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Preface

The goal of the two volumes of the Handbook of
Fish Biology and Fisheries is to help integrate the
study of fish biology with the study of fisheries.
One might not expect these two subjects to need
further integration. However, strong declines in
many fish stocks around the globe, combined with
growing concerns about the impact of fisheries
on marine and freshwater biodiversity, are raising
new questions about aspects of fish biology that
have traditionally dwelt outside mainstream
fisheries research. Thus, fisheries biologists and
managers are increasingly asking about aspects
of ecology, behaviour, evolution and biodiversity
that had traditionally been studied by different
people who attend different conferences and pub-
lish in different journals. By bringing these people
and their subjects together in the two volumes of
this Handbook, we hope to foster a better two-way
flow of information between the studies of fish
biology and fisheries.

A tradition runs through the prefaces of the
other volumes in this series whereby the editors
distance themselves from a literal translation of
the word ‘Handbook’. In keeping with this tradi-
tion, we wish to make clear that this is not a cook-
book of recipes for how to study and manage fish
populations. Instead, we have tried to produce a
pair of reference books that summarize what is
known about fish biology and ecology, much of
which is relevant to assessment and management
of fish populations and ecosystems. Of course,
much of the material in the first volume may never
find applications in fisheries, and that is fine with
us. We encouraged our authors to provide a wide

coverage of fish biology simply because the topics
are interesting in their own right, and because
the borders between pure and applied research are
fuzzy. We therefore decided not to restrict infor-
mation according to its direct relevance to fish-
eries as this subject is understood today. We hope
the result will be of value to undergraduates and
graduates looking for information on a wide vari-
ety of topics in fisheries science. The books are also
aimed at researchers who need up-to-date reviews
of topics that impinge on their research field but
may not be central to it. The information should
also be useful to managers and decision makers
who need to appreciate the scientific background
to the resources they are trying to manage and
conserve.

In the first volume, subtitled Fish Biology, our
introductory chapter explores the underpinnings
of fisheries biology and management by basic
research on fish biology. Part 1 then examines
systematics and biogeography of fishes, including
methods for determining phylogenetic relation-
ships and understanding spatial patterns of diver-
sity. Part 2 examines production and population
structures of fishes, beginning with chapters on
physiology and growth, followed by recruitment,
life histories, migration, population structure and
reproductive ecology. Part 3 considers fishes as
predators and as prey, making use of conceptual
advances in behavioural ecology to link predator—
prey interactions to the environment. In Part
4 we scale up from individual interactions to
communities and ecosystems. The chapters
include comparisons of freshwater and marine
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communities, as well as interactions between
fishes and parasites.

In the second volume, subtitled Fisheries, we
begin with a chapter that considers the human
dimension of fisheries management. Part 1 then
gives background information for fisheries, in-
cluding fishing technology, marketing, history of
fisheries, and methods of collecting and present-
ing data. Part 2 provides fundamental methods of
stock assessment, including surplus production
models, virtual population analyses, methods for
forecasting, length-based assessments, individual-
based models and economics. We have also tried
to consolidate this information by reviewing the
various options available for modelling fisheries,
including the pros and cons of each. Part 3 explores
wider issues in fisheries biology and management,
including the use of marine protected areas, con-
servation threats to fishes, ecosystem impacts and
recreational fishing.

We are very grateful to our 54 authors from 10
countries for their hard work and patience while
we attempted to herd them all in the same general
direction. We also thank Susan Sternberg who first
suggested that we take on this project, and Delia

Xiii

Sandford at Blackwell Science who has overseenit.
The final stages of production have been greatly
helped by two people. Valery Rose of Longworth
Editorial Services worked patiently and efficiently
to shepherd the book through the copy editing and
production stages, and Monica Trigg, did an excel-
lent job with the gargantuan task of constructing
the two indices. Paul Hart would like to thank the
University of Bergen, Department of Fisheries and
Marine Biology, for providing him with space and
support during the final editing of the manuscript.
John Reynolds would like to thank his many col-
leagues at the University of East Anglia and at the
Centre for Environment, Fisheries, and Aquacul-
ture Science (Lowestoft) who have helped build
bridges between pure and applied research.

The editors and publishers are grateful to copy-
right holders for providing permission to repro-
duce copyright material. If any sources have been
inadvertently overlooked, the publishers will
be pleased to rectify this omission at the first
opportunity.

Paul].B. Hart and John D. Reynolds
Leicester and Norwich
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1 Banishing Ignorance:
Underpinning Fisheries with
Basic Biology

PAUL J.B. HART AND JOHN D. REYNOLDS

1.1 INTRODUCTION

Tourists mingle with local people among the
stalls set out by Zachariasbryggen, Bergen,
Norway. Young men and women in bright orange
oilskin overalls, fluent in several languages, sell
fresh crabs (Cancer pagurus), lobsters (Homarus
gammarus), mackerel (Scomber scombrus), cod
(Gadus morhua) and farmed salmon (Salmo salar)
toJapanese, German, British, American and Dutch
tourists. People from Bergen buy their supper as
they pass by during their lunch break. Unseen
by the mill of tourists and locals are the fishers
who started from port at four in the morning to set
their nets, go trawling or lift their crab pots. If you
travel about a kilometre along the western shore of
Vigen, the bay surrounded by the centre of Bergen,
you come to Nordnes, the location of the Institute
for Marine Research, the public aquarium and the
offices of the Norwegian Fisheries Ministry. The
tall building is full of biologists working on fish
stock assessments and on research into the marine
environment. At the Fisheries Ministry the coast-
guard and fisheries officers plan and execute moni-
toring programmes and quota allocations. On the
other side of Vigen can be found the Bergen Fish-
eries Museum as well as the warehouses and facto-
ries of fish processing and distribution firms. On
the southern edge of the city centre, scientists in
the Department of Fisheries and Marine Biology
of the University of Bergen are researching the
ecology of marine organisms, work that underpins
the conservation of biodiversity. This area of

Bergen, covering perhaps 2 km?, contains all the el-
ements of the community that the two volumes of
thisbook are designed to serve. In other parts of the
world the various institutions of fisheries are not
as close to each other as they are in Bergen but the
elements will be some local version of what exists
around Vagen. The heart of the system is the fisher
and the market at which the produce is landed and

sold.

1.2 GLOBAL FISHERIES

According to the United Nations Food and
Agricultural Organization (FAO), there was a
steady increase of fish catches until the middle of
the 1990s when the catch began to level off (Fig.
1.1). Recent work by Watson and Pauly (2001) has
shown that in reality the total marine catch of fish
hasbeen declining by some 10% a year since 1988.
The apparent continued increase until the mid-
1990s was due to inflated catch statistics reported
by China, the world’s biggest fishing nation. This
was thought to be due to local managers being
under pressure to show increased production to
meet the goals of a centralized communist
economy. FAO estimates that 47-50% of the
world’s fish stocks are fully exploited, 15-18%
overexploited and 9-10% depleted (FAO 2000). A
drop in fisheries production in 1998 was primarily
due to the E1 Nino event that took place in 1997-8.
This influenced most directly the Southeast
Pacific region, one of the regions that contributes
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considerably over the past 40 years, increasing
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Fig. 1.2 Capture fisheries production by major fishing
regionsin 1996 and 1998. (Source: from FAO 2000.)
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Table 1.1

Recent trends in world fisheries production and utilization. The data in this table are given without

correction for the inflated catches documented by Watson and Pauly (2001). (Source: from FAO 2000.)

1994 1995 1996 1997 1998 1999

Production (million tonnes)
Inland

Capture 6.7 72 74 75 8.0 8.2

Aquaculture 12.1 14.1 16.0 17.6 18.7 19.8

Total inland 18.8 214 234 25.1 26.7 28.0
Marine

Capture 84.7 843 86.0 86.1 783 84.1

Aquaculture 8.7 10.5 109 11.2 12.1 13.1

Total marine 93.4 94.8 96.9 97.3 90.4 97.2
Total capture 91.4 91.6 935 93.6 86.3 923
Total aquaculture 20.8 246 26.8 288 309 329
Total world fisheries 123 116.1 120.3 122.4 17.2 125.2
Utilization
Human consumption (million tonnes) 79.8 86.5 90.7 93.9 933 92.6
Reduction to fishmeal and oil (million tonnes) 325 29.6 29.6 285 239 304
Human population (x10°) 5.6 5.7 5.7 5.8 5.9 6.0
Per-capita food fish supply (kg) 143 153 15.8 16.1 15.8 15.4

16 kg per person per year in 1997 (FAO 2000; Table
1.1). In developed countries consumption per head
over the same period has risen from 19.7 t0 27.7 kg
per year. Countries at the other end of the wealth
scale have much less fish available, although they
too have experienced a rise in supply from 4.9 to
7.8 kg per person per year. In poor countries fish
can form 20% of a person’s protein intake. African
countries have access to much less fish than do
countries in Southeast Asia (excluding China).

1.3 THE QUEST
FOR KNOWLEDGE

When T.H. Huxley made his infamous remarks in
1883 about fish being too fecund for their numbers
ever to be influenced by fishing, he was showing
supreme confidence in his knowledge of fish and
their biology. This confidence meant that others
had to work hard to collect information before he
could be proven wrong (see Smith, Chapter 4, Vol-
ume 2). We now realize that uncertainty about fish
biology and fishing systems is inherent and has to

be taken into account at all times. Uncertainty
comes in different forms and has been categorized
by Charles (1998) into three types: (i) random fluc-
tuations, (ii) uncertainty in parameters and states
of nature and (iii) structural uncertainty. The latter
can be put more bluntly as ignorance; we just do
not know how the system works. Ecology is a dif-
ficult subject, especially when the species under
study is not easy to see and its population dynam-
ics display unpredictable fluctuations, a phenome-
non widespread in the natural world. Uncertainty
in parameters and in the state of nature can now be
embraced by various estimation procedures, rang-
ing from simulation methods to Bayesian statis-
tics to fuzzy logic (Wade 2001). When all else fails,
we may have to tackle structural uncertainty by
learning more about the system.

The first volume of this book reviews the extent
of our knowledge about many aspects of fish
biology, while the second volume integrates this
knowledge with descriptions of a wide range of
topics in fisheries biology and management, from
how fish are caught to methods for assessing their
populations and predictingimpacts of exploitation
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on the targeted species and their ecosystems. In ef-
fect, the first volume tries to show what we know
and to demarcate the limits of structural uncer-
tainty about basic biology. Along the way the au-
thors also show the degree to which our knowledge
is plagued by the other two sources of uncertainty.
Some of the chapters inevitably overlap and the
different viewpoints on the same part of nature are
reminiscent of a passage from John Steinbeck’s
(1952) foreword to Between Pacific Tides by his
friend Ed Ricketts. He wrote: ‘There are good
things to see in the tidepools and there are exciting
and interesting thoughts to be generated from the
seeing. Every new eye applied to the peep hole
which looks at the world may fish in some new
beauty and some new pattern, and the world of the
human mind must be enriched by such fishing.’
We think that these different viewpoints are
important as they illustrate how there is often
not enough known of an ecosystem or species to
allow a definitive account to be given.

Structural uncertainty is meat and drink to
the scientist. Problems are rarely solved entirely,
because we are always uncovering new layers of
complexity. The view is often expressed that we
really need to do more research on this or that
problem so that we can better understand what is
going on and therefore be in a better position to
manage it. To a point this is true, but as Ludwig
etal. (1993) wrote:

Recently some of the world’s leading ecolo-
gists have claimed that the key to a sustain-
able biosphere is research on a long list of
standard research topics in ecology. Such a
claim that basic research will (in an unspeci-
fied way) lead to sustainable use of resources
in the face of a growing human population
may lead to a false complacency: instead
of addressing the problems of population
growth and excessive use of resources, we
may avoid such difficult issues by spending
money on basic ecological research.

There is a danger that those interested in fisheries
management and conservation will not know
when to stop in the quest for more knowledge.

These two volumes show that we do know a great
deal about fish biology and ecology, yet the world’s
fish stocks are still being reduced mercilessly. The
problem is that knowing about the resource is
not enough. As Walters (1986) has said, fisheries
management is more about managing people than
ecosystems, a point that we return to in our intro-
duction to the second volume.

With two volumes composed of 34 chapters
written by 54 people, we hope we have provided a
holistic view of fisheries science. In this chapter
we want to draw attention to our reasons for in-
cluding the chapters we have in the first volume. In
addition we also try to show how the study of com-
mercial fish populations has led to new insights
in many basic areas of biology and ecology. The
early years of fisheries science created a discipline
that was considered very separate from the rest
of biology (Graham 1956). The need to tackle
practical problems often made it hard for fisheries
scientists to contribute to the literature on basic
ecology. Despite this, scientists such as Hjort,
Hardy, Beverton and Holt (see Smith, Chapter 4,
Volume 2) left a lasting legacy in ecology as well as
in the specialist field of fisheries.

1.4 PART 1: BIODIVERSITY

This volume starts with two accounts that tell
us what fish there are, how we determine which
taxa are related to one another, and where they
can be found (Gill and Mooi, Chapter 2; Mooi and
Gill, Chapter 3). These are fascinating studies in
their own right, and the information also under-
pins several aspects of fisheries science. For exam-
ple, recent work that attempts to predict which
species are likely to be vulnerable to exploitation
has used phylogenetic information to guide com-
parisons of responses to fishing. Common respon-
ses could be due to close taxonomic relatedness
and this component needs to be accounted for
explicitly (see Reynolds et al., Chapter 15, Volume
2). Without this systematic knowledge, it would
notbe possible to make the comparisons necessary
to derive rules of thumb telling us which species
are likely to be vulnerable to exploitation and
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which will be robust. Similarly, Hutchings (Chap-
ter 7, this volume) makes comparisons of life-
history variation in well-defined taxonomic
groups. Furthermore, Rickman et al. (2000)
showed that variation in recruitment depends in
part on fecundity, but this relationship only be-
comes apparent when comparisons are made be-
tween populations of the same species. Good
systematics is also necessary for the analysis of
substocks within species as described by Ward
(Chapter 9, this volume). Finally, data collection,
as described by Evans and Grainger (Chapter 5, Vol-
ume 2), and stock assessment (Sparre and Hart,
Chapter 13, Volume 2) are only possible if species
can be identified. Many tropical fisheries suffer
from poor knowledge of the systematics of the ex-
ploited fish. For example, the trawl fishery on Lake
Malawi catches 177 different taxa, most of which
are unnamed (Turner 1995). We can say without a
doubt that all the methods described in Volume 2
require good systematics at the species or stock
level.

Knowledge of biogeography not only allows us
to know where important species are found but
also shows up hotspots of diversity where conser-
vation measures may be particularly needed.
Biogeographical knowledge also defines the type
of fish fauna expected from different habitats.
Polunin and Pinnegar (Chapter 14, this volume),
Persson (Chapter 15, this volume) and Jones et al.
(Chapter 16, this volume) deal with the dynamics
of communities in different biogeographical
zones.

Knowledge of contemporary distributions will
be increasingly useful as fisheries biologists are
required to pay more attention to the influence
of climate change. This process will influence
the distribution of fish, and knowledge of present
biogeographical limits makes it possible to iden-
tify sensitive species. An example is the North
Sea stock of cod (Gadus morhua), which is at
the southern limit of the species’ distribution
(O’Brien et al. 2000). Recruitment is poor in
warm years. Should the North Sea continue to get
warmer it will become harder for the cod to main-
tain its current distribution and the limited area
closures employed in the spring of 2001 to protect

the fish from exploitation during spawning may
not be enough.

1.5 PART 2:
PRODUCTION AND
POPULATION STRUCTURE

Sustainable fishing is maintained by the growth
and reproductive output of individual fish. Growth
is governed by physiological ability to cope with
environmental challenges. Some of the physiolog-
ical mechanisms that fish have for living in water
are described by Brix (Chapter 4, this volume). Fish
stocks are often divided into local subunits, with
their own adaptations to local conditions. A good
example of this is provided by the different haemo-
globin genotypes possessed by cod that live close
to the Norwegian coast. Brix describes how these
genotypes are linked to temperature-sensitive
oxygen-binding properties of the haemoglobin
molecule, which adapt fish to the conditions
in which they live. The haemoglobin genotypes
also have an influence on competitive behaviour
(Salvanes and Hart 2000). The temperature sensiti-
vity of the haemoglobin genotypes links back to
the comments made earlier about cod being at
their southern limitin the North Sea. Fish are fine-
tuned to the particular conditions they face and
knowledge of physiology will make it possible to
predict which fish will suffer or benefit from a
warming of the seas. Similarly, the physiological
and behavioural attributes of fishes will determine
how they can respond to pollution in estuaries and
the nearshore environment (Jones and Reynolds
1997).

In the next chapter, Jobling (Chapter 5, this
volume) discusses the processing of energy and
its consequences for growth. Jobling also describes
the way in which a fish develops and the models
that can be used to predict growth. The model
of growth that is used most often is the von
Bertalanffy equation, which pops up in many
analyses of stock production. One interesting de-
velopment is by Schnute and Richards (Chapter 6,
Volume 2), who show how a generalized version of
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this model can also be used to describe population
growth.

