be used creatively and fairly, with every-
one having to comply with the same rules. The prime 
example of appropriate use of the  “ stick ”  is the require-
ment by several major scientifi c journals to publish gene 
sequences in GenBank or a similar public and openly acces-
sible repository before the paper is published. The informa-
tion itself is shared and made public through GenBank, and 
the papers cite the accession number. At the same time, the 
GenBank information becomes citable through this acces-
sion number, so that it works to the advantage of the sci-
entist depositing the sequence information. It is an excellent 
example, and a possible model for the biogeographic 
community. Many journals now have a policy of asking 
authors to make their data available after publication (see, 
for example,  Science ;  www.sciencemag.org/about/authors/
prep/gen_info.dtl#dataavail ). However, it seems that these 
requests are not enforced, and that the GenBank strategy 
of asking for inclusion of the accession number in the paper 
is a better guarantee that data will be made public. 

 Data are often collected using public funding, so many 
feel that for this reason alone they should be publicly avail-
able; sometimes there is a contractual obligation to make 
data available after publication of results. Funding agencies 
fi nance research to further our understanding of the envi-
ronment; withholding raw data hampers the process by 
which the results of the funded activities can be used, thus 
clearly contravening the original intention of the support 
(Dittert  et al.   2001 ). One of the roles of a data portal such 
as OBIS is to offer a service assisting benefi ciaries of public 
funding in fulfi lling their contractual obligations. 

 Too many datasets are lying dormant, some of them on 
hard drives, often in diffi cult - to - access electronic formats; 
others are only available on paper. The physical oceanog-
raphers have set an example with the Global Data Archae-
ology and Rescue (GODAR) project, through which many 
datasets, at risk of being lost, were recovered and integrated 
into the WOD. The cost of  “ recovering ”  data is typically 
only a fraction of the cost of collecting the samples and 
generating the data. In the case of a Guinean trawling 
survey, the data recovery cost 0.2% of the initial survey 
cost (Zeller  et al.   2005 ). More important even than these 
economic arguments is the historic aspect of environmental 
data: they are irreplaceable, and once lost they cannot be 
collected again. 

Decision
making

Knowledge

Information

Data

     Fig. 17.1 
   The Wisdom Pyramid. Reproduced with permission, from a 
presentation by C. Besancon, UNEP - WCMC.  
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existing national and international biodiversity information 
systems (Fornwall  2000 ; Grassle  2005   ). Today, OBIS has 
evolved into a community of practice, consisting of people 
and organizations sharing a vision to make marine biogeo-
graphic data, from all over the world, freely available over 
the World Wide Web. OBIS is not limited to data from 
Census - related projects; any organization, consortium, 
project, or individual may contribute to OBIS. 

 From the OBIS portal (the fi rst website page connecting 
to the data), the user can do the following: 

   ●      search where a marine genus and/or species is 
recorded in the data published through OBIS;  

   ●      download data published in OBIS for any species, 
including location, depth, date and time collected, 
source datasets, and verifi ed taxonomic name 
information;  

   ●      plot species locations on a range of fl at and spherical 
views of the world, including polar views, using the 
C - Squares Mapper;  

   ●      plot species against background maps of sea 
temperature, depth, and salinity using the KGS 
Mapper;  

   ●      use environmental data for the locations of these data 
to predict the species potential range on the KGS 
Mapper;  

   ●      explore relationships between species and 
environmental data on KGS Mapper to see which 
parameters best explain a species distribution;  

   ●      browse down a taxonomic hierarchy to get lists of all 
species in OBIS for a phylum, class, order, or other 
higher taxonomic group;  

   ●      plot maps of all data at a higher taxonomic level;  
   ●      search for lists of species recorded in OBIS by country 

(exclusive economic zone), sea or ocean, large marine 
ecosystems (LMEs), Food and Agriculture 
Organization (FAO) and ICES fi shery areas, 
Longhurst ’ s pelagic regions, depth, date, and by 
entering latitude – longitude coordinates;  

   ●      connect to other sources of information on the species, 
including genetic data, published literature, and 
images.    

 A workshop critical to the genesis of OBIS was held in 
Rutgers University Institute of Marine and Coastal Sci-
ences, New Jersey, in October 1997. The framework of the 
workshop was essentially that different groups were asked 
which project, to be completed on a scale of fi ve to seven 
years, would most advance science. The strong consensus 
of the participants, consisting mainly of benthic ecologists, 
taxonomists, and statisticians, was to bring together and 
make publicly available the data that already existed, rather 
than new sampling campaigns, taking stock of what was 
known. From this OBIS was defi ned as  “ An on - line world -
 wide marine atlas  ‘ infrastructure ’  providing scientists with 

 Neither data managers nor data users should be fooled 
into thinking that there is such a thing as a database without 
errors. No matter how much time goes into quality control, 
there always will be a certain error rate. It is by using the 
data, sharing it with others to do their analyses, and criti-
cally looking at the results that erroneous data can be 
detected. It is important for any data system to have a 
mechanism for capturing this information, by making sure 
that there are mechanisms for user feedback, and by 
promptly acting on such feedback. In those cases where 
there are several levels of aggregation (as is the case for 
many of the OBIS datasets), this can lead to complications: 
errors detected at a higher level of aggregation (for example, 
at the level of OBIS or GBIF) have to be communicated to 
and corrected by the original data provider. Obviously, at 
any step in this communication things can go wrong, with 
delays in correcting obvious mistakes, and frustrated end 
users as a result. 

 Data integration comes at a price: it is rarely possible to 
integrate data over many sources without losing detail. 
Information on sampling devices or sampling effort is dif-
fi cult to standardize across many data sets. Temporary 
taxonomic names make sense within one study but not with 
several studies (Paterson  et al.   2000 ). The opportunistic 
exploitation of available resources will usually result in very 
unequal sampling in the area of interest, because the sam-
pling effort is governed by external factors that are not 
under the control of the data manager. Any analysis based 
on such data collections has to deal with heavy observa-
tional bias. However, these drawbacks should be weighed 
against the larger footprint of the data, and hence stronger 
signals. For example, combining several datasets to create 
a consolidated dataset with a much larger latitudinal range 
will increase any latitudinal gradient, and make this gradi-
ent easier to discover. Also, the increased number of obser-
vations will result in an increase in statistical power of any 
analysis done on the combined dataset. 