From individual productivity we move on to
population productivity. Myers (Chapter 6, this
volume) describes the pattern of recruitment in a
range of species and discusses what is known about
the causes of variation. This is a key question in
fisheries science (Cushing 1996). Myers’ chapter
underpins Chapters 6-13 in Volume 2, which deal
with aspects of stock assessment and modelling.
A key issue for the conservation of stocks and for
rebuilding those that have been overexploited is
whether stocks at low abundance have the ability
to produce enough offspring to regenerate the
stock (compensatory reserve). An analysis of 246
fish populations has shown that the maximum
annual reproductive rate, determined at the origin
of the stock-recruit curve, isbetween 1 and 7. This
assumes that the stock-recruit curve goes through
the origin and implies that there are no disruptions
to the reproductive process as the spawning stock
becomes very small (the Allee effect). Frank and
Brickman (2000) showed that this Allee effect
can exist at the subpopulation level and this may
be obscured if data are aggregated from several
subgroups.

The study of life histories (Hutchings, Chapter
7, this volume) follows naturally from studies of
recruitment. For example, an important link be-
tween fishing and recruitment is the size and age at
which fish become sexually mature. These depend
on growth rates and other components of life histo-
ries that schedule reproduction in relation to the
lifespan. A major determinant of this schedule is
the stage at which the animal experiences the most
severe mortality. Law (1979) showed theoretically
how increasing the mortality at some particular
age would lead to the evolution of increased repro-
ductive output in the years before that mortality
occurred. This may lead to a reduced age at
maturity. A recent review by Reynolds et al. (2001)
has shown that large late-maturing fish are the
mostvulnerable to exploitation. Thus, itisnot sur-
prising that other studies discussed by Hutchings
have shown that the principal life-history changes
due to fishing are reduced size and age at maturity.
These may be plastic responses of the growth

process or evolutionary responses mediated by
gene frequency changes.

One aspect of life histories reviewed by
Hutchings (Chapter 7, this volume) concerns
relationships between characteristics such as body
size, body growth rate, natural mortality rate and
length of first reproduction. These relationships
were first studied by Beverton and Holt (1959) and
have since been formalized and extended to other
taxa by Charnov (1993). These life-history invari-
ants have proved useful for predicting the vulnera-
bility of populations to fishing (Pope et al. 2000).
Likewise, Roff (1981, 1984) did pioneering work
on the lifetime allocation of energy to growth and
reproduction and concluded in the earlier paper
for the Pleuronectidae that reproductive lifespan
within the group was not a response to variations
in reproductive success but to variations in the age
at maturity. Researchers such as Charnov (1993)
and Charlesworth (1994) have since developed
these early studies of aspects of life histories into
modern life-history theory, which is applicable
to a wide range of sexually reproducing species.

Life histories and recruitment feed into migra-
tion, reviewed by Metcalfe et al. (Chapter 8, this
volume). Indeed, this chapter shows that migra-
tion is a fundamental facet of the life histories
of many commercially important fish species. In
diadromous species, the life history has become
split between two habitats, one of which is better
for feeding and the other for reproduction. Salmon
species provide classic cases of this lifestyle. Mi-
gration also makes them particularly vulnerable to
fishing, because they must pass through a narrow
bottleneck on their way to spawn, and to environ-
mental degradation through silting of spawning
grounds and general deterioration in water quality
(see Reynolds etal., Chapter 15, Volume 2).

Information on migration is essential for the
management of many stocks. The movements of
the fish will determine where the fishing boats
will be. The way in which fishing effort is applied
to the stock will be determined by this spatial cor-
relation and should be incorporated into models
(see Sparre and Hart, Chapter 13, Volume 2). An
understanding of animal movements is also funda-
mental to the success or failure of marine pro-
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tected areas (see Polunin, Chapter 14, Volume 2).
Forexample, the closure of 40% of the North Sea to
cod fishing in the spring of 2001 is a sign that very
large areas have to be enclosed if a marine pro-
tected area is designed to conserve a species
that migrates over large distances. Indeed, many
biologists are sceptical about whether even this
area of closure was sufficient to have had appreci-
able conservation impacts on the stock.

From migration we move on to a review of
population genetic structure of fish stocks (Ward,
Chapter 9, this volume). Stocks used to be identi-
fied by morphological characters such as the num-
ber of vertebrae or the number of fin rays in dorsal
or other fins, in conjunction with tagging studies.
Ward reviews the modern molecular methods that
are now used, often in conjunction with advanced
technology to track fish migrations (see Metcalfe
et al., Chapter 8, this volume). The increasing evi-
dence of the importance of substock structure in
fish populations provides a growing market for this
information. Molecular methods are also helping
to determine relationships among taxa that can
then be compared to understand population char-
acteristics while taking into account phylogenetic
relationships (Reynolds et al. 2001). Ward also
describes uses for new molecular techniques, such
as identifying fishes or fish parts in markets, and
identifying endangered species offered for sale
in disguised form. A recent guide to Australian
seafood contains a cellulose acetate-based finger-
print for each of 380 species.

The final chapter in Part 2 rounds out the re-
views of various aspects of production and pop-
ulation structure with a review of reproduction
(Forsgren et al., Chapter 10, this volume). Tradi-
tionally, models in fisheries science have assumed
that behavioural aspects of reproduction are not
important. Cushing (1968) in his book on fisheries
biology devotes just one sentence to the spawning
behaviour of the Norwegian cod in Vest Fjord, in
the Lofoten Islands: ‘The male fish arrive in the
Vest Fjord first, and spawning takes place in the
midwater layer where the fish are caught by drift
nets, long lines and purse seines . . .". Subsequent
work has led Nordeide and Folstad (2000) to
argue that cod may have a lekking system, which

implies considerable behavioural complexity. De-
tails such as this can be important in understand-
ing spatial vulnerability of individuals, as well
as reproductive success. For example, Chapter 10
(this volume) shows how fertilization mode, aggre-
gation behaviour, sex changes and sperm limita-
tion all determine vulnerability to Allee effects
(depensation). In the many reef species that under-
go sex change, impacts of fishing on the popula-
tions depend on the cues that determine sex
change. Fisheries typically remove the largest
individuals, and in many wrasses and groupers
these are males that had been females when they
were younger. If sex change is flexible according to
the females’ perceptions of presence or absence of
males, the loss of males to the fishery may be re-
placeable. But if sex change occurs at a fixed size,
males may not be replaced fast enough, and sperm
depletion is possible.

1.6 PART 3: FISH AS
PREDATORS AND PREY

Three chapters on feeding ecology illustrate the
truth of Steinbeck’s observation about how differ-
ent people see the world in different ways depend-
ing upon which ‘peep hole’ they use. Mittlebach’s
view in Chapter 11 (this volume) of predator-prey
relationships is very much influenced by the theo-
retical structure that he employs to understand
trophic ecology and habitat use. He is interested in
explaining the ways that interactions between fish
species in freshwater lakes can be predicted from
a knowledge of the costs and benefits of different
prey types. The view of Juanes et al. in Chapter 12
(this volume) focuses more clearly on the perspec-
tive of fish as predators, with most attention paid
to the way in which feeding habits shape the life
histories, body form and ecology of predators.
Krause et al. in Chapter 13 (this volume) take
the prey’s point of view, emphasizing how their
ecology and behaviour are moulded by predation
pressure.

All three foraging chapters take advantage of
huge advances in our understanding of foraging
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theory through the application of optimization
methods (Stephens and Krebs 1986; Giraldeau and
Caraco 2000). They feed directly into the trophic
models of fisheries, reviewed in the second volume
by Pauly and Christensen (Chapter 10, Volume 2),
as well as multispecies virtual population analysis
reviewed by Shepherd and Pope (Chapter 7,
Volume 2). For example, details of predatory
behaviour determine the shape of the ‘functional
response’ of diet choice inrelation to availability of
alternative prey types (see Juanes et al., Chapter
12, this volume). The shape of this relationship is
important in multispecies models of fisheries.
The basic research into prey choice and habitat
choice reviewed by our triumvirate of chapters
also feeds into our understanding of the role of
piscivores in trophic webs (Chapters 14-16, this
volume). For example, in freshwater systems,
predation on planktivorous fish species can lead to
trophic cascades. This information has been used
to improve water quality in many freshwater
ecosystems through biomanipulation. Although it
is unlikely that marine systems could be managed
in the same way because of differences in scale,
fishers have changed the structure of marine food
webs by reducing the abundance of large organ-
isms in much the same way as piscivores reduce
the abundance of planktivores (see Pauly and
Christensen, Chapter 10 and Kaiser and Jennings,
Chapter 16, Volume 2). Another market for the
information on foraging behaviour (Chapters 11
and 12, this volume) is in stocking programmes
designed to boost freshwater sport fisheries (see
Cowx, Chapter 17, Volume 2). We need to be able
to predict the likely benefits for anglers and the
environmental damage that may be caused by
stocking programmes (see Reynolds et al., Chap-
ter 15, Volume 2). The chapter by Krause et al.
(Chapter 13, this volume) looks specifically at the
antipredator adaptations of fish that can lead to a
species being very vulnerable to fishing. For exam-
ple, schooling behaviour, which is so effective
against the attacks of individual fish predators, is
a disadvantage in the face of fishing. Schooling
makes it relatively easy for purse seiners (Misund
et al., Chapter 2, Volume 2) to find fish using long-
range sonar and to catch species such as mackerel

(Scomber scombrus) and herring (Clupea haren-
gus). Schooling behaviour also makes catch per
unit effort (CPUE) useless for estimating the abun-
dance of the stock as high CPUE is observed until
the stock is virtually extinct. The catch rate of
large aggregations of cod off Newfoundland re-
mained constant at 1.5% of all cod catches right up
until 1992 when the stock collapsed (Hutchings
1996).

1.7 PART 4:
FISH IN ECOSYSTEMS

The final four chapters of this volume take the
details of behavioural interactions involving fish
as predators and prey (Part 3) and scale them up
to understand community ecology. Polunin and
Pinnegar (Chapter 14) focus on marine food
webs, Persson (Chapter 15) examines freshwater
communities and Jones et al. (Chapter 16) make
explicit comparisons between these habitats. An
important theme that emerges is that as fish grow
their niche changes so much that the young and
adults inhabit different worlds. Thus, in Swedish
lakes the interactions between European perch
(Perca fluviatilis) and roach (Rutilus rutilus) are a
mixture of competition and predation that depend
on the age and size of the interacting fish. A similar
relationship holds for cod and gobies (Gobiusculus
flavescens) in Norwegian fjords. When cod are
small they compete for food with gobies but gobies
are eaten by larger cod (A.G.V. Salvanes, personal
communication). The same is true of the large-
mouth bass (Micropterus salmoides) and blue-
gill sunfish (Lepomis macrochirus) in North
American lakes. This information is critical for
the implementation of multispecies models (see
Shepherd and Pope, Chapters 7 and 8, Volume 2)
and ecosystem models (see Pauly and Christensen,
Chapter 10, Volume 2).

The final chapter of the first volume presents a
detailed examination of fish parasites (Barber and
Poulin, Chapter 17). The mixture of pure and ap-
plied research reviewed here includes evidence
that parasites can change behaviour and drive
population events. For example, threespine stick-
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lebacks infected with Schistocephalus solidus are
more likely to take risks when feeding near preda-
tors than are uninfected individuals (Milinski
1984). Likewise Milinski (1982) found that com-
petitive interactions between sticklebacks were
altered by parasite load. That parasites seem able
to drive population cycles was shown by Kennedy
et al. (1994) for Ligula intestinalis infecting roach
in a lake in Devon, UK. For marine populations,
there is little evidence for this type of popula-
tion effect, although Holst et al. (1997) have shown
that there is a possible link between abundance
of Norwegian spring-spawning herring (Clupea
harengus) and infections of the fungal parasite
Ichthyophorus sp.

Parasites in fish can endanger human health.
Herring often contain the nematode worm
Anisakis simplex. The preparation of pickled her-
ring, particularly popular in Scandinavia and the
Netherlands, does not always kill the parasite in
the fish flesh and the worm can be passed on to the
human consumer, sometimes finding its way to
the brain. Such infections can seriously under-
mine marketing efforts to persuade people to eat
more fish (see Young and Muir, Chapter 3, Volume
2).

One of the biggest problems on salmon farms
in Norway and Scotland has been the sea louse
(Lepeophtheirus salmonis). Estimated costs to the
industry vary widely but are likely to exceed £20
million a year in both Scotland and Norway. Low
fish growth, stock losses and a reduced price at har-
vest cause these costs. In addition the farmerhas to
pay for monitoring and treatment, which can have
severe environmental impacts. At present, efforts
are being made to use wrasse (Labridae) to act as
cleaners so reducing the need to use chemical
treatments. The study of parasites is one area in
fisheries science where there is little argument
over the need for basic biological information.

1.8 IGNORANCE

BANISHED?

As this chapter has outlined, the principal purpose

of Volume 1 of the Handbook is to provide the bio-
logical basis for the tools of management and con-
servation described in Volume 2. Along the way,
we have allowed ourselves (and our authors) the
luxury of following paths that have led through
a considerable amount of additional background
information that may never find its way directly
into fisheries management, but which enriches
our overall understanding of fish biology. We will
never reach the limits of our ignorance about the
way the fish world works but in the context of
management we donot need to know everything.

How much do we need to know? Ludwig et al.
(1993) present the case that it is silly to always
argue that we cannot act to manage stocks sustain-
ably until we have more information. However,
we cannot divorce the management of fishers from
the biology of their prey. As fish stocks have
collapsed, the search for solutions has led to new
questions. As Hutchings (2000) has noted, many
of these concern ecology and evolution, subjects
that are reviewed in this first volume. Hutchings
draws examples of questions from the collapse and
slow recovery of Atlantic cod along the eastern
Canadian coast, to which we can add a few of
our own. Could the slow rate of recovery be due
to changes in mating behaviour and Allee effects
(depensation) at small population sizes? What
new predator—prey relationships might be in place
now that the fish occur at less than 5% of their
population biomass of 30 years ago? Have eco-
system shifts occurred that hinder recruitment?
What is the role of habitat disturbance? Are
temperature changes important? Have there been
evolutionary impacts on the populations? How
many populations are there, and what kind of
source-sink dynamics might be involved in popu-
lation recovery?

Few of these questions were being asked in any
fishery 10 or 15 years ago. They are common now,
and we do need the answers for effective manage-
ment of many fish populations and ecosystems.
How large should a marine reserve be and how
close should it be to other reserves (see Polunin,
Chapter 14 and Reynolds et al., Chapter 15, Vol-
ume 2)? How will our management of one species
affect populations and yields of others (see Pauly
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and Christensen, Chapter 10 and Kaiser and
Jennings, Chapter 16, Volume 2)? How can we esti-
mate natural mortality rates of target species, in
order to make accurate forecasts from models (see
Shepherd and Pope, Chapter 7, Volume 2)? How do
life histories, behaviour and economic value affect
vulnerability to extinction (see Reynolds et al.,
Chapter 15, Volume 2)?

Many of the contributors to these two volumes
have never worked alongside one another before.
We hope that these two volumes will help to bridge
the gap between pure and applied research, leading
to a productive dialogue between those who study
fish biology for different reasons but whose inter-
ests may have more in common than they realize.

1.9 CONCLUSIONS

We have tried in this chapter to illustrate how
the material in the 17 chapters of Volume 1 of this
Handbook can be used for an intelligent applica-
tion of the methods covered in Volume 2. Fisheries
scientists are often accused of being so preoccu-
pied with the details of stock assessment that they
forget about individual interactions by fish within
stocks as well as connectivity between stocks and
the rest of the ecosystem. We hope that the infor-
mation in this volume will be of interest for its
own sake, and for helping to put ecology and evolu-
tion back into fishery science and management.
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2 Phylogeny and Systematics of Fishes

A.C. GILL AND R.D. MOOI

2.1 INTRODUCTION

The term ‘fish’, in the conventional sense, refers
to craniate animals (i.e. hagfishes and vertebrates)
that are aquatic, with permanent gills borne on
pharyngeal pouches or arches, median fins sup-
ported by cartilaginous or bony rays, and usually
paired fins but never limbs bearing digits. Fishes
represent a diverse group that includes over 25000
extant species, or roughly half of the Craniata (J.S.
Nelson 1994; Helfman et al. 1997; Lundberg et al.
2000). However, as so defined, they do not consti-
tute a ‘natural’ or monophyletic group (see below)
because they do not share a common ancestor ex-
clusive of the Tetrapoda (reptiles, birds, mammals
and amphibians).

Systematics, or phylogenetic systematics, is
the field of biology involved with the investigation
of phylogenetic relationships and classification of
organisms. Cladistic methods have come to domi-
nate systematic investigation over the past few
decades, and for this reason, as well as our own
subscription to this method, we write this chapter
from a cladistic perspective.

The aims of this chapter are (i) to outline meth-
ods of inferring phylogenetic relationships among
organisms and of classification focusing on cladis-
tics; and (ii) to provide an overview of higher fish
taxa that includes brief details of taxonomic diver-
sity, habits and general distribution, and to direct
the reader to literature that details relationships
within and among such taxa.