 All data published through the iOBIS portal are freely 
and openly available to anyone who respects the terms of 
use, as described on the website. In principle, the user is 
asked to acknowledge the use of the OBIS portal, and to 
cite datasets downloaded and used in analysis ( www.iobis.
org/data/policy/citation ). An important aspect is also to rec-
ognize the limitations of data in OBIS ( www.iobis.org/data/
policy/disclaimer ). Some of the individual datasets have 
further restrictions, and those are conveyed to the user as 
part of the metadata of that dataset.  

   17.4    Development of  OBIS  

 OBIS was created as the data integration component of the 
Census of Marine Life (Grassle  &  Stocks  1999 ; Grassle 
 2000 ; Yarincik  &  O ’ Dor  2005 ). From the start it was con-
ceived as a global and distributed system, giving control of 
data to data providers (Fornwall  2000 ), with strong ties to 
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February 2002, all NOPP - funded data projects and the 
NSF - funded SeamountsOnline were made interoperable 
through the OBIS portal (Zhang  &  Grassle  2003 ). At that 
point, the portal provided access to over 400,000 occur-
rence records.   

 Institutionally, OBIS is growing rapidly as a distributed 
system with an international secretariat and portal (iOBIS) 
hosted by the Institute of Marine and Coastal Sciences of 
Rutgers University, and Regional OBIS Nodes (RONs) in 
all continents (Fig.  17.2  and Table  17.2 ). RONs were 
created to serve national or regional needs better and to 
achieve global coverage. The RON network is still expand-
ing: several RONs were added in 2006 and 2007 (China, 
Korea, Philippines) and discussions are continuing to create 
new ones (Arctic, Oman, and possibly Mexico). The RON 
network has been very active and very successful in con-
necting datasets. Each RON is self - sustaining and is the 
geographical backbone for further development of OBIS 
data content. The institutes hosting the RONs are an asset 
for OBIS as a network and have proven to be very sup-
portive of OBIS activities and objectives.     

 In addition to the Regional Nodes, OBIS has thematic 
nodes for major subsets of marine life. OBIS Spatial 
Ecological Analysis of Megavertebrate Populations (OBIS 
SEAMAP), the repository for data on marine birds, turtles, 

the capability of operating in a four - dimensional environ-
ment so that analyses, modelling and mapping can be 
accomplished in response to user demand through access-
ing and providing relevant data. ”  The key characteristics of 
the then to - be - developed system were interoperability 
through common defi nition of metadata standards and pro-
tocols for a distributed, multi - tiered architecture. A website 
was built to demonstrate the OBIS concept (Stocks  et al.  
 2000 ); this website is being preserved as a reference docu-
ment, and can still be visited at  www.marine.rutgers.edu/
OBIS . The fi rst OBIS workshop was held in Washington, 
DC, in November 1999. 

 Early growth of OBIS was initiated through the 
announcement, in May 2000, of eight grants by the US 
Government Agencies in the National Oceanographic Part-
nership Program (NOPP) together with the Alfred P. Sloan 
Foundation. These grants involved researchers in more 
than 60 institutes in 15 countries, and addressed infrastruc-
tural issues as well as taxon - based projects of data acquisi-
tion (Grassle  2000 ; Decker  2001 ; Zhang  &  Grassle  2003 ). 
A ninth, National Science Foundation (NSF) - funded project 
(SeamountsOnline; Stocks  2009 ) was added soon after-
ward, and the nine projects formed the core of the early 
OBIS (Table  17.1 ). In 2001, an NSF project was awarded 
to Rutgers University to create an international portal; by 

  Table 17.1 

  Nine original  OBIS  projects. 

      ●       The Fishnet Distributed Biodiversity Information System.   
   �      Edward Wiley, Natural History Museum, University of Kansas.    

   ●       Development of a Dynamic Biogeographic Information System: A Pilot Application for the Gulf of Maine.   
   �      Dale Kiefer, Wrigley Institute of Environmental Studies, University of Southern California.    

   ●       Biogeoinformatics of Hexacorallia (Corals, Sea Anemones, and their Allies): Interfacing Geospatial, Taxonomic, and Environmental Data for a Group of 

Marine Invertebrates.   
   �      Daphne Fautin, University of Kansas, and Bob Buddemeier, Kansas Geological Survey.    

   ●       Expansion of CephBase as a Biological Prototype for OBIS.   
   �      Phillip Lee and James Wood, University of Texas Medical Branch.    

   ●       A Biotic Database of Indo - Pacific Marine Mollusks.   
   �      Gary Rosenberg, The Academy of Natural Sciences, Philadelphia.    

   ●       ZooGene, a DNA Sequence Database for Calanoid Copepods and Euphausiids: An OBIS Tool for Uniform Standards of Species Identification.   
   �      Ann Bucklin, University of New Hampshire Durham, New Hampshire; Bruce W. Frost, University of Washington, Seattle, Washington; Peter H. Wiebe, 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts; Michael J. Fogarty, NOAA/NMFS Northeast Fisheries Science Center, Woods Hole, 
Massachusetts.    

   ●       Diel, Seasonal, and Interannual Patterns in Zooplankton and Micronekton Species Composition in the Subtropical Atlantic.   
   �      Deborah Steinberg, Virginia Institute of Marine Sciences.    

   ●       Census of Marine Fishes (CMF): Definitive List of Species and Online Biodiversity Database.   
   �      William Eschmeyer, California Academy of Sciences, and Rainer Froese, FishBase Coordinator, Institut f ü r Meereskunde.    

   ●       Seamounts Online   
   �      Karen Stocks, San Diego Supercomputing Center and Scripps Institute of Oceanography.       
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     Fig. 17.2 
   Locations of Regional OBIS Nodes (yellow squares), international secretariat (red circle), and proposed mirror sites (orange circles).  

and mammals, is developing new ways to visualize migra-
tions of these animals and to understand their habitats 
(Halpin  et al.   2006, 2009 ). The Biogeoinformatics of Hexa-
corals website maintains an authoritative, global anemone 
and coral database (Fautin  2000 ). FishBase contains com-
prehensive information on fi nfi shes (Froese  &  Pauly  2009 ). 
The OBIS microorganisms component (MICROBIS) is 
breaking completely new ground by defi ning the known 
world of microorganisms using new molecular approaches 
to defi ne microbial taxa. The Continuous Plankton Re-
corder (CPR), managed by the Sir Alister Hardy Founda-
tion for Ocean Science (SAHFOS), provides a unique and 
very large dataset. One of the strengths of the CPR data is 
that it has been collected in a standard way for more 
than half a century (see, for example, Reid  et al.   1998 ; 
Beaugrand  et al.   2004 ). 

 Data generated by the fi eld projects of the Census ulti-
mately will all be available through the OBIS website. This 
is essential if OBIS is to play its role in integrating Census 
data, and support the Census Synthesis. All fi eld projects 
are producing high - quality data. However, as with many 
projects, data generated by a single project are usually 
restricted to a single theme defi ned on the basis of habitat, 
geographical region, or taxonomic scope. The power of the 

OBIS database is the integration of data from all these fi elds 
in a single coherent taxonomic framework, presenting a 
view that is truly global and facilitating analysis across 
scientifi c disciplines. 

 OBIS has strong relationships with several UN organiza-
tions. Data are exchanged with the Fisheries Department 
of the FAO, and links to the species information pages on 
the FAO site are displayed on the OBIS site. Collaboration 
with the IOC and its IODE program has centered on data 
standards and protocols. There have been joint activities on 
capacity building in Africa, with training workshops on the 
use of OBIS standards and tools; data logging workshops 
have been organized, focusing on sponges and on mollusks. 
Close collaboration between OBIS and IODE has resulted 
in the formal adoption, in June 2009, of OBIS as an activity 
of the IOC under its IODE program (see below). 

 OBIS was one of the earliest Associate Members of 
GBIF ( www.gbif.org ) which publishes data on all species. 
OBIS is a very active participant in GBIF activities, and one 
of the largest publishers of data to GBIF, refl ecting its role 
as a specialist network for marine species. GBIF recom-
mends that marine data are fi rst published through OBIS, 
because OBIS can add special value and will manage the 
subsequent publication of data through GBIF. This also 
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  Table 17.2 

  List of regional  OBIS  nodes. 

        ●        Antarctica: managed by Bruno Danis, hosted by Belgian Biodiversity Platform, Belgium  
  (a)     498,000 records of 2,522 species.    

     ●        Argentina: managed by Mirtha Lewis, hosted by Centro Nacional Patag ó nico (CENPAT) CONICET Argentina  
  (a)     171,000 records of 91 species.    

     ●        Australia: Tony Rees, National Oceans Office, Commonwealth Scientific and Industrial Research Organisation (CSIRO)  
  (a)     827,000 records of 6,000 species.    

     ●        Canada: managed by Tana Worcester, hosted by Centre of Marine Biodiversity, Bedford Institute of Oceanography  
  (a)     913,000 records of 7,000 species.    

     ●        China: managed by Xiaoxia Sun, hosted by Institute of Oceanology, Qingdao  
  (a)     57,000 records of 1,200 species.    

     ●        Europe: managed by Francisco Hernandez, hosted by Vlaams Instituut voor de Zee (VLIZ), Belgium on behalf of the EU Network of Excellence  “ Marine 
Biodiversity and Ecosystem Functioning (MarBEF) ” .  
  (a)     3,543,000 records from 15,000 species.    

     ●        Indian Ocean: Managed by Baba Ingole, hosted by National Chemical Laboratory, National Institute of Oceanography India  
  (a)     81,000 records of 68,000 species.    

     ●        Japan: Katsunori Fujikura, Japan Agency for Marine - Earth Science and Technology  
  (a)     Currently not active; will come online in the near future    

     ●        Korea: Youn - Ho Lee, Korea Ocean Research  &  Development Institute  
  (a)     3,300 records, not yet available through the iOBIS portal.    

     ●        South - West Pacific: Don Robertson, National Institute of Water  &  Atmospheric Research New Zealand  
  (a)     430,000 records.    

     ●        Sub - Saharan Africa: managed by Marten Grundlingh, hosted by Southern African Data Centre for Oceanography, South Africa  
  (a)     3,210,000 records of 23,000 species.    

     ●        Tropical and Subtropical Eastern South Pacific: managed by Ruben Escribano, hosted by FONDAP COPAS, Chile  
  (a)     28,000 records from 4,000 species.    

     ●        Tropical and Subtropical Western South Atlantic: F á bio L. da Silveira and Rubens M. Lopes, University of S ã o Paulo, Brazil  
  (a)     43,000 records for 4,000 species.    

     ●        USA: managed by Mark Fornwall, hosted by National Biological Information Infrastructure (NBII), Pacific Basin Information Node (PBIN), USA; IT component 
located in Boulder, Colorado  
  (a)     1,698,000 records.       

avoids duplication of data being separately published in 
GBIF and OBIS. 

 OBIS works closely with other players in the fi eld of 
biodiversity informatics. OBIS exchanges information and 
is reciprocally linked with the Barcode of Life (BOL). As 
the marine component of the latter is being developed 
OBIS will forge even stronger links. OBIS and its web 
interface can be used as a geographical window on the BOL 
information; OBIS distribution records can be used to 
document occurrence of a species in a region or country, 
and thus assist in management of property rights to genetic 
resources. Together with the European Node of OBIS 
(EurOBIS), OBIS has collaborated on the development of 

the World Register of Marine Species (WoRMS, see below). 
This venture forms the basis of the marine community ’ s 
contribution to the Catalogue of Life (CoL). For many of 
the species it contains, the content of WoRMS goes far 
beyond the pure taxonomic information contained in the 
CoL. This content is made available to the Encyclopedia of 
Life (EOL). 

   17.4.1    Technology 

 From the outset, OBIS was conceived as a distributed 
system, leaving control over data publication in the hands 
of the data custodians (Fornwall  2000 ). The structure and 
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some metadata: the data standard is documented, there 
is room for an abstract to give a verbal description of 
the original purpose and intent of the data, and contact 
information, both for technical and for scientifi c aspects, 
can be listed; it is also possible to include a universal 
resource locator (URL) that points back at the website 
of the data provider. Although these are all the essential 
elements, many users wanted to include richer metadata: 
this gives end users the ability to judge the coverage of 
data in OBIS better, and to assess fi tness for use. For 
this reason, OBIS started collaborating with the GCMD; 
all OBIS - related metadata are visible as a separate col-
lection on their site ( gcmd.gsfc.nasa.gov/KeywordSearch/
Home.do?Portal=OBIS&MetadataType=0 ). One of the 
great advantages of this system is that users can maintain 
their own metadata records through the GCMD web 
interface. OBIS will expand its metadata activities also to 
accommodate metadata in other widely accepted standards 
in use by members of the OBIS community. 