2.2 PHYLOGENETIC
METHODS AND
CLASSIFICATION

Over the last 40 years, three main methods have
vied for support as techniques that can be used to
classify and infer relationships among organisms:
(i) numerical taxonomy or phenetics; (ii] evolu-
tionary taxonomy; and (iii) cladistics or phyloge-
netic systematics. Space constraints donot allow a
detailed discussion or comparison of these meth-
ods; we offer only a brief contrast, mainly to aid the
reader in interpreting our discussion of fish orders
and their interrelationships. Numerous publica-
tions discuss and contrast the three methods in
much greater detail (e.g. Hennig 1966; G.J. Nelson
1972; Nelson & Platnick 1981); much of the debate
regarding the aims of systematics was played out
in the journal Systematic Zoology (now Syste-
matic Biology) during the 1970s. Moreover, debate
about methods in cladistics continue, particularly
in the journal Cladistics (journal of the Willi
Hennig Society). The interested reader should
consult these references.

The three methods differ fundamentally in how
characters are analysed and how taxa are classified
(Fig. 2.1). Characters are the observable parts or at-
tributes of organisms, and are effectively the units
of systematic analysis. Obviously, in order that
characters may be used to differentiate taxa, they
must vary; that is, they must express two or more
character states. Numerical taxonomy is based on
a concept of overall similarity, whereupon rela-
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tionships are inferred without regard to whether
character states are derived (apomorphic) or primi-
tive (plesiomorphic). For example, given the sim-
ple matrix in Fig. 2.1, a pheneticist would infer a
close relationship between taxa B and C, because
these taxa possess the same character states for
two characters (Y and Z), whereas only one charac-
ter (X) suggests an alternative close relationship
between taxa A and B. A resulting phenetic classi-
fication would place taxa B and C in a more general
taxon that excludes taxon A. Complex statistical
methods are typically used in phenetic studies and
the development of phenetics coincided with the
development of computer technology; in particu-
lar, cluster analyses are often used, usually in asso-
ciation with large arrays of characters under the
assumption that this leads to greater objectivity.
Nevertheless, relationships generated by phenetic
methods are concerned with general similarity
rather than genealogy, and have mostly fallen out
of favour with systematists. They do persist in cer-
tain fields, however, particularly in biochemical
systematics, illustrated by analyses based on ge-
netic distance.

Cladistic methods, which were first formulated
by Hennig (1950; later revised and published in
English, Hennig 1966), differ from phenetic
methods in giving importance only to derived
(apomorphic) character states. The presence of a
given apomorphic state in two or more taxa
(synapomorphy) is evidence of common ancestry.

A B C C B A
Taxa X Y Z
A T 1 1
B 1 0 0
C 0 0 O

(@) (b)

Fig.2.1 Matrix of three characters (X, Y and Z) for three

taxa and the relationships inferred using (a) phenetic and
(b) cladistic methods. 0, Plesiomorphic character states;
1, apomorphic character states.

This conclusion is based on a concept of parsi-
mony: in the absence of evidence to the contrary,
such as a conflict with other characters (see below),
it is more parsimonious to conclude that a de-
rived character state has evolved once in a com-
mon ancestor with inheritance by descendant taxa
than to conclude multiple independent origins of
the apomorphy. The shared presence of primitive
(plesiomorphic) characters (symplesiomorphy)
neither refutes nor supports common ancestry.
Moreover, the presence of apomorphic characters
in a single taxon (autapomorphy) does not con-
tribute to an understanding of that taxon’s rela-
tionships to other taxa. Thus, in the matrix given
in Fig. 2.1, only one derived character (X) is shared
by two taxa (A and B), leading to a conclusion that
these are sister taxa. The apomorphic states for
characters Y and Z are found only in taxon A,
and do not contribute to an understanding of its
relationships to the other taxa. However, notions
of synapomorphy, autapomorphy and symple-
siomorphy are dependent on perspective, on the
level of generality of the analysis at hand. For
example, if we consider that taxon A is a family
consisting of multiple species, the apomorphic
states (1 in Fig. 2.1) for characters Y and Z, which
we have already indicated are autapomorphies of A
in an analysis of the relationships of A, Band C, are
also synapomorphies uniting the various species
in the family A together; but they are also symple-
siomorphies, and so uninformative, in an analysis
of relationships among the species in A.
Phylogenies are inferred from hierarchically
distributed synapomorphies. However, in reality,
there is almost always conflict among charac-
ters; apparent synapomorphies may suggest dif-
ferent phylogenetic relationships. Phylogenies
are constructed, usually with the aid of computer
algorithms, such that conflict between assumed
synapomorphies are minimized under a parsi-
mony argument; thus trees with minimal length,
which are those requiring the fewest character-
state changes and therefore assumptions about
convergence or homoplasy, or apparent loss of apo-
morphies, are favoured. As such, cladistic analyses
can also be viewed as tests of character-state ho-
mology: assumed synapomorphies that fail to diag-
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nose monophyletic groups (see below) are non-
homologous; conversely, those that do diagnose
monophyletic groups are homologous (Patterson
1982, 1988; de Pinna 1991; G.J. Nelson 1994).

Cladistic classifications differ from phenetic
ones in that only monophyletic taxa (clades) are
recognized: these can be viewed as groups that
include an ancestor and all of its descendants. In
contrast, pheneticists may also recognize para-
phyletic taxa (grades) in their classifications: these
are groups that exclude one or more of an ances-
tor’s descendants such as a taxon consisting of B
and C in Fig. 2.1. In short, cladistic methods effec-
tively equate the terms ‘synapomorphy’, ‘homo-
logue’, ‘relationship’ and ‘taxon’.

The third method, evolutionary taxonomy, is
more difficult to describe because itis not a unified
method. Usually, evolutionary taxonomists em-
ploy cladistic methods for inferring phylogenetic
relationships, though often invoking assumptions
about the evolution of character states, but depart
from cladistics in often recognizing paraphyletic
taxa. Such taxa are recognized to reflect perceived
gaps in evolution. Thus, an evolutionary taxono-
mist may infer the same relationships as a cladist
for the example given in Fig. 2.1, but may conclude
the same classification as a pheneticist (i.e. two
taxa: A, B+ C)if the autapomorphies of A were per-
ceived as sufficient to place it in a different taxon
from B + C. Recently, in discussing the classifica-
tion of tunas and billfishes, Carpenter et al. (1995)
defended the use of evolutionary taxonomic
methods, arguing that they led to greater stability
of taxonomic nomenclature.

In short, the primary objectives of systematics
are to (i) discover characters; (ii) investigate their
distributions; (iii) determine the phylogenetic re-
lationships (hierarchical pattern)implied by (i) and
(ii); and (iv) establish classifications that reflect the
relationships in (iii). These objectives represent
significant challenges. Our understanding of char-
acter distributions is often hampered by tradi-
tional classifications and views of relationships as
illustrated in our discussion of acanthomorph
fishes. In some sense assumptions are always
made about the distribution of characters, because
we lack the resources to investigate their real geo-

graphical, temporal and ontogenetic distribution.
We are also limited in our understanding by the
historical basis of the characters under investi-
gation. Most systematists have concluded that
cladistic methods presently offer the best solution
forboth inferring phylogeny and constructing clas-
sifications. Our treatment of fish classification in
this chapter reflects this cladistic approach.

2.2.1 Typesofcharactersin
fish systematics

For fishes, osteological and external characters
have dominated historically, at least in part be-
cause they are most easily studied, particularly in
fossil specimens. It is therefore not surprising that
most higher taxa are diagnosed mainly or entirely
by such characters. The modern discovery and
survey of osteological characters has been greatly
enhanced by the relatively recent development
of improved methods for preparing specimens
(Taylor 1967; Dingerkus and Uhler 1977; Taylor
and Van Dyke 1985).

Muscles, particularly those operating the jaws,
have received a reasonable level of investigation
for character analyses, and have also played a role
in determining topographical relationships of os-
teological features, an important step in refining
our definition of such characters. Other systems
associated with soft anatomy, such as neural
anatomy, heart and blood vessel anatomy, have
not been as comprehensively studied, though they
are of considerable potential, both as characters in
their own right and for refining our understanding
of characters for osteological and other studies. For
example, Parenti and Song (1996) studied innerva-
tion patterns in an attempt to define more care-
fully the character ‘pelvic-fin position’, which
has had a long history in systematic ichthyology.
Other morphological systems that have been
important sources of characters include egg mor-
phology (e.g. White et al. 1984; Mooi 1990; Britz
1997), scale ultrastructure (e.g. Roberts 1993)
and spermatozoan morphology (e.g. Jamieson
1991). Behavioural characters has also been em-
ployed in phylogenetic studies. For example, the
Ostariophysi are distinctive in possessing an
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alarm reaction to alarm substance (see below)
and McLennan et al. (1988) employed behavioural
characters to investigate relationships among
gasterosteids.

Finally, recent years have seen a strong bias to-
wards the use of biochemical characters, such as
isozyme and sequence data. Despite tremendous
technological advances in methods of, for exam-
ple, DNA extraction and sequencing and their
demonstrated utility at lower taxonomic levels,
biochemical characters have yet to contribute in a
significant way to our understanding of the higher
relationships of fishes. This, in part, reflects our
poor understanding of biochemical characters,
their distribution and homology, in short the lack
of an appropriately comprehensive historical
basis. Studies of higher relationship in which one
or a few exemplars from huge clades are surveyed,
which is the current norm in molecular studies of
higher relationships of fishes, are unlikely to pro-
duce a realistic understanding of characters, their
distribution, or the relationships they imply. For
example, Rasmussen and Arnason’s (1999) conclu-
sion from an analysis of mitochondrial DNA se-
quences that cartilaginous fishes are nested within
bony fishesis flawed, because the eight fish species
surveyed do not meaningfully represent 25000 or
so fish species. Similar concerns about taxonomic
sampling were expressed by Hennig (1966, p. 103)
in his discussion of early studies of serum char-
acters. Nevertheless, it is likely that this situ-
ation will improve as our historical basis for
biochemical characters improves and more taxa
are surveyed. As these challenges are overcome,
molecular characters will provide fish systema-
tists with valuable information that, along with
continued analysis of morphological data, will
significantly advance higher-level phylogeny
construction.

2.2.2 Taxonomic ranks and species

A hierarchical system of taxa is currently used in
biological classification (Table 2.1). Thus, a phy-
lum consists of one or more classes, each of which
consists of one or more orders, and so on through
less inclusive taxa such as families, tribes, genera

Table2.1 Classification of the Eurasian perch

(Perca fluviatilis).

Phylum Chordata

Class Actinopterygii

Order Perciformes

Family Percidae

Tribe Percini

Genus Perca

Species fluviatilis

and species. Additional divisions are also often rec-
ognized within these by adding a ‘super’, ‘sub’ or
‘infra’ prefix to these ranks. Examples are ‘super-
family’ between the order and family level, and
‘subfamily’ between the family and tribe level. An
alternative is to slot in less commonly used ranks,
such as ‘division’ and ‘cohort’. The hierarchical
structure of these ranks is convenient for reflect-
ing nested phylogenetic relationships, but their
use has resulted in considerable confusion about
the reality of rank.

The artificial nature of ranking is immediately
obvious when one examines the phylogeny of
extant fish order provided in Fig. 2.2. Clearly the
orders of fishes are not comparable, either in the
sense of relative age as indicated by their relative
position in the branching sequence, or in the sense
of taxonomic diversity as perhaps indicated by the
number of families or species. They are a neces-
sary, though uncomfortable, compromise in com-
municating concepts of phylogenetic relationship
within the framework of traditional Linnaean clas-
sification. However, the observation that ranking
is arbitrary extends to all taxonomic levels, includ-
ing — perhaps disturbingly for many biologists —
species. The latter observation is at odds with
various practices involved with the tallying of
species, usually in the manufacture of indices of
diversity; because species are not comparable,
such tallies allow, at best, only gross comparison
although we continue this tradition below in dis-
cussing such things as ‘sizes’ of orders.

The species issue deserves further discussion, if
only in respect for the substantial baggage associ-
ated with that rank. More so than any other taxo-
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Fig.2.2 Interrelationships

among extant fish orders.

Numbers refer to supraordinal
taxa: 1, Craniata; 2, Vertebrata;
3, Gnathostomata;

4, Chondrichthyes;

5, Elasmobranchii;

6, Galeomorphii;

7,Squalea; 8, Osteichthyes;

9, Sarcopterygii; 10, Dipnoi;

11, Actinopterygii; 12, Teleostei;
13, Osteoglossomorpha;

14, Elopomorpha;

15, Clupeocephala;

16, Clupeomorpha;

17, Ostariophysi; 18, Otophysi;
19, Protacanthopterygii;

20, Neoteleostei; 21, Eurypterygii;
22, Cyclosquamata;

23, Ctenosquamata;

24, Acanthomorpha;

25, Paracanthopterygii;

26, Smegmamorpha;

27, Atherinomorpha.

nomic rank, the species rank has been debated and
usually seen as having a special reality or proper-
ties that uniquely distinguish it from all other
taxonomic ranks. For example, species are often
viewed as the ‘building blocks’ of biological diver-
sity, the ‘fundamental units’ of evolution, unlike
higher taxa, which are seen as the arbitrary units
resulting from such evolution. Because of this
view that species have some sort of special reality,
many biologists feel qualified to make judgements

about species. However, there is little consensus
among biologists concerning species concepts, not
even among systematic biologists, the people who
routinely describe and revise species. For example,
Mayden (1997) listed some 22 different species
concepts (Table 2.2), which variously address dif-
ferent interests and processes and thus attributes
of biological diversity. For example, the biological
species concept places emphasis on the reproduc-
tive interactions between individuals.
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Table2.2 Species concepts compiled by Mayden (1997).

Agamospecies concept
Biological species concept
Cladistic species concept
Cohesion species concept
Composite species concept
Ecological species concept
Evolutionary significant unit
Evolutionary species concept
Genealogical concordance concept
Genetic species concept
Genotypic cluster definition
Hennigian species concept
Internodal species concept
Morphological species concept
Non-dimensional species concept
Phenetic species concept
Phylogenetic species concept
Diagnosable version
Monophyly version
Diagnosable/monophyly version
Polythetic species concept
Recognition species concept
Reproductive competition concept
Successional species concept
Taxonomic species concept

De Queiroz (1998) has argued that there isreally
only one species concept, that of species as an evo-
lutionary lineage, and that the arguments con-
cerning ‘concepts’ as listed by Mayden are really
criteria, i.e. ways toidentify whether ornot a group
of organisms is indeed a separate lineage. As sys-
tematists, we find G.J. Nelson’s (1989a; see also
Nelson and Hart 1999) argument compelling that
species are taxa and are nothing more nor nothing
less. Moreover, we believe that this concept,
which places emphasis on pattern rather than
process, will ultimately lead to discovery about
process. Although some systematists argue for the
recognition of subspecies and other intraspecific
ranks (e.g. Randall 1998), we for various reasons
(some of which are summarized by Gill 1999; Gill
and Kemp, in press) argue against the use of in-
traspecific ranks, and that species should be the
least inclusive monophyletic taxa identifiable. As
such, species are hypotheses of relationships that

can be tested and modified by the collection of
more data and their congruence as interpreted by
cladistic analysis.

We do not expect the reader to agree with the
view that species are merely taxa — the smallest
taxa identifiable — and that taxa of the same rank
are not comparable. Regardless, we do hope that
the reader will appreciate that species are not di-
rectly comparable given that divergent species
concepts are in use. A recent summary of views on
the species concept in fish biology can be found in
Nelson and Hart (1999).

2.3 FISH DIVERSITY
AND PHYLOGENY

Phylogenetic relationships among fishes are per-
haps better known than any other animal group of
comparable size. This partly reflects the early and
important contributions of several ichthyologists
including G.J. Nelson, Patterson, Rosen and Wiley
in the development and popularizing of cladistic
theory and methods, and of the general influence
of these individuals on the ichthyological commu-
nity. However, it also reflects the cumulative ef-
fects of a very long history of endeavour in fish
classification and anatomy, and the important
contributions of alongline of dedicated ichthyolo-
gists. A small sample of these would include the
French anatomist Georges Cuvier (1769-1832),
the Swiss anatomist Louis Agassiz (1807-1873),
the American ichthyologists Theodore Gill
(1837-1914) and David Starr Jordan (1851-1931),
and the British ichthyologists Albert Gunther
(1830-1914) and C. Tate Regan (1878-1943).
Equally important has been the associated devel-
opment of museum collections of both specimens
and literature, which form the basis of our under-
standing of fish systematics (Pietsch and Anderson
1997). Despite this, however, there is much dis-
agreement among ichthyologists regarding even
interordinal relationships of fishes, particularly
among the more ‘advanced’ taxa, and the same
holds true for the classification of fishes.
Comprehensive classifications of fishes are pro-
vided in Greenwood etal. (1966, 1973), G.J. Nelson
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(1969), .S. Nelson (1976, 1984, 1994), Lauder and
Liem (1983), Eschmeyer (1990), and Paxton and
Eschmeyer (1994, 1998). Other publications that
deal with the classification and relationships of
one or more major fish taxa include Moser et al.
(1984), Cohen (1989), Johnson and Anderson
(1993), Stiassny et al. (1996) and Malabarba et al.
(1998).

The following discussion of fish phylogeny and
classification (Fig. 2.2; Table 2.3) is not intended
to provide new hypotheses. Rather, the intention
is to describe higher fish taxa based on recent
literature, including aspects of taxonomic diver-
sity, habits and general distribution, and to direct
the reader to literature that details interrelation-
ships and intrarelationships and associated char-
acter evidence among such taxa. We have also
attempted to identify major areas of controversy
and lack of resolution.

2.3.1 Extant fish orders and
their interrelationships

The Myxiniformes (hagfishes)is a small order with
about 45 extant species of marine fishes found
mainly in temperate waters throughout the world.
They are scavengers, feeding mainly on the insides
of dying or dead fishes and invertebrates. They are
sometimes classified with the lampreys (Petromy-
zontiformes) in the superclass Agnatha, but the
characters for this grouping are primitive and thus
not informative of a close relationship. Moreover,

other characters suggest that the lampreys are
more closely related to the remaining extant crani-
ates than they are to the hagfishes, with the main
evidence being the presence of embryonic or
rudimentary vertebral elements, and cladistic
classifications place the lampreys in a mono-
phyletic Vertebrata that excludes the hagfishes
(Janvier 1981).

The Petromyzontiformes (lampreys) is a small
order with about 40 species of freshwater and
anadromous fishes found in cool temperate areas
around the world. One extant family (Petromyzon-
tidae) is restricted to the Northern Hemisphere;
the remaining two extant families (Geotriidae
and Mordaciidae) are restricted to the Southern
Hemisphere. There is disagreement about the rank
of these taxa, with some authors recognizing a
single family (Petromyzontidae) with three extant
subfamilies (e.g.].S. Nelson 1994).

The remaining extant fishes are classified in a
taxon called the Gnathostomata (jawed verte-
brates). Character evidence for monophyly of this
group includes presence of biting jaws derived
from gill arches, spinal nerve roots united, semi-
circular canal horizontal, and gill arches
jointed and medially placed (Janvier 1996).
Living gnathostomes are divisible into two main
groups, Chondrichthyes (cartilaginous fishes) and
Osteichthyes (bony fishes and tetrapods).

The Chondrichthyes is divided into two taxa:
the Holocephali, with a single extant order
(Chimaeriformes), and the Elasmobranchii (sharks

Table2.3 Classification of extant fishes. Orders and families are listed in phylogenetic and alphabetical sequences
respectively. Commonly used synonyms of certain orders and families are indicated in parentheses. Families that
include important commercial and recreational fisheries species are indicated in bold.

Myxiniformes [Myxinidae]

Petromyzontiformes [Geotriidae, Mordaciidae, Petromyzontidae]
Chimaeriformes [Callorhynchidae, Chimaeridae, Rhinochimaeridae]
Heterodontiformes [Heterodontidae]

Orectolobiformes [Brachaeluridae, Ginglymostomatidae, Hemiscylliidae, Orectolobidae, Parascylliidae, Rhincodontidae,

Stegostomatidae]

Carcharhiniformes [Carcharhinidae (Sphyrnidae), Hemigaleidae, Leptochariidae, Proscylliidae, Pseudotriakidae, Scyliorhinidae, Triakidae]
Lamniformes [Alopiidae, Cetorhinidae, Lamnidae, Megachasmidae, Mitsukurinidae, Odontaspididae, Pseudocarchariidae]

Hexanchiformes [Chlamydoselachidae, Hexanchidae]
Echinorhiniformes [Echinorhinidae]
Squaliformes [Centrophoridae, Dalatiidae, Squalidae]
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Table2.3 Continued

Squatiniformes [Squatinidae]

Pristiophoriformes [Pristiophoridae]

Rajiformes [Dasyatidae (Gymnuridae, Myliobatidae, Mobulidae), Hexatrygonidae, Hypnidae, Narcinidae, Narkidae, Platyrhinidae,
Plesiobatidae, Potamotrygonidae, Pristidae, Rajidae, Rhinidae, Rhynchobatidae (Rhinobatidae), Torpedinidae, Urolophidae,
Urotrygonidae, Zanobatidae]

Coelacanthiformes [Latimeriidae]

Ceratodontiformes [Neoceratodontidae]

Lepidosireniformes [Lepidosirenidae (Protopteridae)]

Polypteriformes [Polypteridae]

Acipenseriformes [Acipenseridae, Polyodontidae]

Lepisosteiformes [Lepisosteidae]

Amiiformes [Amiidae]

Hiodontiformes [Hiodontidae]

Osteoglossiformes [Gymnarchidae, Mormyridae, Notopteridae, Osteoglossidae (Pantodontidae)]

Elopiformes [Elopidae, Megalopidae]

Albuliformes [Albulidae, Pterothrissidae]

Notacanthiformes [Halosauridae, Notacanthidae (Lipogenyidae)]

Anguilliformes [Anguillidae, Chlopsidae (Xenocongridae), Colocongridae, Congridae, Cyematidae, Derichthyidae, Eurypharyngidae,
Heterenchelyidae, Monognathidae, Moringuidae, Muraenesocidae, Muraenidae, Myrocongridae, Nemichthyidae, Nettastomatidae,
Ophichthidae, Saccopharyngidae, Serrivomeridae, Synaphobranchidae]

Clupeiformes [Chirocentridae, Clupeidae (Sundasalangidae), Denticipitidae, Engraulidae, Pristigasteridae]

Gonorynchiformes [Chanidae, Gonorynchidae, Kneriidae, Phractolaemidae]

Cypriniformes [Balitoridae (Gasteromyzontidae, Homalopteridae), Catostomidae, Cobitidae, Cyprinidae (Psilorhynchidae), Gyrinocheilidae]

Characiformes [Acestrorhynchidae, Alestiidae, Anostomidae, Characidae, Chilodontidae, Citharinidae, Crenuchidae, Ctenoluciidae,
Curimatidae, Cynodontidae, Distichodontidae (Ichthyboridae), Erythrinidae, Gasteropelecidae, Hemiodontidae (Anodontidae),
Hepsetidae, Lebiasinidae, Parodontidae, Prochilodontidae]

Siluriformes [Akysidae (Parakysidae), Amblycipitidae, Amphiliidae, Anchariidae, Andinichthyidae, Ariidae, Aspredinidae, Astroblepidae
(Argidae), Auchenipteridae (Ageneiosidae, Centromochlidae), Austroglanididae, Bagridae (Olyridae), Callichthyidae, Cetopsidae
(Helogeneidae), Chacidae, Clariidae, Claroteidae (Auchenoglanididae), Cranoglanididae, Diplomystidae, Doradidae, Erethistidae,
Heteropneustidae (Saccobranchidae), Ictaluridae, Loricariidae, Malapteruridae, Mochokidae, Nematogenyidae, Pangasiidae,
Pimelodidae (Heptapteridae, Hypophthalmidae, Pseudopimelodidae), Plotosidae, Schilbidae, Scoloplacidae, Siluridae, Sisoridae,
Trichomycteridae]

Gymnotiformes [Apteronotidae (Sternarchidae), Hypopomidae, Gymnotidae (Electrophoridae), Rhamphichthyidae, Sternopygidae]

Argentiniformes [Alepocephalidae (Leptochilichthyidae), Argentinidae, Bathylaconidae, Microstomatidae (Bathylagidae), Opisthoproctidae,
Platytroctidae]

Salmoniformes [Coregonidae, Galaxiidae (Aplochitonidae, Lepidogalaxiidae), Osmeridae (Plecoglossidae, Salangidae), Retropinnidae
(Prototroctidae), Salmonidae (Thymallidae)]

Esociformes [Esocidae, Umbridae]

Stomiiformes [Gonostomatidae, Photichthyidae, Sternoptychidae, Stomiidae (Astronesthidae, Idiacanthidae, Malacosteidae,
Melanostomiidae)]

Ateleopodiformes [Ateleopodidae]

Aulopiformes [Alepisauridae (Omosudidae), Aulopidae, Bathysauridae, Chlorophthalmidae, Evermannellidae, Giganturidae, Ipnopidae
(Bathypterodidae), Notosudidae (Scopelosauridae), Paralepididae (Anotopteridae), Pseudotrichonotidae, Scopelarchidae, Synodontidae
(Harpadontidae)]

Myctophiformes [Myctophidae, Neoscopelidae]

Lampridiformes [Veliferidae, Lamprididae, Stylephoridae, Lophotidae, Radiicephalidae, Trachipteridae, Regalecidae]

Polymixiiformes [Polymixiidae]

Percopsiformes [Amblyopsidae, Aphredoderidae, Percopsidae]

Ophidiiformes [Aphyonidae, Bythitidae, Carapidae (Fierasferidae), Ophidiidae (Brotulidae), Parabrotulidae]

Gadiformes [Bregmacerotidae, Euclichthyidae, Gadidae (Gaidropsaridae, Lotidae, Phycidae, Ranicipitidae), Macrouridae (Bathygadidae,
Trachyrincidae), Melanonidae, Merlucciidae (Macruronidae, Steindachneriidae), Moridae (Eretmophoridae), Muraenolepididae]

Batrachoidiformes [Batrachoididae]
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Table2.3 Continued

Lophiiformes [Antennariidae, Brachionichthyidae, Caulophrynidae, Centrophrynidae, Ceratiidae, Chaunacidae, Diceratiidae,
Gigantactinidae, Himantolophidae, Linophrynidae, Lophiidae, Melanocetidae, Neoceratiidae, Ogcocephalidae, Oneirodidae,
Thaumatichthyidae]

Stephanoberyciformes [Barbourisiidae, Cetomimidae, Gibberichthyidae, Hispidoberycidae, Megalomycteridae, Melamphaidae,
Mirapinnidae, Rondeletiidae, Stephanoberycidae]

Zeiformes [Caproidae, Grammicolepididae, Macrurocyttidae, Oreosomatidae, Parazenidae, Zeidae]

Beryciiformes (Trachichthyiformes) [Anomalopidae, Anoplogastridae, Berycidae, Diretmidae, Holocentridae, Monocentridae,
Trachichthyidae]

Mugiliformes [Mugilidae]

Atheriniformes [Atherinidae, Atherionidae, Atherinopsidae, Melanotaeniidae (Bedotiidae, Pseudomugilidae, Telmatherinidae),
Notocheiridae (Isonidae), Phallostethidae (Dentatherinidae, Neostethidae)]

Beloniformes [Adrianichthyidae, Belonidae, Exocoetidae, Hemiramphidae, Scomberesocidae]

Cyprinodontiformes [Anablepidae, Aplocheilidae, Cyprinodontidae, Fundulidae, Goodeidae, Poeciliidae, Profundulidae, Rivulidae,
Valenciidae]

Synbranchiformes [Chaudhuriidae, Mastacembelidae, Synbranchidae]

Gasterosteiformes (Indostomiformes, Pegasiformes, Syngnathiformes) [Aulorhynchidae, Aulostomidae, Centriscidae, Elassomatidae,
Fistulariidae, Gasterosteidae, Hypoptychidae, Indostomidae, Macroramphosidae, Pegasidae, Solenostomidae, Syngnathidae]

Dactylopteriformes [Dactylopteridae]

Gobiesociformes [Gobiesocidae (Alabetidae, Cheilobranchidae), Callionymidae, Draconettidae]

Perciformes (Scorpaeniformes, Zoarciformes) [Abyssocottidae, Acanthuridae, Acropomatidae, Agonidae, Amarsipidae, Ammodytidae,
Anabantidae, Anarhichadidae, Anoplomatidae, Apistidae, Aploactinidae, Aplodactylidae, Apogonidae, Ariommatidae, Arripidae,
Badidae, Banjosidae, Bathyclupeidae, Bathydraconidae, Bathylutichthyidae, Bathymasteridae, Belontiidae (Luciocephalidae,
Osphronemidae, Polyacanthidae), Bembridae, Blenniidae, Bovichtidae (Bovichthyidae), Bramidae, Butidae, Caesioscorpididae,
Callanthiidae, Caracanthidae, Carangidae, Caristiidae, Centracanthidae, Centrarchidae, Centrogeniidae, Centrolophidae,
Centropomidae, Cepolidae (Owstoniidae), Chaenopsidae, Chaetodontidae, Champsodontidae, Chandidae (Ambassidae),
Channichthyidae (Chaenichthyidae), Channidae, Cheilodactylidae, Cheimarrhichthyidae, Chiasmodontidae, Chironemidae, Cichlidae,
Cirrhitidae, Clinidae (Ophiclinidae, Peronedysidae), Comephoridae, Congiopodidae, Coryphaenidae, Cottidae, Creediidae
(Limnichthyidae), Cryptacanthodidae, Cyclopteridae, Dactyloscopidae, Dichistiidae (Coracinidae), Dinolestidae, Dinopercidae,
Drepanidae, Echeneidae, Eleotrididae, Embiotocidae, Emmelichthyidae, Ephippidae (Chaetodipteridae, Platacidae, Rhinopreneidae),
Epigonidae, Enoplosidae, Ereuniidae, Gempylidae, Gerreidae, Girellidae, Glaucosomatidae, Gnathanacanthidae, Gobiidae
(Amblyopidae, Cerdalidae, Gobioididae, Gobionellidae, Gunnellichthyidae, Kraemeriidae, Microdesmidae, Oxudercidae,
Oxymetapontidae, Periophthalmidae, Ptereleotridae, Schindleriidae, Trypauchenidae), Grammatidae, Haemulidae (Plectorhynchidae,
Pomadasyidae), Harpagiferidae (Artedidraconidae), Helostomatidae, Hemitripteridae, Hexagrammidae, Hoplichthyidae, Icosteidae,
Inermiidae, Kuhliidae, Kurtidae, Kyphosidae, Labracoglossidae, Labridae (Callyodontidae, Scaridae, Odacidae), Labrisomidae,
Lactariidae, Latidae, Latridae, Leiognathidae, Leptobramidae, Leptoscopidae, Lethrinidae, Liparidae, Lobotidae (Coiidae, Datnioididae),
Lutjanidae (Caesionidae), Luvaridae, Malacanthidae (Branchiostegidae, Latilidae), Menidae, Microcanthidae, Monodactylidae,
Moronidae, Mullidae, Nandidae, Nematistiidae, Nemipteridae, Neosebastidae, Nomeidae, Normanichthyidae, Nototheniidae,
Odontobutidae, Opistognathidae, Oplegnathidae, Ostracoberycidae, Parabembridae, Parascorpididae, Pataecidae, Pempheridae,
Pentacerotidae, Percichthyidae (Gadopsidae, Nannopercidae, Perciliidae), Percidae, Percophidae, Peristediidae, Pholidae,
Pholidichthyidae, Pinguipedidae (Parapercidae), Platycephalidae, Plectrogeniidae, Plesiopidae (Acanthoclinidae, Notograptidae),
Polynemidae, Polyprionidae, Pomacanthidae, Pomacentridae, Pomatomidae, Priacanthidae, Pristeolepidae, Pseudochromidae
(Anisochromidae, Congrogadidae, Pseudoplesiopidae), Psychrolutidae, Ptilichthyidae, Rachycentridae, Rhamphocottidae,
Rhyacichthyidae, Scatophagidae, Sciaenidae, Scombridae, Scombrolabracidae, Scombropidae, Scorpaenidae (Pteroidae), Scorpididae,
Scytalinidae, Sebastidae (Sebastolobidae), Serranidae (Anthiidae, Niphonidae, Grammistidae, Pseudogrammatidae), Setarchidae,
Siganidae, Sillaginidae, Sinipercidae, Sparidae, Sphyraenidae, Stichaeidae, Stromateidae, Symphysanodontidae, Synanceiidae
(Inimicidae, Choridactylidae, Minoidae), Terapontidae, Tetragonuridae, Tetrarogidae, Toxotidae, Trachinidae, Trichiuridae, Trichodontidae,
Trichonotidae, Triglidae, Tripterygiidae, Uranoscopidae (Xenocephalidae), Xenisthmidae, Xiphiidae (Istiophoridae), Zanclidae,
Zaniolepididae, Zaproridae, Zoarcidae]

Pleuronectiformes [Achiropsettidae, Archiridae, Bothidae, Citharidae, Cynoglossidae, Paralichthyidae, Paralichthodidae, Pleuronectidae,
Poecilopsettidae, Psettodidae, Rhombosoleidae, Samaridae, Scophthalmidae, Soleidae]

Tetraodontiformes [Balistidae, Diodontidae, Molidae, Monacanthidae, Ostraciidae (Aracanidae, Ostraciontidae), Triacanthidae,
Triacanthodidae, Tetraodontidae (Canthigasteridae), Triodontidae]
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and rays). They are readily distinguished from
other fishes in having a cartilaginous skeleton
with distinctive superficial calcification, called
‘prismatic’ calcification, and males with pelvic
claspers, which are inserted into the female cloaca
and oviduct during copulation. Synapomorphies
diagnosing the group are listed by Didier (1995,
table 1).

The Chimaeriformes (chimeras and allies) is
a small order of about 50 or so species of mainly
deepsea fishes that have a worldwide distribution.
They have soft, scaleless bodies with prominent
sensory canals on the head, a prominent spine in
front of the first dorsal fin, three pairs of beak-like
teeth in the mouth, two in the upper jaw and one
in the lower jaw, spiracle absent in adults, and a
fleshy operculum over the four gill openings. This
means they have only one external opening. Males
are distinctive in having, in addition to pelvic cla-
spers found in other chondrichthyans, spiny re-
tractable appendages in front of the pelvic fins and
on the head. These are used to clasp or stimulate
the female during copulation. Classification and
relationships within the order are reviewed by
Didier (1995) based on an extensive array of mor-
phological characters.