 A taxonomic reference list, including information on 
classifi cation and synonymy, is an essential tool in the 
quality control process of taxonomically resolved data. It 
is needed as a controlled vocabulary, to make sure that data 
from different datasets are not only compatible at the tech-
nical level, but also at the content level. Differently spelled 
names, or differently interpreted taxonomic names, have to 
be reconciled before any analysis of the integrated content 
can be done. 

 The initial website, launched in February 2002, already 
included a taxonomy name service, built in partnership 
with Species 2000 and FishBase. A prototype name service 
provided common name/scientifi c name and synonym 
translation (Zhang  &  Grassle  2003 ). Later versions of the 
portal implemented these taxonomic name services, through 
integration with the Interim Register of Marine and Non -
 marine Genera (IRMNG) (Rees  &  Zhang  2007 ), developed 
by Tony Rees of the Australian OBIS Node. One of the 
objectives was to be able to discriminate between marine 
and non - marine taxa, and between fossil and extant taxa. 
Several providers of data to OBIS do not have a simple way 
of discriminating between these in their databases, so 
IRMNG was conceived as the basis for this fi ltering 
mechanism. 

 A standard register of taxonomic names of European 
marine species (European Register of Marine Species, 
ERMS) was compiled using funding from the European 
Commission Marine Science and Technology research 
program (Costello  et al.   2001 ). ERMS was made internally 
consistent, expanded with a consistent classifi cation, and 
turned into a relational database for use by the European 
OBIS node with support from the EU Network of Excel-
lence MarBEF. Under the aegis of OBIS, ERMS has devel-
oped into WoRMS. WoRMS has nearly 150,000 valid 
species names, of which 68,700 have at least one record in 
OBIS. The OBIS website is now using WoRMS as the 

content of the data exchanged was formatted following the 
Darwin Core format (Vieglais  et al.   2000 ), an extensible 
markup language (XML) - based standard originally devel-
oped at the University of Kansas. Later, the Darwin Core 
was adopted by the Taxonomic Database Working Group 
as one of its standards, and further developed. Several 
 “ extensions ”  of the Darwin Core exist: specifi c user com-
munities have expanded the number of terms defi ned in the 
data exchange format to serve the needs of their commu-
nity better. Also OBIS defi ned an extension (known as OBIS 
Schema), to address the specifi c needs of the oceanographic 
and marine biology community better. For example, one 
of the features of the OBIS Schema is that the location of 
an observation can be ascribed to a set of two points needed 
to defi ne a transect line instead of a sampling point; this 
makes it possible to capture accurately the position of data 
resulting from a trawl. All extensions of the Darwin Core 
are still compatible with the original standard. It is this 
compatibility that forms the basis of the compatibility 
between different content providers and aggregators, and 
that allows OBIS data to be published through GBIF. 

 The original protocol defi ning computer - to - computer 
communication to exchange the Darwin Core data was the 
Z39.50 protocol (Vieglais  et al.   2000 ); this was soon 
replaced with the Distributed Generic Information Retrieval 
(DiGIR; Blum  et al.   2001 ). Originally, the OBIS website 
was built as a pure distributed system, with no data residing 
in the portal server; exception was only made for datasets 
from custodians who did not have a provider service set 
up. All queries to the data provider were performed in real 
time, as the end user was requesting the data through the 
OBIS portal (Zhang  &  Grassle  2003 ). This proved to be 
too slow, and too critically dependent on the availability 
of all providers at all times. For reasons of performance 
and reliability, a system was developed where all available 
data (including a link back to the data provider ’ s own 
website) were stored in a cache, maintained in a database 
at the OBIS secretariat. This cache also made it possible 
to build indices on different sets of polygons, and to cal-
culate summary information for the different taxa (Rees 
 &  Zhang  2007 ). 

 The technology behind the present OBIS system is 
several years old, and in need of an overhaul. Possible tools 
and technology for a new incarnation of OBIS have been 
discussed in the OBIS community and with relevant experts. 
All developments at iOBIS adhere strictly to the relevant 
standards wherever they exist. For geographic information 
system (GIS) and web - based mapping we will work with 
Open Geospatial Consortium (OGC) compliant tools, and 
closely collaborate with the people developing GeoServer. 
Access to OBIS data will no longer be restricted to the 
iOBIS website, with its canned queries, but will also be 
possible through standards - compliant web services. 

 As mentioned above, metadata are an essential element 
of data warehouses. The DiGIR protocol itself carries 



Part VI Using the Data342

8
10
12
14
16
18
20

(A) (B) (C)
R

ec
or

ds
 in

 O
B

IS
 (m

ill
io

ns
)

0
2
4
6

Nov
-10

180

140
160

100
120

80

40
60

0
20

800

600
700

500

300
400

200

N
um

be
r o

f i
nd

iv
id

ua
l

da
ta

se
ts

 in
 O

B
IS

 

0
100A

ve
ra

ge
 re

co
rd

s 
pe

r
da

ta
se

t (
th

ou
sa

nd
s)

 

Apr
-01

Sep
-02

Jan
-04

May
-05

Oct
-06

Feb
-08

Jul
-09

Nov
-10

Apr
-01

Sep
-02

Jan
-04

May
-05

Oct
-06

Feb
-08

Jul
-09

Nov
-10

Apr
-01

Sep
-02

Jan
-04

May
-05

Oct
-06

Feb
-08

Jul
-09

     Fig. 17.3 
    (A)  Number of records in the OBIS cache (millions).  (B)  Average number of records per dataset (thousands).  (C)  Number of individual datasets published 
through OBIS.  

  Table 17.3 

  Largest datasets available through  OBIS . 

   Dataset name     Number of records  

  Marine and Coastal Management  –  Linefish Dataset (AfrOBIS)    2,744,958  

  SAHFOS Continuous Plankton Recorder  –  Zooplankton (The Sir Alister Hardy Foundation)    1,374,170  

  NODC WOD01 Plankton Database    1,275,382  

  European Seabirds at Sea (OBIS SEA - MAP)    1,122,884  

  ICES EcoSystemData (EurOBIS)    735,831  

  SAHFOS Continuous Plankton Recorder  –  Phytoplankton (The Sir Alister Hardy Foundation)    721,833  

  Marine Nature Conservation Review (MNCR) and associated benthic marine data held and managed by JNCC (EurOBIS)    580,008  

  NMNH Invertebrate Zoology Collections (Smithsonian Institution)    533,822  

  Fishbase occurrences hosted by GBIF - Sweden (FishBase)    505,852  

  ECNASAP  –  East Coast North America Strategic Assessment (OBIS Canada)    466,736  