All extant elasmobranchs belong to the
Neoselachii. Characters supporting monophyly
of this group are discussed by de Carvalho (1996,
p. 39). The composition and interrelationships of
the orders of Neoselachii are controversial. The
classification and relationships presented herein
follows de Carvalho (1996), who also reviews
previous hypotheses. The reader is referred to
that work for details of character support
and named supraordinal taxa. Thus, ten orders
are recognized: Heterodontiformes, Orectolobi-
formes, Carcharhiniformes, = Lamniformes,
Hexanchiformes, Echinorhiniformes, Squali-
formes, Squatiniformes, Pristiophoriformes and
Rajiformes. The orders are arranged into two major
groups by de Carvalho (1996; see also Shirai
1992, 1996), Galeomorphii (= Galea of Shirai 1996)
for the first four orders, and Squalea for the remain-
ingsix orders.

The Heterodontiformes (hornsharks or Port
Jackson sharks) is a small order of nine species of

benthic shark in one family, which live in coastal
waters less than 300m deep. They are readily dis-
tinguished from all other extant sharks in having,
in combination, an anal fin and spines present at
the front of each dorsal fin.

The Orectolobiformes (carpet sharks and allies)
is a small but diverse order of about 30 species of
mainly coastal, bottom-dwelling sharks. How-
ever, it also includes the pelagic, plankton-feeding
whale shark (Rhincodon typus), the world’s largest
fish, which attains a length of at least 12m but
can purportedly grow to 18 m and weigh 12 tonnes.
Orectolobiforms are distinctive in having a short,
broadly arched to nearly straight mouth that is en-
tirely in front of the eyes, and distinctively formed
nasal flaps and barbels. Other characters defining
the group and supporting internal relationships are
discussed by Dingerkus (1986), Compagno (1988),
Shirai (1996) and de Carvalho (1996).

The Carcharhiniformes (requiem sharks and al-
lies) is a moderate-sized order of about 230 species
of mainly marine sharks found throughout the
world. There are several species that enter or are
confined to fresh water. The order includes many
of the most familiar large predatory sharks, includ-
ing the tiger shark (Galeocerdo cuvier), whaler or
requiem sharks (Carcharhinus) and hammerhead
sharks (Sphyrna and Eusphrya), as well as many
smaller bottom or near-bottom dwelling sharks,
such as the catsharks (Scyliorhinidae) and hound-
sharks (Triakidae). Carcharhiniforms are distin-
guished from other sharks in having a nictitating
lower eyelid or fold, a transparent movable mem-
brane or inner eyelid that protects the eye during
feeding and helps keep it clean. Other characters
diagnosing the group and relationships within it
are discussed by Compagno (1988) and Shirai
(1996).

The Lamniformes (mackerel sharks and allies)
is a small order of 16 species of coastal marine and
oceanic sharks. It is a very diverse group that in-
cludes, among others, the bizarre goblin shark
(Mitsukurina owstoni), the notorious great white
shark (Carcharodon carcharias), the filter-feeding
basking shark (Cetorhinus maximus, the world’s
second largest fish, attaining sizes of at least 10 m),
the unusual thresher sharks (Alopidae) and the
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filter-feeding megamouth shark (Megachasma
pelagios). Considering that the latter grows to
lengths of over 5m, it is remarkable that the first
specimen was not collected until 1976. Lamni-
forms are distinguished from other sharks in
having a distinctive tooth pattern, and uterine
cannibalism. Other characters diagnosing the
group are discussed by Compagno (1988). Rela-
tionships among lamniform families are contro-
versial (cf. Maisey 1985; Compagno 1990; Shirai
1996; de Carvalho 1996).

The Hexanchiformes (frill shark and cow
sharks) is a small order of five species of mainly
deepsea sharks found in cold waters throughout
the world. They are distinguished from other
sharks by the presence of six or seven gill slits and a
single, spineless, posteriorly positioned dorsal fin.
Other characters supporting monophyly of the
group are discussed by de Carvalho (1996, p. 46).

The remaining five squalean orders form a
monophyletic group, which is diagnosed by,
among other characters, the absence of an anal fin
(de Carvalho 1996). The Echinorhiniformes (bram-
ble sharks) is a small order of two species of large
(2.6-4m), bottom or near-bottom dwelling sharks
found in deep water throughout tropical and tem-
perate seas. They are characterized by the presence
of two relatively small, spineless dorsal fins posi-
tioned well behind the pelvic origin, and coarse
denticles or enlarged thorns on the skin. Addi-
tional characters supporting monophyly of the
order are discussed by de Carvalho (1996).

The Squaliformes (dogfishes and relatives)is an
order of about 70 species of mainly bottom or
near-bottom living sharks found in all the world’s
oceans. Although some occurinrelatively shallow
water, most species live in deep water down to
depths exceeding 6 km. They vary considerably in
morphology, ranging from species 16cm long to
the Greenland shark (Somniosus microcephalus),
which at 6.4m is one of the largest sharks. The
bizarre, 45-cm long, pelagic cookie-cutter shark
(Isistius brasiliensis), which feeds by removing a
plug of flesh from larger fishes and cetaceans, is
also in the order. Many of the deepwater species are
bioluminescent. Some squaliforms are important
fisheries species, harvested either for food or for a

high-quality oil, squalene, which is stored in the
liver. Characters supporting monophyly and inter-
relationships of the order are discussed by de
Carvalho (1996).

The Squatiniformes (angelsharks) is an order of
about 15 species of benthic sharks found in tropical
to temperate seas at depths ranging from a few me-
tres to 1300m. They are flattened ambush preda-
tors with laterally placed gill slits, pectoral fins
that are free from the head, and the lower caudal
lobe longer than the upper. They are commercially
fished for their flesh, oil and leather (Last and
Stevens 1994).

The Pristiophoriformes (saw sharks) is an order
with seven or so species of mainly marine temper-
ate to tropical sharks found throughout the West
Pacific, the southwestern Indian Ocean and the
tropical West Atlantic. They are distinctive fishes,
though they superficially resemble the rajiform
family Pristidae (sawfishes), with a shark-like
body, an elongate snout with enlarged tooth-like
denticles on each side and a pair of barbels on the
underside, and four to six pairs of gill slits placed
laterally on the head.

The Rajiformes (= Batoidea; rays and relatives)
is a moderately large order with over 450 species of
mainly benthic marine fishes found worldwide.
There are also some freshwater species. It is a di-
verse order and many workers advocate dividing it
into four or more orders. It includes various bot-
tom or near-bottom species such as the shark-like
rhynids (shark rays) and pristids (sawfishes), disc-
shaped rajids (skates), and the electric torpedinids,
hypnids, narcinids and narkids (collectively called
electric rays), as well as the huge pelagic Mobula
and Manta (devil and manta rays; up to 6m across
and weighing over 1300 kg). Members of the order
are distinguished from other elasmobranchs in
having ventrally positioned gill slits. Characters
supporting monophyly of the order (as the super-
order Batoidea) are discussed by McEachran et al.
(1996). The familial classification of the order is
controversial; the one presented here largely
follows McEachran et al. (1996), who also review
relationships within the order.

The remaining vertebrates are classified in the
Osteichthyes, which includes two extant groups,
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the Sarcopterygii and Actinopterygii. Characters
diagnosing the Osteichthyes include the presence
of ossified dermal opercular plate(s) covering
the gills laterally, branchiostegal rays, and an
interhyal bone (Lauder and Liem 1983). Some
authors (such as J.S. Nelson 1994) use the term
‘Teleostomi’ for the group we here call Oste-
ichthyes, instead using the latter as a term for a
phenetic grouping that includes only the bony
fishes.

The Sarcopterygii includes three extant fish
orders (Ceratodontiformes, Lepidosireniformes
and Coelacanthiformes) and the tetrapods.
Monophyly of the Sarcopterygii is supported by
numerous synapomorphies, particularly asso-
ciated with the structure of the skull and pectoral
girdle (Cloutier and Ahlberg 1996). Relationships
of the numerous fossil sarcopterygian fish taxa to
each other and to the tetrapods is still in a state of
flux, resulting particularly from an imprecise but
improving knowledge of fossils and their charac-
ters (Cloutier and Ahlberg 1996; Ahlberg and
Johanson 1998). However, there is consensus
regarding the positions of the living sarcopterygian
fish orders relative to each other and to the
tetrapods (Fig. 2.2): the Ceratodontiformes and
Lepidosireniformes belong to a monophyletic
Dipnoi (lungfishes), which is more closely related
to the Tetrapoda than it is to the final extant
sarcopterygian order, Coelacanthiformes
(Cloutier and Ahlberg 1996).

Monophyly of the Dipnoi, a group best known
for its 270 or so fossil species, is based mainly
on synapomorphies associated with dentition and
skull morphology (reviewed by Cloutier and
Ahlberg 1996). The Ceratodontiformes (Queens-
land lungfish) includes a single extant species
from fresh waters of southeastern Queensland,
Australia. The Lepidosireniformes (South
American and African lungfishes)includes five ex-
tant freshwater species, one from South America
and four from Africa. Unlike the Queensland lung-
fish, the South American and African lungfishes
are able to tolerate environmental desiccation by
aestivating, either in a moist burrow (South Amer-
ican lungfish) or a dry cocoon (African lungfishes).
A collection of papers on the biology, systematics

and evolution of lungfishes is given in Bemis et al.
(1987).

The order Coelacanthiformes (coelacanths) has
just two extant species of deepwater reef fishes,
one found in the western Indian Ocean off the
coast of East Africa, and the other off northern
Sulawesi, Indonesia. They are remarkable for
the recency of their discovery, highlighting our
poor understanding of deep-reef fishes in the
Indo-Pacific: the African species (Latimeria
chalumnae) was discovered in 1938, whereas
the Indonesian species (L. menadoensis) was dis-
covered 60 years later in 1998 (Erdmann et al.
1998). Forey (1998) provides a monograph on the
systematics, evolution and biology of living and
fossil coelacanthiforms.

The Actinopterygii (ray-finned fishes) is a huge
diverse clade of fishes defined mainly on the basis
of synapomorphies involving the morphology of
the pelvic and pectoral girdles, scales, and median
fin rays, although most are secondarily lost or
modified in higher actinopterygians. These char-
acters are reviewed by Lauder and Liem (1983).
There has been considerable debate regarding
the interrelationships of the basal actinoptery-
gian orders Polypteriformes, Acipenseriformes,
Amiiformes and Lepisosteiformes, and their
relationships to the Teleostei. For example, the
Holostei, a taxon based on the Amiiformes and
Lepisosteiformes and various fossil taxa, has been
recognized historically. Gardiner et al. (1996) pre-
sented morphological evidence to conclude that it
is paraphyletic, forming a series of sister groups to
the Teleostei as indicated in Fig. 2.2. Conversely,
however, they also presented molecular evidence
for a monophyletic Holostei. Discussions con-
cerning the relationships of basal actinopterygians
and supporting character evidence are provided by
Grande and Bemis (1996, 1998) and Gardiner et al.
(1996).

The order Polypteriformes (= Cladistia; bichirs
or featherfins) consists of about 10 species in a
single family of small freshwater fishes from West
Africa, although fossils are also known from North
Africa and possibly Bolivia. They have an unusual
dorsal fin consisting of a number of finlets. These
are composed of a single spine to which one or
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more soft rays are attached, leading to the common
name ‘featherfin’. Other characters diagnosing the
order are summarized by J.S. Nelson (1994). Some
workers have considered the order to belong in the
Sarcopterygii, particularly based on their pectoral-
fin structure, but current consensus favours abasal
position within the Actinopterygii (Gardiner and
Schaeffer 1989).

The order Acipenseriformes (sturgeons and
paddlefishes) includes 27 species in two families
of Northern Hemisphere freshwater and anadro-
mous fishes. They include some of the largest of
fishes, with several species purportedly reaching
lengths in excess of 7m, though confirmed records
are around 4-5m. Many acipenseriforms are, or
have been, commercially important, harvested
either for food (particularly their caviar), or for
their swimbladders, which yield isinglass, used for
making special glues and historically for clarifying
white wines. Well over half the acipenseriform
species are now considered endangered. Charac-
ters supporting the monophyly and interrelation-
ships of the Acipenseriformes, both fossil and
recent, are reviewed by Grande and Bemis (1996).
Diversity, biology and conservation of the order
arereviewed by Birsteinetal. (1997)and Secor et al.
(2000).

The Lepisosteiformes (= Ginglymodi; gars) is a
small order (seven species in one family) of large
freshwater and estuarine but rarely marine fishes
from eastern North America, Central Americaand
Cuba. Fossil species are also known from South
America, West Africa, Europe and India. They are
heavily scaled, predatory fishes with elongate
snouts; unlike other fishes with elongate snouts,
such as belonids and sturgeons, the nostrils are
located near the tip of the snout rather than near
the eyes. Characters supporting monophyly of the
Lepisosteiformes and relationships among its in-
cluded species, both fossil and extant, are provided
by Wiley (1976).

The Amiiformes (bowfins and allies) includes a
single extant species from fresh waters of eastern
North America. However, fossil amiiforms are
known from freshwater and marine deposits in
North America, South America, Eurasia and
Africa. A treatise on the systematics, anatomy,

evolution and biogeography of fossil and extant
amiids is provided by Grande and Bemis (1998),
who also investigate relationships among ami-
iforms and other halecomorphs.

All remaining fishes belong to a huge taxon
called the Teleostei. For most people, teleosts are
the typical fishes. Characters supporting mono-
phyly of the Teleostei are reviewed by de Pinna
(1996). There are two competing hypotheses of re-
lationships amongbasal extant teleosts. In one (see
Patterson 1998; Fig. 2.2), the Osteoglossomorpha
is the sister group of a clade consisting of all
other teleosts, of which the Elopomorpha is the
basalmost clade. In the other hypothesis (see
Arratia 1998), the phylogenetic positions of the
Elopomorpha and Osteoglossomorpha are re-
versed relative to other teleosts.

The Osteoglossomorpha is a small yet diverse
group of freshwater fishes, characterized by the
primary bite being between the parasphenoid bone
on the lower part of the skull and the tongue.
Monophyly of the group and interrelationships of
included taxa both extant and fossil are reviewed
by Li and Wilson (1996). Two extant orders
are currently recognized: the Hiodontiformes
(mooneyes), a small order with two extant species
from fresh waters of North America, although
fossil forms are also known from China; and
the Osteoglossiformes (bonytongues, Old World
knifefishes and elephantfishes), a moderately
small order with over 200 species from tropical
fresh waters of South America, Africa, Southeast
Asia, Australia and New Guinea. Fossil osteoglos-
siforms are also known from North America. The
Osteoglossiformes includes the South American
arapaima (Arapaima gigas), one of the world’s
largest freshwater fishes, as well as the elephant-
fishes (Mormyridae), an African family of weakly
electric fishes.

The Elopomorpha is a diverse group of mainly
marine fishes that are characterized by an unusual
leaf-like larval stage (leptocephalus) and a distinc-
tive sperm morphology. Molecular and morpho-
logical characters supporting monophyly of the
Elopomorpha and the composition and interrela-
tionships of the four included orders are discussed
by Forey et al. (1996). About eight species are
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included in the Elopiformes (tarpons and allies),
which are mainly marine herring-like fishes, al-
though some enter fresh water. They are found
throughout tropical and subtropical regions.
The tarpon (Megalops atlanticus) is an important
gamefish. The Albuliformes (bonefish and allies)
includes about six species of mainly marine fishes
found throughout tropical and subtropical regions.
About 25 species of elongate deepsea fishes make
up the Notacanthiformes (halosaurs and spiny
eels). The final order, Anguilliformes (eels and
gulpers), includes over 700 species of mainly ma-
rine (some freshwater) elongate fishes. Relation-
ships and classification within the Anguilliformes
are controversial. For example, the deepsea gulpers
and allies (suborder Saccopharyngoidei) and the
eels (suborder Anguiloidei) are sometimes classi-
fied as separate elopomorph orders, but evidence
presented by Forey et al. (1996) suggests that
some anguiloids are more closely related to sac-
copharyngoids than they are to other anguilloids
(however, see Robins 1997). The familial classifi-
cation of the Anguilliformes has not been cladisti-
cally demonstrated.

Theremainingteleosts, collectively termed the
Clupeocephala, are diagnosed by synapomorphies
associated with the lower jaw and caudal skeleton
(Patterson and Rosen 1977, p. 130). The following
taxa are usually recognized in the Clupeocephala:
Clupeomorpha, Ostariophysi, Protacanthoptery-
gii, Esociformes and Neoteleostei. Relationships
among these taxa are controversial. Thus, the
relationships presented (Fig. 2.2) are likely to be
unstable. We follow Lecointre and Nelson (1996)
in recognizing a sister relationship between the
Clupeomorpha and the Ostariophysi. This rela-
tionship is mainly supported by molecular charac-
ters, although these have not been extensively
surveyed in basal clupeocephalans. Morphological
evidence possibly bearing on the relationship,
such as fusion of various bones in the caudal skele-
ton and morphology of the sensory canal in the
skull, is ambiguous. An alternative to this rela-
tionship is one in which the Clupeomorpha is the
sister group of a clade, called the Euteleostei, made
up of ostariophysans and the remaining clupeo-
cephalans (Patterson and Rosen 1977). We follow

Johnson and Patterson (1996) in the composition
of the Protacanthopterygii (Salmoniformes and
Argentiniformes; see below), and in recognizing a
sister relationship between the Esociformes and
Neoteleostei. The latter relationship follows
Parenti (1986) and is based on the mode of tooth
attachment and the presence of acellular bone.