  Northeast Fisheries Science Center Bottom Trawl Survey Data (USOBIS)    460,938  

  North Pacific Groundfish Observer (North Pacific Research Board)    422,150  

  NIWA Marine Biodata Information System (South Western Pacific OBIS)    377,929  

  HMAP - History of Marine Animal Populations    255,774  

  Elephant Seal Sightings, Macquarie Island (Australian Antarctic Data Centre)    221,619  

  ARGOS Satellite Tracking of animals (Australian Antarctic Data Centre)    213,488  

  PIROP Northwest Atlantic 1965 – 1992 (OBIS - SEAMAP)    209,039  

  Marine and Coastal Management  –  Demersal Surveys (AfrOBIS)    201,741  

  Marine benthic dataset (version 1) commissioned by UKOOA (EurOBIS)    175,360  

  USA Environmental Protection Agency ’ s EMAP Database    173,109  
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     Fig. 17.4 
   Number of records in OBIS cache, as a function of time. In most cases, 
this corresponds with the year the observation was made. For historical 
data, this is the estimated year the organism was alive.  

Water and Atmospheric Research (NIWA)). Several other 
datasets are in fact aggregations of many individual datasets 
(for example the WOD01 Plankton database, European 
Seabirds at Sea, benthic data from the Joint Nature Con-
servation Committee of the UK, FishBase occurrence 
records). One of our most valued contributors is the 
SAHFOS, with the data from the CPR. The Smithsonian 
Institution ’ s National Museum of Natural History makes 
the data from its catalogue available, as do many other 
museums. However, the real value of OBIS is in the 679 
datasets that are not listed in this table. The large datasets 
are often available already online, through the website of 
the data provider. But many of the smaller datasets would 
to a large extent be undiscoverable and remain unused, if 
it were not for OBIS.   

 The RONs are instrumental in achieving global cover-
age, and collectively provide about half of the data available 
through OBIS. The African and the European nodes are the 
largest with well over 3 million records each. All of the 
Census projects provide data. The champions here are 
OBIS SEAMAP with nearly 2.5 million data points, Inter-
national Census of Marine Microbes (ICoMM) with 1.5 
million, and Census of Antarctic Marine Life (CAML) with 
900,000. Also, History of Marine Animal Populations 
(HMAP) contributes a substantial dataset, with 250,000 
records and, not surprisingly, extends the time for which 
data are available (Fig.  17.4 ).   

 The map in Figure  17.5  illustrates the very uneven avail-
ability of data within OBIS. Most of the data are from 
coastal waters; the shallow waters of the European Atlantic 
coast, the Pacifi c coast of Alaska, and the Atlantic and Gulf 
of Mexico coasts of the USA are especially well repre-
sented. In open waters, the Northern Atlantic is well 
covered. The large volume of data here is mainly from the 
CPR. The Northern hemisphere is much better covered 
than the southern one; exceptions here are South Africa 
(mainly the west and south coasts), and part of the coast of 
Argentina. The southern Pacifi c is particularly poorly rep-
resented; the southern Atlantic and Indian Oceans also 
represent major gaps in coverage. Some of the mega - diverse 
coastal areas also have a disappointing number of records, 
such as the coral reefs of eastern Africa and the Red Sea, 
and the coasts of the Coral Triangle.   

 The series of maps in Figure  17.6  illustrates that most 
of the data in OBIS are from surface waters. The top - most 
map represents essentially the same information as in 
Figure  17.5 , but at a lower resolution. Consecutive maps 
illustrate the number of records deeper than 100, 500, 
1,000 and 2,500   m. respectively. In all fi ve maps, the ocean 
fl oor shallower than this depth is drawn in light grey, to 
illustrate the amount of seafl oor at this depth. The bottom 
map clearly shows that most of the seafl oor is completely 
unexplored. We hope that this part of the oceans will be 
better represented as the Census deep - sea data become 
available.   

standard source for names of marine species. WoRMS 
provides correct names for the OBIS community and is 
recognized as the marine component of CoL.  

   17.4.2    Content 

 The number of records in the OBIS databases has grown 
according to expectations (though there was a setback from 
November 2007 to May 2008, owing to a change in per-
sonnel; Fig.  17.3 ). The growth in number of records after 
2004 is linear after the initial development phase from 
2002 to 2004. If the current growth can be sustained, OBIS 
will publish over 30 million records by October 2010.   

 An issue worth noting is the size of an average dataset, 
which has been decreasing steadily (Fig.  17.3 ). This trend 
is to be expected, as OBIS has fi rst connected the largest, 
most important databases. Obviously, this has implications 
for future planning for OBIS. Smaller average datasets 
means more work for the same gain. In practice, this will 
necessitate more data management time in OBIS, either at 
the level of the secretariat, or at the RONs, or both. In this 
respect, the linear growth of OBIS content is good news: 
it means that data acquisition and quality control are 
becoming more effi cient. 

 Table  17.3  lists the largest datasets available through 
OBIS. It is gratifying to see two South African datasets in 
the top 20, a clear example of the strength of the RON 
network and the global nature of collaboration within 
OBIS. From the list it is clear that most of the large datasets 
are monitoring datasets, in many cases fi sheries monitoring 
(for example the South African line fi sheries data, several 
fi sheries datasets from the US NOAA, Fisheries and Oceans 
Canada (DFO), and New Zealand ’ s National Institute of 
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   Number of records in OBIS per 1 °     ×    1 °  square of latitude and longitude, corrected for differences in surface area of the squares. Red is high numbers, blue 
low, and white for squares without a single observation.  

 Not surprisingly, there is also a strong bias in taxonomic 
coverage. Larger and commercial species are clearly better 
represented, as is evident from the list in Table  17.4 . Of the 
50 taxa listed, 37 are vertebrates; of these, 11 are birds and 
23 are fi sh. All fi sh in this list are species of commercial 
importance.  Loligo vulgaris reynaudii  d ’ Orbigny, 1845 is the 
lone mollusk on the list, very likely so well represented in the 
database because it is also a commercial species. Apart from 
the data recorded as phylum Chaetognatha, nearly all other 
invertebrates are planktonic crustaceans; for both of these 
groups, this probably accurately refl ects their high abun-
dance in the best - sampled waters of the Northern Atlantic. 
The same is true for the two taxa that are not animals: 
 Chaetoceros  Ehrenberg,  1844 , a genus of diatoms, and 
 Ceratium fusus  (Ehrenberg,  1834 ) Dujardin,  1841 , a dino-
fl agellate. Most of the OBIS records are resolved to species 
(or even subspecies where relevant), but as is apparent from 
the top 50, there are exceptions. In the case of groups that 
are diffi cult to identify such as Euphausiacea, Decapoda, or 
Chaetognatha, this is not completely unexpected.   

 Table  17.5  further illustrates the bias towards larger and 
commercially important species, and refl ects the complete-
ness of our knowledge. The percentage completeness and 
degree of cover is calculated for WoRMS. Because WoRMS 
is not complete, the estimates of the total number of marine 
species compiled by Bouchet  (2006)  are also listed. Fish and 
other vertebrates are virtually complete, and well covered, 
with a high number of records per species. For other 
groups, such as the mollusks, the percentage completeness, 
even measured against WoRMS, is very low; also WoRMS 
is quite incomplete for this very species - rich group. Within 
the mollusks, the cephalopods are well covered, with 
two - thirds of the species having at least one record in OBIS, 
and an average of nearly 500 records per species in WoRMS. 
Bryozoa are poorly represented in both OBIS and WoRMS; 
there are records for only 690 species, where Bouchet 
estimates that there are 5,700 in total.   

 As has been noted before, OBIS is a work in progress. 
There are clear gaps in geographical and taxonomic cover-
age. Some of these gaps no doubt are the result of the 
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uneven distribution of scientifi c work: some places such as 
open oceans and polar seas are diffi cult and costly to 
sample; some groups of organisms are more diffi cult and 
less  “ interesting ”  to study. In these cases, sparse data cover-
age refl ects our uneven knowledge of nature, and could 
provide interesting guidelines to set priorities for future 
work. In other cases, data exist but are not available through 
OBIS. One of the highest priorities is to identify such data-
sets; this inventory will assist in defi ning priorities for data 
assimilation. 

 Missing data are a problem, wrong data are an even 
greater worry. Yet, no data system is without mistakes, 
and that is defi nitely the case for OBIS. For example, a 
2008 study of OBIS content found wrong records for over 
a third of the species present in OBIS (Robertson  2008 ). 
Responsibility for the accuracy of the data in a multi - level 
aggregation system such as OBIS is not a simple issue. 
One argument could be that OBIS is only the publisher 
of the data, and just as it cannot take credit as  “ owner ”  
of the data, it cannot take responsibility for the mistakes 
in it, just like Google cannot be held responsible for the 
information that shows up on its pages (R. Froese, personal 
communication). However, Google does not claim to have 
expertise in the subject matter of all the sites it indexes. 
We like to think that OBIS has a certain degree of com-
petence in biogeography. This makes it possible to imple-
ment at least a minimum level of quality control, which 
is applied to all incoming data and gradually to all data 
retrospectively. OBIS works with its data providers to 
improve the quality not only at the level of the interna-
tional portal, but also at the level of the data provider. 
Of course, no system is perfect, and Robertson ’ s advice 
of  “ caveat emptor ”  should be kept in mind. The best way 
of detecting errors in a database is to work with the data. 
We hope that any user fi nding errors will not be discour-
aged from using OBIS data, but work together with OBIS 
staff at the secretariat and its data providers to improve 
the content.   

   17.5    Using  OBIS  

 OBIS is both a secure repository for data and a ready 
source of data for a growing user community of scientists 
and educators throughout the marine sciences community. 
Education and outreach are being achieved by developing 
modules for use in schools and broadening our end - user 

     Fig. 17.6 
   Number of observations in OBIS deeper than a given depth, per 5 °     ×    5 °  
degree square. Depths are 0, 100, 500, 1,000 and 2,500 m, 
respectively. Ocean floor deeper than this depth is shaded light grey. 
Color coding same as in Figure  17.5 .  
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   Sula capensis      (Lichtenstein, 1823)    88,187  

   Chaetoceros      Ehrenberg, 1844    86,796  

   Paracalanus      Boeck, 1865    85,410  

   Larus argentatus      Pontoppidan, 1763    83,910  

   Seriola lalandi      Valenciennes, 1833    80,819  

   Pterogymnus laniarius      (Valenciennes, 1830)    75,338  

   Euphausia superba      Dana 1850    74,223  

   Thunnus alalunga      (Bonnaterre, 1788)    73,832  

   Oithona      Baird, 1843    71,917  

   Epinephelus      Bloch, 1793    70,147  

   Ceratium fusus      (Ehrenberg, 1834) Dujardin, 1841    65,854  

   Bucephala albeola      Linnaeus, 1758    62,202  

  Decapoda     Latreille, 1803    62,158  

   Hippoglossoides platessoides      (Fabricius, 1780)    61,955  

   Caretta caretta      (Linnaeus, 1758)    59,770  

   Sebastes capensis      (Gmelin, 1789)    58,748  

   Merluccius bilinearis      (Mitchill, 1814)    57,666  

   Rhabdosargus globiceps      (Valenciennes, 1830)    56,889  

   Acartia      Dana, 1846    55,834  

   Squalus acanthias      Linnaeus, 1758    54,570  

   Balaenoptera physalus      (Linnaeus, 1758)    52,209  

   Fratercula arctica      (Linnaeus, 1758)    51,379  

   Larus marinus      Linnaeus, 1758    50,877  

   Oncorhynchus kisutch      (Walbaum, 1792)    50,268  

  Table 17.4 

  Most - recorded taxa 

   Thyrsites atun  (Euphrasen, 1791)    385,547  

   Fulmarus glacialis  (Linnaeus, 1761)    378,807  

   Limanda limanda  (Linnaeus, 1758)    367,976  

   Loligo vulgaris reynaudii  d ’ Orbigny, 1845    319,209  

   Mirounga leonina      (Linnaeus, 1758)    240,640  

   Calanus      Leach, 1816    232,264  

   Argyrosomus      De la Pylaie, 1835    227,182  

   Uria aalge      (Pontoppidan, 1763)    224,180  

   Gadus morhua      Linnaeus, 1758    207,556  

   Pachymetopon blochii      (Valenciennes, 1830)    167,612  

   Rissa tridactyla      (Linnaeus, 1758)    164,598  

  Copepoda         155,452  

   Morus bassanus      (Linnaeus, 1758)    141,322  

   Argyrozona argyrozona      (Valenciennes, 1830)    140,257  

   Merluccius      Rafinesque, 1810    137,734  

  Euphausiacea     Dana, 1852    135,396  

   Merlangius merlangus      (Linnaeus, 1758)    131,017  

  Laridae         128,793  

   Calanus finmarchicus      (Gunner, 1765)    127,848  

   Chrysoblephus laticeps      (Valenciennes, 1830)    112,514  

  Chaetognatha         98,821  

   Atractoscion aequidens      (Cuvier, 1830)    98,354  

   Chrysoblephus puniceus      (Gilchrist  &  Thompson, 1908)    92,439  

   Pygoscelis adeliae      (Hombron  &  Jacquinot, 1841)    91,682  

  Selachii         90,963  

   Cheimerius nufar      (Valenciennes, 1830)    89,892  

community. There is hardly any downtime and the number 
of visitors and records downloaded from the OBIS website 
increases steadily and now averages 80,000 per day (Fig. 
 17.7 ). The OBIS website will continue to host species -
 level links to most other species - referenced marine data-
bases. Through the OBIS website, active (and in most 