The Clupeomorpha includes a single extant
order, Clupeiformes (herrings, anchovies and
relatives), of freshwater and coastal marine fishes
found globally in temperate to tropical areas.
There are about 360 or so extant species included
in the order, among them some of the world’s most
important commercial species. They are typically
silvery fishes with a pelvic scute, which is
sometimes inconspicuous, usually a median row
of scutes (often few in number or absent) along the
abdomen in front of and behind the pelvic fins, and
primitively with an additional median row of
scutes in front of the dorsal fin. Anatomically they
are characterized by a distinctive connection be-
tween the ear and the swimbladder. Additional
characters supporting monophyly of the group
are discussed by Lecointre and Nelson (1996),
who also summarize internal relationships. The
neotenic Southeast Asian freshwater genus Sun-
dasalanx was recently placed with the clupeiform
family Clupeidae by Siebert (1997). Previously
it had been assigned to its own family in the
Salmoniformes (Roberts 1981). We have adopted a
conservative, though cladistically defensible, fa-
milial classification largely following J.S. Nelson
(1994) (Table 2.3). Other authors have recognized
additional families (see J.S. Nelson 1994 for
review).

The Ostariophysi is a huge group of mainly
freshwater teleosts that includes nearly 75% of all
freshwater fishes; new species continue to be dis-
covered at a rapid rate, particularly in Southeast
Asia and the Neotropics (Lundberg et al. 2000). Os-
tariophysans are distinctive in possessing epider-
mal alarm substance cells and an alarm reaction. A
wounded fish releases alarm substance into the
surrounding water, which triggers alarm reactions
such as scattering behaviour in adjacent fishes.
Interestingly, alarm substance and alarm reaction
arelackingin the electrocommunicating gymnoti-
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form ostariophysans. Other characters supporting
monophyly of the Ostariophysi and relationships
among the five included orders are reviewed and
discussed by Fink and Fink (1996). The interordi-
nal relationships summarized in Fig. 2.2 fol-
low Fink and Fink. The Gonorynchiformes (=
Anotophysi; milkfish and allies) is a small order of
about 35 species of Indo-Pacific marine and
African freshwater fishes. Reviews of relation-
ships within the Gonorynchiformes are provided
by Fink and Fink (1996) and Johnson and Patterson
(1997). The remaining ostariophysan orders are
grouped into a taxon called the Otophysi. This is
one of the best circumscribed higher fish taxa,
which is defined in part by a complex of modifica-
tions of the anterior vertebrae and associated
elements that are collectively called a Weberian
apparatus. The carps, loaches and suckers belong
to the Cypriniformes, a large order of about 2700
species of freshwater and rarely brackish water
fishes found throughout North America, Africa
and Furasia. Interrelationships of the five cyprini-
form families are reviewed by Fink and Fink
(1996). The Cyprinidae is worthy of mention, as it
is one of the largest of all fish families (with about
2000 species), and includes such familiar species as
Brachydanio rerio, the zebra danio or zebrafish, an
important subject for genetic and development
studies, Carassius auratus (the goldfish) and
Cyprinus carpio (the carp); the latter two species
are remarkable in that they have been introduced
widely throughout the world’s fresh waters. The
Characiformes (characins, tetras and allies) is a
large order with around 1400 species of Neotropi-
cal and African freshwater fishes. Relationships
and familial classification of characiforms are con-
troversial (see review by Vari 1998); the familial
classification presented here (Table 2.3) follows
Buckup (1998). The Siluriformes (catfishes) is a
large order of about 2500 species of mainly fresh-
water and some marine fishes found throughout
the tropics and some temperate areas. The familial
classification and interrelationships of siluriforms
are controversial; the classification in Table 2.3
follows Ferraris and de Pinna (1999), although this
latter work does not exactly match the cladistic
scheme outlined by de Pinna (1998). About 150

species of compressed or cylindrical eel-like
Neotropical fishes make up the Gymnotiformes
(American or electric knifefishes), although it is
sometimes classified as a suborder of the
Siluriformes (e.g. Fink and Fink 1981). These fishes
are remarkable in possessing an organ system for
producing and receiving electrical impulses; the
electric eel (Electrophorus) is a famous, though
atypical, example. A phylogeny and classification
of the order, based on morphological and behav-
ioural characters, including some from electric
organ morphology and discharge patterns, is pre-
sented by Albert and Campos-da-Paz (1998).

The Protacanthopterygii includes two orders,
Argentiniformes and Salmoniformes. There has
been considerable debate over the composition of
these two orders and relationships of the fishes
included in them (reviewed by Johnson and
Patterson 1996). Particular controversy has cen-
tred around the positions of the Northern
Hemisphere osmeroids, the Southern Hemisphere
galaxioids and the enigmatic Western Australian
salamanderfish (Lepidogalaxias). The Protacan-
thopterygii as defined by Greenwood et al. (1966)
was a much larger, poorly defined group that in-
cluded, in addition to the above, taxa now assigned
to the Gonorynchiformes, Esociformes, Stomii-
formes, Ateleopodiformes, Aulopiformes, Mycto-
phiformes and Stephanoberyciformes; some of
these were placed within the Salmoniformes. Even
as currently recognized, character support for
the Protacanthopterygii is relatively weak, being
based on two non-unique characters associated
with the structure of intermuscular bones
(Johnson and Patterson 1996, p. 314).

The Salmoniformes, containing the trouts,
salmons, smelts and relatives, is a small order of
about 175 species of marine, freshwater, anadro-
mous and diadromous fishes. Kottelat (1997) pro-
vided justification for the recognition of many
additional species of European coregonids and
salmonids. They include some of the most impor-
tant commercial and recreational fisheries species
in the world; Salvelinus fontanalis (brook trout),
Salmo trutta (brown trout) and Onchorhynchus
mykiss (rainbow trout) have been introduced
almost the world over for these purposes.
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Salmoniforms are distinguished by various
synapomorphies, including scales without radii
and absence of epipleural bones. Additional char-
acters supporting monophyly and relationships
within the order are reviewed by Johnson and
Patterson (1996).

The Argentiniformes (deepsea smelts, slick-
heads and relatives) is a small order of oceanic
and deepsea fishes found throughout the world’s
oceans, and contains about 170 species. They are
distinguished by the presence of a crumenal organ,
a unique bilaterally paired pouch-like structure
derived from the upper part of the posterior two
gill arches and the front part of the oesophagus
(Greenwood and Rosen 1971). Other characters
supporting monophyly and relationships within
the order are reviewed by Johnson and Patterson
(1996).

The Esociformes is a small order of about 12
species of Northern Hemisphere freshwater
fishes. It includes just two families, the Esocidae
(pikes) and Umbridae (mudminnows), and is
characterized by posteriorly positioned dorsal and
anal fins. Characters supporting monophyly of
the order are reviewed by Johnson and Patterson
(1996). The phylogenetic position of the Esoci-
formes is controversial, and it is often included in
the Salmoniformes.

The remaining fish taxa are placed within the
Neoteleostei. Characters supporting monophyly
of this huge taxon are discussed by Johnson (1992).
It can be divided into three taxa, Stomiiformes,
Ateleopodiformes and Eurypterygii. Relation-
ships among these three taxa are unresolved
(Olney etal. 1993; Fig. 2.2).

The Stomiiformes (dragonfishes and relatives)
includes over 320 species of midwater and deep-
water oceanic fishes found worldwide. It is a very
diverse group, ranging from darkly pigmented,
slender-bodied, large-fanged fishes, such as the
dragonfishes (Stomiidae), to the silvery, deep-
bodied hatchetfishes (Sternoptychidae). The group
also includes tiny fishes of the genus Cyclothone,
delicate plankton dwellers, and considered by
some scientists to be the most abundant vertebrate
genus in the world (see Miya and Nishida 1996).
All but a single species of the order have light

organs, and these have a distinctive structure that
distinguishes stomiiforms from all other fishes
with light organs. Other characters supporting
monophyly of the order, as well as relationships
within it, are reviewed by Harold and Weitzman
(1996).

About 12 species of bottom-dwelling deepsea
fishes comprise the Ateleopodiformes (snotnose or
jellynose fishes). They are found worldwide, and
are elongate flabby fishes with a weakly ossified
skeleton, a long anal fin continuous with the cau-
dal, a short dorsal fin positioned near the head, an
inferior mouth and a pronounced jelly-like snout.
The largest species grow to nearly 2m. They have
been classified near the lampridiform fishes, but
Olney et al. (1993) removed them from the
Acanthomorpha.

The Eurypterygii was diagnosed by Johnson
(1992) on the basis of several synapomorphies
associated with the gill arches, such as the tooth-
plate fused to epibranchial 3, presence of an
interoperculoid ligament in the jaws, and fusion
of the ventral hemitrich of the medial pelvic ray
to the medial pelvic radial. It includes two groups,
the Aulopiformes (= Cyclosquamata) and the
Ctenosquamata.

There are about 220 species of marine benthic
and pelagic fishes in the Aulopiformes (lizard-
fishes and relatives). They occur worldwide in
habitats ranging from coastal areas and estuaries to
the abyss. The diversity of their habits is matched
in their morphology, ranging from small (10cm)
sand-diving pseudotrichonotids to large (2m)
pelagic alepisaurids (lancetfishes). Despite this
diversity, the monophyly of the order is well
supported by various synapomorphies, mainly
associated with gill-arch morphology. Characters
supporting aulopiform monophyly, intrarelation-
ships and familial classification are detailed by
Baldwin and Johnson (1996). Historically, aulopi-
forms have been incorrectly classified with the
Myctophiformes.

The myctophiforms and acanthomorphs, the
remaining teleosts, are grouped into a large taxon
called the Ctenosquamata. Characters supporting
monophyly of this group are reviewed by Stiassny
(1996).
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The Myctophiformes (= Scopelomorpha;
lanternfishes and relatives) is a moderate-sized
order of about 250 species of small, mainly
mesopelagic fishes found in oceanic and coastal
waters worldwide. Characters supporting mono-
phyly and interrelationships of the order are dis-
cussed by Stiassny (1996).

The Acanthomorphais animmense grouping of
fishes that includes about 60% of all fish species,
and thus nearly one-third of all vertebrates, or
about 14700 species. It is diagnosed by a number
of osteological features, the most conspicuous
of which is the presence of true fin spines
(unsegmented, bilaterally fused anterior rays) in
the dorsal and anal fins (Johnson and Patterson
1993), though these are secondarily absent
in some acanthomorphs. About 20 or so
acanthomorph orders are usually recognized at
present. We recognize 21 here: Lampridiformes,
Polymixiiformes,  Percopsiformes,  Ophidii-
formes, Gadiformes, Batrachoidiformes, Lophii-
formes,  Stephanoberyciformes,  Zeiformes,
Beryciformes, Mugiliformes, Atheriniformes,
Beloniformes, Cyprinodontiformes, Synbranchi-
formes, Gasterosteiformes, Dactylopteriformes,
Gobiesociformes,  Perciformes, Pleuronecti-
formes and Tetraodontiformes.

Relationships among acanthomorphs are
controversial and represent one of the major
challenges facing vertebrate systematics. As G.J.
Nelson (1989b, p. 328) put it when commenting on
our understanding of relationships among teleost
fishes: ‘recent work has resolved the bush at the
bottom [relationships among basal teleosts], but
the bush at the top [the acanthomorphs] persists’.
The most recent comprehensive treatment of
acanthomorphs was by Johnson and Patterson
(1993), who on the basis of a large array of morpho-
logical characters, particularly those associated
with the configuration of the ribs and associated
intermuscular bones, suggested a novel scheme of
relationships among acanthomorphs. Johnson and
Patterson’s phylogeny is largely followed here (Fig.
2.2). Among their major conclusions were that,
based on mainly osteological characters, such as
the first intermuscular bone (epineural) originat-
ing at the tip of the transverse process on the first

vertebra, the Atherinomorpha (Atheriniformes,
Beloniformes and Cyprinodontiformes), Gas-
terosteiformes, Mastecembeloidei and Mugilidae
(which are both wusually classified in the
Perciformes), Synbranchiformes, and the genus
Elassoma, which was previously classified in the
North American perciform family Centrarchidae,
form a monophyletic group, the Smegmamorpha.
Johnson and Patterson’s Smegmamorpha has not
been cladistically tested, but Parenti and Song
(1996) noted that some smegmamorphs (Elassoma
and mugilids) share a unique derived pattern of
pelvic innervation with higher acanthomorphs
(such as Perciformes), but that atherinomorphs
and gasterosteiforms possess a primitive arrange-
ment. This suggests that the Smegmamorpha is
not monophyletic. In contrast, however, Johnson
and Springer (1997) have concluded that Elassoma
is a gasterosteiform.

Johnson and Patterson (1993) also proposed that
the Beryciformes of previous authors represents
two distinct lineages, the Stephanoberyciformes
and the Beryciformes. Moore (1993) agreed that
the traditional Beryciformes is not monophyletic,
but proposed a radically different arrangement in
which the vast majority of the traditional taxa,
including Johnson and Patterson’s Stephanobery-
ciformes, were classified in a separate order,
the Trachichthyiformes, which is not recognized
here.

It is likely that debate over the relationships of
acanthomorphs will continue. In addition to the
need for testing the relationships and characters
proposed by Johnson and Patterson (1993), there is
a need to tackle major questions not addressed by
these authors. In particular, the monophyly and
intrarelationships of the Paracanthopterygii
and Perciformes (see below), and the influence of
their probable non-monophyly on Johnson and
Patterson’s scheme of relationships, represent
significant challenges for systematic ichthyology
(Gill 1996).

The oarfishes and allies form a small order of
about 20 species of oceanic fishes called the
Lampridiformes. Although very different in biolo-
gy and form, ranging from the deep-bodied lampri-
dids (opah) to the very elongate regalecids
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(oarfishes), lampridiforms are characterized by a
unique mouth structure. Other characters sup-
porting monophyly of the order and relationships
among the seven families included are discussed
by Olney et al. (1993). The oarfish (Regalecus
glesne) is the longest bony fish, purportedly reach-
ing lengths of up to 17m, although confirmed re-
ports are to only 8m. It is almost certainly
responsible for early accounts of sea serpents, par-
ticularly those that refer to monsters having ‘the
head of a horse with a flaming red mane’ (Norman
and Fraser 1937, p. 113).

The Polymixiiformes (beardfishes) is a small
order with 10 species in one family, the Polymixi-
idae (Kotlyar 1996), and occurs on outer continen-
tal slopes in tropical and subtropical waters of all
major oceans. They are distinctive in having a pair
of hyoid barbels, which leads to their common
name of beardfishes. Polymixiids have been vari-
ously classified in the Beryciformes (J.S. Nelson
1984; Kotlyar 1996) or the superorder Paracan-
thopterygii (Rosen and Patterson 1969), but they
are generally seen now as basal acanthomorphs
(Rosen 1985; Stiassny 1986; Johnson and Patterson
1993).

Five acanthomorph orders, the Percopsiformes,
Ophidiiformes, Gadiformes, Lophiiformes and
Batrachoidiformes, were grouped into a diverse
assemblage called the Paracanthopterygii by
Patterson and Rosen (1989), who also postulated
interordinal relationships. This superorder was
originally proposed by Greenwood et al. (1966), but
at that time also included several additional taxa.
However, even as redefined by Patterson and
Rosen and later supported by Murray and Wilson
(1999), there is equivocal support for monophyly
of the Paracanthopterygii (Gill 1996) and ordinal
interrelationships and composition are con-
troversial (cf. Markle 1989; Patterson and Rosen
1989; Murray and Wilson 1999). It is unlikely that
paracanthopterygian interrelationships will be
resolved without first resolving the question of
monophyly of the group.

The Percopsiformes (troutperches, pirate perch
and cavefishes and allies) is a small order of North
American freshwater fishes, with nine extant
species in three families. However, some authors

have concluded that the order is not monophy-
letic. For example, Rosen (1985; see also Patterson
and Rosen 1989) was unable to find characters to
diagnose the order but provided synapomorphies,
such as a thoracic anus and segmented premaxilla,
to link the families Aphredoderidae (pirate
perches) and Amblyopsidae (cavefishes) into a
monophyletic group, the Aphredoderoidei. More
recently, Murray and Wilson (1999) proposed a dif-
ferent arrangement in which aphredoderids were
grouped with the Percopsidae (troutperches) and
several fossil taxa in the Percopsiformes, and
amblyopsids were placed in their own order
(Amblyopsiformes) within the Anacanthini, a
group that also included gadiforms, ophidiiforms,
lophiiforms and batrachoidiforms.

The Ophidiiformes (cusk-eels, pearlfishes and
relatives) is a moderately large order with about
370 species in five families of mainly marine
coastal to abyssal fishes, although there are a few
brackish water or freshwater species (Nielsen et al.
1999). They are characterized by pelvic fins, when
present, anteriorly positioned beneath the head
and long-based dorsal and anal fins. However,
monophyly of the order and its included families is
questionable; for example, Patterson and Rosen
(1989) concluded that the order is paraphyletic
with some ophidiiforms more closely related to a
clade consisting of the Gadiformes, Lophiiformes
and Batrachoidiformes than they are to other
ophidiiforms. Murray and Wilson (1999) also con-
cluded that the order is not monophyletic, but
divided the group differently. An alternative view
of ophidiiform intrarelationships and classifica-
tion is discussed by Howes (1992).

With about 500 species (Cohen et al. 1990), the
Gadiformes (cods and relatives) is a moderately
large order. They are mainly marine fishes found in
temperate or deepsea habitats worldwide, and in-
clude the commercially important family Gadidae
and the large mainly benthopelagic family
Macrouridae. A very entertaining history of the
Atlantic cod (Gadus morhua) fishery is provided
by Kurlansky (1997). Monophyly of the Gadi-
formes is supported by various osteological and
larval characters (Markle 1989), but relationships
and familial classification within the order are
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controversial (e.g. see papers in Cohen 1989). Table
2.3 follows Cohen et al. (1990) with parenthetical
families (synonyms) as recognized by Howes
(1991), who provided systematic and distribu-
tional summaries for each.

The Batrachoidiformes (toadfishes) includes
one family and about 70 species of mainly marine
coastal fishes, with a few species confined to fresh
water. The order has a worldwide distribution. As
the scientific and common names suggest (batra-
chos is Greek for frog), they resemble frogs and
toads. They have smooth slimy skin with scales
absent or small and cycloid, prominent forward-
pointing eyes, ambushing predatory tactics, alarge
flattened head with a broad mouth, and the ability
to produce croaking or grunting sounds. Some
members of one subfamily (Porichthyinae) have
rows of bioluminescent light organs, or photo-
phores, along the sides of their head and
body. Members of another subfamily, the Thalas-
sophryninae, possess venomous spines on the
dorsal fin and gill cover.

The Lophiiformes (anglerfishes and relatives) is
a moderately small, worldwide order with about
300 species of marine shallow to deepsea fishes.
Among the taxa included in the order are the
commercially important lophiids (monkfishes
and goosefishes), the reef-dwelling antennariids
(frogfishes), the endangered southern Australian
brachionichthyids (handfishes), and the deepsea
ceratioids (deepsea anglerfishes). The latter group
are distinctive in showing extreme sexual dimor-
phism; in some, the males are very reduced in size
and have denticular teeth for attaching to and
parasitizing females (Bertelsen 1984). Monophyly
of the Lophiiformes is supported by various
synapomorphies; most notably the anterior dorsal-
fin ray, if present, is modified into an illicium (‘rod
and line’) and esca (‘bait’), devices for attracting
prey to the mouth. They also produce eggs
‘spawned embedded in a continuous ribbon-like
sheath of gelatinous mucous’ (Pietsch 1984,
p. 320). Additional characters supporting mono-
phyly of the order and interrelationships among
its included suborders are discussed by Pietsch
(1984) and Pietsch and Grobecker (1987).

The Stephanoberyciformes (pricklefishes,

whalefishes and allies) is an order of about 90
species of small deepsea fishes found throughout
the world’s oceans. They are distinguished by a
number of osteological characters, such as the ab-
sence of a subocular shelf on the infraorbital bones
and the presence of a uniquely hypertrophied
extrascapular bone (Johnson and Patterson 1993).
Other characters supporting monophyly and
intrarelationships of the group are discussed by
Moore (1993). Moore classified the taxon as one
of two suborders in the Trachichthyiformes, the
other suborder being the Trachichthyoidei; we
follow Johnson and Patterson (1993), however,
inincluding the latter in the Beryciformes.

The Zeiformes (dories and allies) is an order
with only about 40 species of deep-bodied fishes
found throughout the world’s oceans, mainly on
the continental slope and around seamounts, usu-
ally at depths of 600m or less. They have highly
protrusible jaws, and dorsal and anal fins with
spines anteriorly and unbranched segmented rays
posteriorly. The soft and spinous portions of the
dorsal fin are separated by a notch. Monophyly of
the order is questionable; in particular, the inclu-
sion of the Caproidae is doubtful (see Johnson and
Patterson 1993, p. 592). Rosen (1984) classified
zeiforms within the Tetraodontiformes and pro-
posed that the Caproidae is the sister of a clade
consisting of all other members of the redefined
Tetraodontiformes, which in turn is divisible into
two sister taxa, Zeomorphi (traditional Zeiformes
minus Caproidae) and Plectognathi (traditional
Tetraodontiformes).

There are about 150 species in the Beryciformes
(squirrelfishes and allies). These are shallow to
deepsea fishes found throughout the world’s
oceans. Monophyly of the order is supported by the
presence of Jakubowski’s organ, a uniquely inner-
vated portion of the laterosensory system on the
snout (Johnson and Patterson 1993). However,
the composition of the order is controversial (see
Stephanoberyciformes above). Most members of
the order avoid light; the shallow-water represen-
tatives, such as the squirrelfishes (Holocentridae)
and most flashlight fishes (Anomalopidae), are
nocturnal, inhabiting caves or deeper waters
during the day. There are several commercially
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important species in the order, most notably the
orange roughy (Hoplostethus atlanticus).

The Mugiliformes (grey mullets) is a small
order with one family containing about 80 species
of coastal marine and freshwater fishes found
throughout the world. They have two widely
separated dorsal fins, a small triangular mouth,
and pelvic fins positioned well behind the pectoral
fins. Many species are commercially important for
their flesh and roe.

The following three orders (Atheriniformes, Be-
loniformes and Cyprinodontiformes) are grouped
together in a taxon called the Atherinomorpha.
Monophyly of the Atherinomorpha is supported
by a range of reproductive and osteological charac-
ters (reviewed by Parenti 1993). They are remark-
able for their diversity of reproductive modes.
Although most are oviparous, viviparity has
evolved independently several times. Develop-
ment is relatively slow, making atherinomorphs
ideal subjects for embryological and associated
studies. In certain species, such as the ‘annual
killifishes’ of the families Rivulidae and
Aplocheilidae, eggs enter diapause during periods
of desiccation. The moderately large order Cyprin-
odontiformes (killifishes and allies) contains
about 800 species found throughout freshwater
and coastal marine areas of the New World, Africa,
southern Europe and Asia. Monophyly of the order
and interrelationships of its included genera were
investigated by Parenti (1981) and Costa (1998).
The Beloniformes (needlefishes and allies), at
around 200 species, is a moderately small order
of freshwater, coastal marine and oceanic fishes
found throughout tropical to temperate areas of
the world. It is a relatively diverse order, with such
distinctive fishes as needlefishes (Belonidae),
slender predators with elongate jaws; flying fishes
(Exocoetidae), pelagic fishes with enlarged pec-
toral and sometimes pelvic fins for gliding flight;
and the ricefishes (Adrianichthyidae), small
killifish-like species from east Asia. Beloniforms
are distinctive in having more fin rays in the lower
lobe of the caudal fin than the upper lobe, and the
upper jaw fixed and non-protrusible. Additional
characters supporting monophyly of the order and
relationships within it are discussed by Rosen and

Parenti (1981), Collette et al. (1984) and Lovejoy
(2000). The Atheriniformes (silversides, rainbow-
fishes and allies) is a moderately small order of
about 300 species of freshwater and coastal marine
fishes found throughout tropical to temperate
waters of the world. They are small fishes, usually
with two dorsal fins with the anterior one having
spines, a weak spine at the front of the anal fin, no
lateral line and a silvery stripe along the side of the
body, which gives the common name. There has
been considerable debate about the monophyly
and relationships of atheriniform fishes in recent
years. This has particularly centred around the
various taxa included here in the Melanotaeni-
idae (Bedotiidae, Pseudomugilidae and Telmath-
erinidae), Dentatherinidae and Phallostethidae,
and their relationships to other atherinomorphs
(e.g. Allen 1980; Parenti 1984; Stiassny 1990; Saeed
et al. 1994; Dyer and Chernoff 1996; Aarn and
Ivantsoff 1997; Aarn et al. 1998). We tentatively
follow Dyer and Chernoff (1996) in accepting a
monophyletic Atheriniformes. This is in contra-
diction to Stiassny (1990), who proposed that the
Bedotiidae is the sister of a clade consisting of
all atherinomorphs. We also follow Dyer and
Chernoff (1996) in the familial classification
presented (Table 2.3), but anticipate that debate
islikely to continue.

The Synbranchiformes (swamp eels and allies)
is a small order of about 90 species of freshwater
and estuarine fishes found throughout the tropics.
They are characterized by an eel-like body shape
and a distinctive configuration of the anterior
vertebrae (Johnson and Patterson 1993). Two
suborders are currently included in the order. The
Synbranchoidei (swamp eels) are found through-
out the Neotropics, Africa, Asia and the Indo-
Australian area, and have highly reduced finsand a
single ventral gill opening. Most are burrowers and
many are amphibious, able to remain active out of
water forup to six months (Liem 1998). The Maste-
cembeloidei (freshwater spiny eels) are found
throughout Asia and Africa, and are also burrow-
ing fishes, though most are fully aquatic. Until
recently, the Mastecembeloidei were classified as
a perciform suborder.

The Gasterosteiformes (pipefishes, stickle-



Phylogeny and Systematics 35

backs and allies) is an order of about 280 species of
freshwater and coastal marine fishes found
throughout the world. It is a morphologically di-
verse group that includes some of the most bizarre
fishes, such as seahorses, seadragons and pipe-
fishes (Syngnathidae), ghost pipefishes (Solenosto-
midae), shrimpfishes (Centriscidae), sea moths
(Pegasidae), paradox fishes (Indostomidae) and
sticklebacks (Gasterosteidae). The latter family
includes some of the most intensively studied
of all fishes, with many works devoted to their
biology, ethology and geographical variation (e.g.
Bell and Foster 1994). There is consensus neither
on the composition of the order nor its internal re-
lationships. Debate has in particular concentrated
on whether the sea moths and the paradox fishes
should be included in the order (see Johnson and
Patterson 1993). As noted above, the Elassomati-
dae, previously classified in the Perciformes, has
also been recently added to the order by Johnson
and Springer (1997).

There are about 300 species in the Gobiesoci-
formes (clingfishes, dragonets and allies), a small
order of mainly shallow marine fishes, though a
few enter fresh water. They are found throughout
tropical to temperate areas of the world, and are
distinctive in lacking scales and in having the pec-
toral and pelvic fins connected by a membrane and
the infraorbital bone series represented only by a
single anterior element, the ‘lachrymal’. Other
characters diagnosing the order are summarized
by Gill (1996). The three families comprising
the order have been variously classified in the
Perciformes or Paracanthopterygii, and not always
associated with each other. For example, many
classifications place the gobiesocids in their own
order, Gobiesociformes, within or near the Para-
canthopterygii, while placing the draconnetids
and callionymids in their own perciform suborder,
Callionymoidei. Prior to Springer and Fraser
(1976), the relationships of the Australian gobieso-
cid genus Alabes were particularly confused. On
thebasis of its eel-like body form and single ventral
gill opening, most previous authors had classified
itinits own family in the Synbranchiformes.

The Dactylopteriformes (flying gurnards) is a
small order (about seven species in a single family,

Dactylopteridae) of bottom-living fishes, found
throughout shallow to moderate-depth waters of
warm-temperate to tropical seas. They are distinc-
tive in having a bony head, with a large con-
spicuous preopercular spine, and enlarged pectoral
fins, with the upper five to seven rays short
and separated from the remaining rays. Other
characters diagnosing the group are discussed by
Gill (1890) and Eschmeyer (1997). Most recent
authors have classified the Dactylopteridae in the
order Scorpaeniformes (here grouped with the
Perciformes), which they superficially resemble;
dactylopterids bear, in particular, a striking
resemblance to the family Triglidae (gurnards).
However, we follow Mooi and Gill (1995)in reject-
ing a close relationship between ‘scorpaeniforms’
and dactylopteriforms. Imamura (2000) has re-
cently proposed that dactylopterids are nested
within the perciform family Malacanthidae.

The Perciformes (perches and allies) is a huge
order of fishes found throughout fresh and marine
waters of the world. With over 11000 species, it is
by far the largest vertebrate order; it is also one of
the most diverse, ranging from tiny gobiids, in-
cluding the 10-mm Trimmatom nanus, the short-
est vertebrate, to the 4.5-m pelagic black marlin
(Makaira indica), and, in particular, includes the
vast bulk of the diversity of coastal and reef fishes
worldwide (Johnson and Gill 1998). However, such
claims are empty, as there is no evidence that
perciforms form a monophyletic group. Moreover,
not only are there no synapomorphies to unite the
order, it is not diagnosable even on the basis of
shared primitive characters. Thus the Perciformes
hasitsbasisin tradition rather than characters, and
it is possible that the nearest relatives of some or
many perciform taxa lie elsewhere in the Acantho-
morpha. Relationships and classification within
the Perciformes are likewise dubious. Although
some suborders (e.g. Acanthuroidei, Anaban-
toidei, Blennioidei, Gobioidei, Notothenioidei,
Scombroidei and Stromateoidei) and many
families are demonstrably monophyletic, the
monophyly of many others, such as the suborders
Labroidei and Tachinoidei, is dubious, and the
Percoidei, which is the largest suborder with about
3000 species, is effectively a wastebasket for perci-



36 Chapter 2

form taxa that have not been assigned to other sub-
orders (Gill and Mooi 1993; Johnson 1993; Mooi
and Gill 1995; Mooi and Johnson 1997). We follow
Mooi and Gill (1995) in including the Scorpaeni-
formes in the Perciformes; not only is there no
justification for excluding scorpaeniforms, but
they share a specialized arrangement of the epaxial
musculature with certain traditional perciforms
(including Perca, type genus of the order) that is
not found in other Perciformes. Families listed in
Table 2.3 follow Imamura and Shinohara (1998)
and Johnson and Gill (1998) with some minor
updates.

The Pleuronectiformes (flatfishes), with about
570 species, is a moderately large order of mainly
marine fishes found worldwide. The order
contains many important commercial fishes,
including halibuts, flounders and soles.
Pleuronectiforms are characterized by a unique
synapomorphy: ontogenetic migration of one eye
to the opposite side of the head. Adult flatfishes lie
on their blind side, often with the body partially or
completely covered with sand or silt; many are
well known for their ability to rapidly alter their
coloration to match the substrate. Additional
characters supporting monophyly of the order and
familial relationships within it are discussed by
Chapleau (1993) and Cooper and Chapleau (1998).
The Pleuronectiformes is sometimes stated as
being derived from a perciform or percoid ancestor
(e.g. ].S. Nelson 1994). However, there is no char-
acter evidence for a relationship with or within
perciforms.

The Tetraodontiformes is a moderately large
order of about 340 species of mainly marine fishes
found throughout tropical to warm-temperate
areas of the world. There are also species found in
fresh water. It is a relatively diverse order, ranging
from the 2.5-cm diamond leatherjacket (Rudarius
excelsus, Monacanthidae) to the at least 3-m
long, 2000-kg ocean sunfish (Mola mola, Molidae).
Tetraodontiforms are distinctive in having a small
slit-like gill opening, and scales usually modified
as spines, shields or plates. Additional characters
defining the order and relationships within it are
variously discussed by Winterbottom (1974), Tyler
(1980), Leis (1984) and Tyler and Sorbini (1996).

Tetraodontiforms are often regarded as perciform
derivatives and, in particular, are often associated
with the perciform suborder Acanthuroidei.
However, Rosen (1984) considered and rejected
such a relationship in favour of one between the
Tetraodontiformes and Zeiformes (see above).

2.4 CONCLUSIONS

Systematic ichthyology is an active and important
field. Our understanding of the relationships of
fish taxa and their associated classification contin-
ues to develop as new characters are investigated
and as our understanding of character distribution
improves. Our appreciation of the diversity of
fishes also continues to develop, as new species are
described either through discovery of forms new to
science or through refinement of species concepts.
Other fields of fisheries biology, such as ecology,
biogeography, genetics, development, physiology
and conservation, are recognizing that an under-
standing of the systematics of fishes can often be
necessary for clarifying concepts and frequently
crucial to forming coherent and complete hy-
potheses. The rest of the Handbook will illustrate
the significance of this.
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3 Historical Biogeography of Fishes

R.D. MOOI AND A.C. GILL

3.1 INTRODUCTION

Biogeography is the study of the distribution of life
on Earth, or which organisms live where and why.
It is fundamental to understanding the evolution
of species, the development of diversity, and the
composition and interaction of organisms within
the environment. At its most basic, biogeography
provides distributional and faunal composition
data that directly impact fishery biologists and
conservationists, where understanding of distri-
bution and species limits will determine resource
use. In this chapter we convey a more complete
view of biogeography as a dynamic and exciting
conceptual science that generates hypotheses
and makes testable predictions about the natural
world.