cases reciprocal) links at the species level are made with 
CoL, Integrated Taxonomic Information System (ITIS), 
Barcode of Life, FishBase, FAO, and GenBank among 
others.   

 The content of the OBIS database is growing and matur-
ing; it is now possible to use the OBIS database to answer 
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  Table 17.5 

Completeness of  OBIS , per phylum or class.   “ Records ”  is number of records in  OBIS  for taxa belonging to this higher taxon.  “ Species ”  is the number of species 
with distribution records in  OBIS .  “  W  o  RMS  ”  is the number of species in the World Register of Marine Species.  “ %C ”  is the percentage completeness, namely the 
percentage of species in  W  o  RMS  for which there are distribution records in  OBIS .  “ r/s ”  is the number of records per species in  W  o  RMS .  “ Bouchet ”  is the estimate 
in Bouchet  (2006)  of the number of species in this taxon. 

   Taxon name     Records     Species     WoRMS     %C     r/s     Bouchet  2006   

  Nemertina    10,788    253    1375    18.40    7.85    1,180 – 1,230  

  Arthropoda    2,631,678    13023    38,827    33.54    67.78  

  Crustacea    2,593,885    12106    35,559    34.04    72.95    44,950  

  Chelicerata    13,510    694    2627    26.42    5.14    2,267  

  Ctenophora    4,440    21    174    12.07    25.52    166  

  Cnidaria    398,217    5648    11,195    50.45    35.57    9,795  

  Sipuncula    15,801    92    164    56.10    96.35    144  

  Echiura    629    81    203    39.90    3.10    176  

  Entoprocta    236    13    168    7.74    1.40    165 – 170  

  Tardigrada    90    36    171    21.05    0.53    212  

  Rhombozoa    6    5    95    5.26    0.06    82  

  Orthonectida    1    1    25    4.00    0.04    24  

  Rotifera    970    65    194    33.51    5.00    50  

  Gnathostomulida    18    16    99    16.16    0.18    97  

  Bryozoa    69,771    690    1,678    41.12    41.58    5,700  

  Phoronida    5,597    9    11    81.82    508.82    10  

  Brachiopoda    4,578    179    419    42.72    10.93    550  

  Echinodermata    267,894    2906    5,992    48.50    44.71    7,000  

  Hemichordata    6,029    29    108    26.85    55.82    106  

  Vertebrata    1,0829,052    15233    18,942    80.42    571.70  

  Pisces    7,388,961    14546    17,670    82.32    418.16    16,475  

  Aves    2,708,767    475    915    51.91    2960.40  

  Mammalia    584,646    108    162    66.67    3608.93    110  

  Reptilia    93,099    35    105    33.33    886.66  

  Agnatha    7,378    69    90    76.67    81.98  

  Tunicata    153,714    1136    3,141    36.17    48.94    4,900  
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   Taxon name     Records     Species     WoRMS     %C     r/s     Bouchet  2006   

  Cephalochordata    5,549    13    33    39.39    168.15    32  

  Acanthocephala    42    27    142    19.01    0.30    600  

  Gastrotricha    281    173    527    32.83    0.53    390 – 400  

  Chaetognatha    75,429    59    207    28.50    364.39    121  

  Cycliophora    5    1    2    50.00    2.50    1  

  Kinorhyncha    577    49    162    30.25    3.56    130  

  Loricifera    23    8    23    34.78    1.00    18  

  Nematomorpha    5    1    5    20.00    1.00    5  

  Priapulida    1,741    9    20    45.00    87.05    8  

  Mollusca    1,101,758    5383    18,371    29.30    59.97    52,525  

  Porifera    63,380    1325    8,256    16.05    7.68    5,500  

  Platyhelminthes    14,272    315    3,902    8.07    3.66    1,500  

  Nematoda    97,218    2500    5,729    43.64    16.97    12,000  

  Annelida    812,515    4522    12,839    35.22    63.28    12,000  

  Plantae    274,631    2687    8,473    31.71    32.41      

  Rhodophyta    212,527    1854    6,289    29.48    33.79    6,200  

  Chlorophyta    51,890    759    1,811    41.91    28.65    2,500  

  Phaeophyceae    108,696    629    1,996    31.51    54.46    1,600  

  Fungi    10,205    103    571    18.04    17.87    500  

  Protoctista    586,752    1545    6,069    25.46    96.68      

  Ciliophora    39,851    173    1,074    16.11    37.11      

  Rhizopoda    401    30    189    15.87    2.12      

  Foraminifera    88,812    387    1,919    20.17    46.28    1,0000  

  Dinomastigota    380,923    613    1,925    31.84    197.88    4,000  

  Radiolaria    2,044    25    194    12.89    10.54    550  

  Bacillariophyta    628,780    917    2,342    39.15    268.48    5,000  

  Monera    47,033    225    651    34.56    72.25    4800  

  Cyanobacteria    12,329    225    405    55.56    30.44    1,000  
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     Fig. 17.7 
   Number of records downloaded, per day, 
from the OBIS website.  

scientifi c questions and to investigate broad patterns of dis-
tribution of biodiversity. A fi rst series of maps was created 
and distributed through newsletters and conferences (for 
example the LME conference in Qingdao, September 2007; 
Group on Earth Observations (GEO) IV meeting in Cape 
Town, November 2007; Ocean Sciences conference in 
Orlando, March 2008; the October 2007 newsletter of 
Global Ocean Ecosystem Dynamics (GLOBEC)). As an 
illustration, the global map of Hurlbert ’ s Index (es(50), the 
expected number of distinct species in a random sample of 
50 distribution records from the database; Hurlbert  1971 ) 
is reproduced here (Fig.  17.8 ). This is actually the fi rst map 
of biodiversity of all taxa, on a global scale; previous studies 
were restricted either in taxonomic or in geographical 
scope; the OBIS integration of datasets across its many data 
providers makes it possible to present this comprehensive 
picture. A similar analysis formed the basis of maps pub-
lished in National Geographic ’ s  Ocean: An Illustrated Atlas  
(Grassle  &  Vanden Berghe  2009 ). A second application 
of Hurlbert ’ s Index is shown in Figure  17.9 , illustrating the 
latitudinal gradient in species richness.   

 Figure  17.10  illustrates another use of OBIS data. 
Yellow dots are actual observations of lionfi sh ( Pterois 
volitans  (Linnaeus,  1758   )), an invasive species with its 
home range in the Red Sea. Through environmental enve-
lope modeling, the range to which this invader could 
spread can be calculated. The red area in Figure  17.10  
displays the region with similar environmental conditions 
to that in which the species was found, and so might be 
expected to spread. Environmental envelope modeling is 
a good demonstration of the power of data sharing and 
integration. It can combine data from different sources 
of biogeography, and overlay these with physical and 
chemical oceanography data, allowing multi - disciplinary 
analysis. Other potential applications using this and other 

modeling techniques are the study of shifts in species 
distribution in response to global change.   

 Publicly available fi sheries data in OBIS have already 
played an important role in documenting examples of over-
fi shing in the ocean (Worm  &  Myers  2004 ; Baum  &  Worm 
 2009 ). Other examples of use of the database are a study 
of the completeness of our knowledge of fi sh communities 
(Mora  et al.   2007 ), global distribution patterns of Myxini-
dae (Cavalcanti  &  Gallo  2008 ) and of Cephalopoda (Rosa 
 et al.   2008a, b ). It is expected that the number of papers 
based on data obtained from the OBIS database will grow 
rapidly, now that the content of OBIS has suffi ciently 
matured and grown.  

   17.6    Future of  OBIS  

 Participation in OBIS is open to any interested individual, 
country, or organization committed to the long - term main-
tenance of an accessible, relevant, biogeographic database. 
Present members of the federation include the NOPP -
 funded OBIS programs, the Census projects, the RONs, and 
many independent data custodians interested in developing 
ties with the OBIS international system of databases. The 
international OBIS secretariat, through the international 
portal, is responsible for making the entire system interop-
erable, maintaining standards for data exchange, and coor-
dinating data acquisition. Each member of the Federation 
will, in addition to maintaining their own database systems, 
be committing to provide data through the OBIS portal. 
One of the priorities for OBIS at this point is to fi ll some 
of the gaps in the available data by forging relationships 
with more organizations, and to expand the federation. 

 OBIS is one of the main outputs from the Census  –  a 
four - dimensional atlas of marine life, accessible online and 
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   Latitudinal gradient in species 
richness, as measured by Hurlbert ’ s 
index, es(50).  
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     Fig. 17.8 
   Map of Hurlbert ’ s index, es(50)  –  the expected number of distinct species in a random sample of 50 distribution records, calculated per squares of 5 °     ×    5 ° . 
Red indicates high species richness, blue low. White areas are where there are fewer than 50 distribution records in a square.  
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     Fig. 17.10 
   Predicted potential range for  Pterois volitans  (Linnaeus, 1758) (lionfish), an invader from the Red Sea. Yellow dots are actual observed occurrences. Red 
area represents areas with similar oceanographic conditions to the one where the observations were made, and so where conditions might favor the spread 
of this species.  

analyzable to test hypotheses and make predictions about 
diversity, distribution, and abundance of marine life. This 
data system will be used in ocean management, including 
fi sheries, conservation planning, and risk assessment of 
invasive species. Although the Census culminates in 2010, 
OBIS will live on as a major legacy of Census and a com-
munity of practice, maintaining an informatics infrastruc-
ture for managing, researching, and educating about living 
marine resources. OBIS is establishing itself as an integral 
part of the international scientifi c infrastructure. Its regional 
development, as exemplifi ed by the establishment of RONs, 
will ensure that it can serve these needs both locally and 
globally. 

 In June 2009, OBIS was adopted by the IOC of the 
United Nations Educational, Scientifi c and Cultural Organ-
ization (UNESCO) as one of the activities of its IODE 
program. This is a clear recognition by the IOC member 
states that OBIS is part of the international scientifi c infra-
structure, and gives a formal intergovernmental status to 
OBIS activities. This will be important in soliciting resources 

to fund further activities, to attract more data, and to 
achieve wide acceptance of OBIS data in the process of 
environmental decision making. 

 The future data needs of ocean science and ocean 
resource management will require a seamless coupling 
of biological data with physical oceanographic processes. 
This biophysical data framework will be built through 
the active integration of data from a large and diverse 
number of sources, including physical, chemical, and 
biological oceanography. GEO and its Global Earth 
Observation System of Systems (GEOSS) is an interna-
tional federation bringing together relevant players in 
this fi eld. The Global Ocean Observing System (GOOS), 
the marine component of GEOSS, is hosted by the 
IOC. OBIS is poised to play a signifi cant and expanding 
role in GOOS, and to take on the responsibility for 
marine biogeographic information, through involvement 
in GEO ’ s Biodiversity Observing Network (GEO BON). 
Its position within IOC will assist in achieving this 
ambition. 
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 OBIS data have been used for scientifi c purposes, and 
it is expected that this use will grow. Another objective 
of OBIS is to inform management of the marine environ-
ment; for example, OBIS data have been used in the 
preparation of scientifi c background documents for the 
Convention on Biological Diversity through an Interna-
tional Union for the Conservation of Nature (IUCN) 
project to identify areas of special ecological or biological 
signifi cance. If OBIS is to reach its full potential, it needs 
to be made interoperable with data systems on socio -
 economic data, including use data. Although there are 
mature systems that can easily serve as sources for global 
physical oceanography, there seems to be no equivalent 
for socio - economic data. 

 OBIS is now at the stage where it is an essential inter-
national source of data and Web - based tools for defi ning 
habitats, communities, and biogeographical units in the 
marine environment. However, it still is far from a com-
prehensive source for all biogeographic data that have been 
collected; and there are large gaps in the coverage. The 
OBIS portal expects continued growth, and counts on input 
from the international community of OBIS users, including 
the Census National and Regional Implementation Com-
mittees (NRIC) and the Regional OBIS Nodes, to help this 
happen.  
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