Biogeography is divided into two components.
Historical biogeography reconstructs the histori-
cal influences on the distribution of organisms
over long temporal and often large spatial scales,
thereby identifying patterns of distribution and
processes that might explain them. Ecological bio-
geography accounts for distribution in terms of
the interaction of organisms with their physical
and biotic environment over short temporal and
small spatial scales, thereby exploring processes
that limit distribution and examining patterns of
species richness. Myers and Giller (1988) proposed
that a complete understanding of distributions of
organisms cannot be attained without knowledge
of the full spectrum of ecological and historical
processes. Theirbook is an attempt to integrate the

two approaches. Brown and Lomolino (1998) pro-
vide an excellent university-level text for all as-
pects of the field (historical and ecological). The
chapter by Jones et al. (Chapter 16, this volume)
deals with ecological biogeography, but here we
focus on the historical aspect of biogeography as a
companion to the preceding chapter on the phy-
logeny of fishes. We briefly outline the concepts
and methods before summarizing fish distribu-
tions, faunal composition, and historical biogeog-
raphy of freshwater and marine regions.

3.1.1 Whatis historical
biogeography?

Historical biogeographers rely on accurate distri-
butional information, good taxonomy and well-
corroborated phylogenies to identify distribution
patterns and form robust hypotheses. Comprehen-
sive knowledge of distributions of most organ-
isms, including fishes, is not generally available.
Hence, biogeographic hypotheses are often built
on incomplete data. Our understanding of fish
diversity and distribution has changed dramati-
cally over thelast three decades with increased col-
lecting effort and improved methods. The number
of described fish species increases by about 200 per
year (Eschmeyer 1998), due to more thorough
exploration of poorly known areas or habitats,
and recognition of what were formerly widespread
‘species’ as pairs or complexes of allopatric species
with separate evolutionary histories (Gill 1999). In
either case, distributional ranges are altered and
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patterns change. This emphasizes the importance
of continued broad faunal surveys, museum col-
lections and monographic work. Effective bio-
geographic studies are based on a synthesis of the
distributions of several groups or repeating dis-
tributional patterns within a taxon; historical bio-
geography relies on common patterns.

3.2 CONCEPTS AND
METHODS

3.2.1 Pastinfluences on
today’s approaches

The history of biogeography is fascinating, and is
required background to comprehend present-day
polemics. Detailed accounts can be found in
Nelson (1978) and Humphries and Parenti (1986,
1999) (cladistic perspective), and Mayr (1982,
pp. 439-55) (classical perspective). Brown and
Lomolino (1998) provide a balanced account of
the development of ecological and historical bio-
geography. A summary of the last 20 years can be
found in Holloway and Hall (1998).

Early biogeography was dominated by the iden-
tification of faunal realms, some of which are still
recognized. Sclater (1858) divided the Earth into
six regions based on the distribution of birds (Fig.
3.1a),later applied to animals in general by Wallace
(1876), and Forbes (1856) produced a map dividing
the oceans into provinces. Until the late 20th cen-
tury, the geography of the Earth was considered
stable over the evolution of distributions. Hence,
biogeographers had no mechanism other than dis-
persal to explain them. Higher taxa were hypothe-
sized to arise in a centre of origin from which
new species disperse as widely as their abilities
and suitable environment allow, displacing more
primitive species towards peripheral areas. A
comprehensive dispersalist summary of fresh-
water fish distribution was provided by Darlington
(1957).

Fish biogeography became dominated by
Myers’ (1938) concept of primary, secondary and
tertiary freshwater fishes, a scheme that identified
the degree of salt tolerance of fish taxa, with pri-
mary being intolerant. The implication that pri-

mary freshwater fishes, being confined to particu-
lar watersheds, provided the most important data
for biogeography continues to influence taxon
choice in fish biogeographic studies.

The modern era of biogeography, beginning
about 1960, has as a fundamental principle that
Earth and life have evolved together. This concept
was bolstered by the simultaneous re-emergence
among geologists of support for continental drift
and plate tectonic theory. Thisnew, unstable Earth
required that the foundations of historical biogeog-
raphy be examined closely. Through a reinterpre-
tation of Croizat’s (1964) work in a phylogenetic
framework, Nelson, Rosen (ichthyologists) and
Platnick (arachnologist) revolutionized biogeo-
graphy. They developed a method where cladistic
summaries of organismal relationships and their
distributions could be compared for congruence
with geological area relationships as formulated
by geologists; biotic data could provide a direct
means to test hypotheses of geohistory (Platnick
and Nelson 1978; Nelson and Platnick 1981).
Ichthyologists played a leading role in the biogeog-
raphy revolution (e.g. G. Nelson, Rosen, Patterson,
Parenti, Wiley).

3.2.2 Pattern and process:
congruence and the roles of
vicariance and dispersal

Historical biogeography is essentially a search for
an explanation of some form of endemic distribu-
tion: why is a taxon restricted to a particular
geographic area? The field’s development can be
traced through the philosophical dominance of
one of two main processes to explain endemism:
vicariance and dispersal. In a vicariance explana-
tion, taxa are endemic because their ancestors
originally occurred in an area and their descen-
dants remain. An ancestral population is divided
when a barrier appears that individuals cannot
negotiate (Fig. 3.2a). Eventually, the two groups
differentiate into taxa that are then endemic to
eitherside of the barrier. Here, the barrieris a cause
of the disjunction and the barrier and the taxa are of
equal age. In a dispersal explanation, endemic taxa
arise as the result of the dispersal into new areas by
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Fig. 3.1

Biogeographic realms. (a) World map showing the limits of Wallace’s six terrestrial biogeographic regions,

still in use today. (b) A schematic of biogeographic regions based not on landmasses but ocean basins; each continent
is inferred to be composite because it is part of the biogeographic regions of the oceans it contacts. The Tethys Sea is
abody of water that separated the portions of Borneo, Sulawesi and New Guinea that later came in contact. This
Tethys should not be confused with the larger Tethys hypothesized to have separated India from Asia. Af, Africa;
Aus, Australia; Bo, Borneo; CA, Central America; EA, East Asia; Eu, Europe; In, India; Mad, Madagascar; NA, North
America; NC, New Caledonia; NG, New Guinea; NZ, New Zealand; SA, South America; SAf, South Africa; Su,
Sulawesi; Tas, Tasmania. (Source: a, from Nelson and Platnick 1984; reprinted by permission of Carolina Biological

Supply Company. b, from Parenti 1991.)

ancestors that originally occurred elsewhere (Fig.
3.2b). In this case, the range of the ancestor is
limited by a previously existing barrier that is later
crossed by chance dispersal by some members of
the population. Over time, surviving colonizers in
the new area would evolve into a distinct taxon.
Here, the barrier is older than the endemic taxa.
The central theme of modern historical bio-
geography, discovering congruent patterns of
species and area relationships, has often been over-
shadowed by a focus on the relative importance of

the roles of dispersal and vicariance in organismal
distribution. Early comments of Platnick and
Nelson (1978, p. 8) should have made the process
debate unnecessary:

the first question we should ask when con-
fronted with the allopatric distribution of
some group is not ‘Is this pattern the result
of vicariance or dispersal?’ but ‘Does this
pattern correspond to a general pattern of
area interconnections (and thus reflect the
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history of those areas) ornot? . . . After a hy-
pothesized general pattern is corroborated,
we may be able to ascribe it to vicariance or
dispersal by the use of independent evidence
of earth history.

The development of methods to detect patterns of
distribution and underlying history has been the
focus of theoretical biogeographers for the last 30
years.

3.2.3 Methods

There is no consensus on a preferred method of
analysis; some workers have described historical
biogeography as a subject looking for a method
(Tassy and Deleporte 1999). Most workers agree in
principle that such a method should include
hypothesis testing based on a phylogenetic sys-
tematic framework using area cladograms. Space
does not permit even a brief overview of the main
methods in historical biogeography. Three that are
not discussed further are dispersalism, largely dis-
credited but some principles such as‘centres of ori-
gin’ continue to be invoked implicitly, and even
explicitly (e.g. Bremer 1992; Briggs 1999a,b); par-
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across barrier Fig.3.2 Schematicof a vicariance

explanation (a) and a dispersal
explanation (b) of the disjunct
distribution of two taxa (A1, A2).
(Source: modified from Nelson and
Platnick 1984; reprinted by
permission of Carolina Biological
Supply Company.)

simony analysis of endemicity, introduced by
Rosen (1984) and critiqued by Humphries (1989,
2000); and panbiogeography, reviewed by Craw
et al. (1999), with many critics (e.g. Seberg 1986;
Platnick and Nelson 1989; Mayden 1992a). For
more detailed discussion of all methods, see Myers
and Giller (1988), Morrone and Crisci (1995) and
Humphries and Parenti (1999). Humphries (2000)
provides a historical perspective on biogeographic
methods with a useful reference list. Two common
methods used by ichthyologists are introduced
below.

Phylogeography

Phylogeography is a new subdiscipline that exam-
ines the distribution of gene lineages within
and among closely related species (Avise 2000).
Usually, genetic divergence is used to estimate
relationships among populations and molecular
clocks to date lineages, with resulting unrooted
similarity networks, called phenograms, used to
hypothesize species relationships, directions of
dispersal, number of invasions and vicariance (e.g.
Bowen and Grant 1997; Bowen et al. 2001).

The recent surge in interest in biogeography is
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an important contribution of phylogeography, and
asmethods arerefined it willundoubtedly advance
understanding of fish distribution. Others will dis-
agree but we recognize some fundamental issues
which have yet to be fully resolved or addressed by
practitioners:

1 distributions are often examined on a case-by-
case basis, emphasizing process over pattern, often
imposing dispersal/centre of origin explanations;
2 use of molecular clocks remains controversial,
since it has yet to be established that rates are
constant;

3 frequentreliance on similarity matrices for phy-
logeny reconstruction is problematic (Farris 1981;
Murphy and Doyle 1998);

4 the dichotomous branching forced on the data
by tree-building algorithms does not reflect the
reticulate nature of gene exchange at the popula-
tion level, hence the trees will not necessarily
portray history of the populations or of their
distributions.

Despite these caveats, phylogeography has and
will contribute important data and hypotheses for
historical biogeography. This will be particularly
true if it continues to move in the direction out-
lined by Arbogast and Kenagy (2001) in using
more comparative approaches, and more closely
complementing or even incorporating cladistic
biogeographic methods. Phylogeographic studies
of fishes are summarized in Avise (2000, pp.
180-96).

Cladistic biogeography

Cladistic biogeography was introduced by
Platnick and Nelson (1978), with complete exposi-
tions of the method in Nelson and Platnick (1981)
and Nelsonand Rosen (1981) and anewerreview in
Humphries and Parenti (1986, 1999). Cladistic bio-
geography uses organismal history reconstructed
using cladistics (see Gill and Mooi, Chapter 2, this
volume) to imply area relationships which reflect
geological and ecological history. This method
uses implied area relationships to search for
general patterns among taxa. General patterns
speak to common processes, which are usually
sought among vicariant events initiated by geol-

ogical or climatic episodes. However, Page (1989)
and Page and Lydeard (1994) have argued that com-
mon patterns can be used to explore dispersal.

There are two basic steps in cladistic biogeogra-
phy, the construction of area cladograms from
taxon cladograms and the integration of these into
a general area cladogram (Fig. 3.3). Area clado-
grams are constructed by replacing terminal taxa
on an organismal cladogram with their distribu-
tions. This is simple if each taxon has a unique dis-
tribution, but realistic situations with widespread
taxa (those found in more than one area) and redun-
dant distributions (where two taxa occur in the
same area) become complicated. Comparing area
cladograms is equally problematic. Attempts to
address these problems have filled the pages of
several journals without consensus.

General area cladograms can be constructed
several ways, the common methods being compo-
nent analysis, three-area statements, reconciled
trees and Brook’s parsimony analysis (for details
see Myers and Giller 1988; Brooks and McClennan
1991; Morrone and Crisci 1995; Humphries and
Parenti 1999). A fifth promising method is analysis
of paralogy-free subtrees (Nelson and Ladiges
1996).

3.3 DISTRIBUTION, FAUNAL
COMPOSITION AND
HISTORICAL
BIOGEOGRAPHY
BY REGION

Thenumber of valid, named species of living fishes
is about 25000, accounting for just over half of ver-
tebrate diversity. The actual number of species is
expected to approach 33000 or more with thor-
ough investigation of relatively unsurveyed local-
ities and habitats (Vari and Malabarba 1998) and
reappraisal of widespread species. Hence, specific
numbers reported here will quickly become dated,
although the general character of the remarks will
remain reliable.

Somewhat less than 60% of fishes can be con-
sidered marine and almost 40% are principally



48 Chapter 3

-
=

Al A2

(b) Dispersal hypothesis

—=>| AU \ AU \
Area cladogram v o A
Taxon Al A2 A3 NZ -
Region SA AU NZ NZ
\>/ Vicariance hypothesis
AU \
> ->
NZ ;

Taxon cladograms Area cladograms
(0 Al A2 A3 SA AU NZ

— —— Congruence among General area
cladograms cladogram
Bl B2 B3 SA AU NZ SA AU NZ SA AU NZ

AVAVAR-AN Ve

Cl C2 (C3 SA AU Nz

N =N -

Fig.3.3 Historical explanationsin biogeography. (a) Geographical distribution and cladogram of three species, Al,
A2 and A3. (b) The cladogram can be translated into an area cladogram by replacing the taxa with their distributions.
Corresponding dispersal and vicariance hypotheses are shown to account for the distribution. Note that even in the
simplest instance (no ad hoc extinction or multiple colonization events), there are two dispersal hypotheses that
account equally well for the known phylogenetic and area relationships but only one vicariance hypothesis. Even so,
neither the dispersal nor vicariance hypothesis can be favoured; a unique example can have a unique distribution and
history. (c) A cladistic biogeographic analysis with the construction of area cladograms for several taxonomic groups
and derivation of a general area cladogram. A common pattern of history and distribution has been discovered that
suggests a general explanation; the vicariance hypothesis of (b) best provides this explanation. (Source: a, modified
from Morrone and Crisci 1995, reprinted by permission; b, modified from Brown and Lomolino 1998; ¢, modified
from Morrone and Crisci 1995, reprinted by permission. )
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freshwater residents. Less than 1% (about 250
species) normally migrate between fresh and salt
water (see Metcalfe et al., Chapter 8, this volume).
Many people have remarked on the incredible bias
of fish diversity in favour of fresh water, with about
10000 of 25000 species found in only 0.01 % of the
world’s water. This is indeed impressive, but it
should be remembered that most marine taxa are
restricted to a relatively narrow photic zone that
hugs coastlines and that marine habitats have been
much less thoroughly surveyed than those of fresh
water. The little exploration of marine habitats
below normal SCUBA depthsusing submersible or
unconventional diving techniques suggests that
there remains considerable unsampled diversity,
exemplified by the recent discovery of a second
species of coelacanth from Sulawesi (Erdmann
etal. 1998). Even among deeper-water groups, esti-
mates of diversity are increasing dramatically. For
example, the number of species of Indian Ocean
grenadiers (Macrouridae; Gadiformes), found at
depths of 200-2000m, has increased from 30
known species in 1987 to 114, and is expected to
far exceed that number (Iwamoto and Anderson
1999).

Our brief review of fish distribution is
continent-based for freshwater taxa, roughly
equivalent to the classic zoogeographic regions of
Wallace (1876) (Fig. 3.1a), and ocean-based for ma-
rine taxa (Table 3.1). The historical reality of these
regions is suspect, with most of them likely to be
composite, meaning that they are composed of
faunas that have separate evolutionary histories.
Other ways of describing zoogeographic regions
have been suggested (Fig. 3.1b), but we have no
space to describe them.

3.3.1 Freshwaterregions

A review of general freshwater fish distribution
and faunal composition, along with recent and ex-
pected developments, can be found in Lundberg
et al. (2000). Each section below provides addi-
tional sources for particular regions. With the ex-
ceptions of Europe and North America, faunas are
generally poorly known. Thorough survey and sys-
tematic work is sorely needed if historical biogeog-

Table3.1 Estimates of numbers of fish species

for freshwater and marine biogeographic regions.
Freshwater regional names follow Fig. 3.1. Marine
estimates are for shorefishes only (defined as fishes
occurring from shore to 200m depth). Almost all counts
are underestimates. Note that the historical reality for
many of these regions, freshwater and marine, has not
been adequately tested.

Freshwater regions

Nearctic (North America) 1060
Neotropical (South and Central America) 8000
Palaearctic (Europe, excluding former USSR) 360
Ethiopian (Africa) 2850
Oriental (Southeast Asia) 3000
Australian (Australia and New Guinea) 500
Marine regions

Western North Atlantic 1200
Mediterranean 400
Tropical western Atlantic 1500
Eastern North Pacific 600
Tropical eastern Pacific 750
Tropical Indo-West Pacific 4000
Temperate Indo-Pacific 2100
Antarctica 200

raphy is to make headway. Unfortunately, for
many areas it is too late to obtain original distri-
butional data because native faunas have been
modified or obliterated through overexploitation,
introduction of alien species, or other environ-
mental mismanagement (Stiassny 1996; see
Reynoldsetal., Chapter 15, Volume 2).

Europe (western Palaearctic)

The Palaearctic has the most depauperate fresh-
water fauna. About 360 species are known in
Europe proper, excluding the former USSR (Kotte-
1at 1997). Almost 36% of the diversity is accounted
for by the Cyprinidae, and another 35% by the
Salmonidae, Coregonidae and Gobiidae combined.
Cobitidae, Petromyzontidae, Clupeidae and
Percidae make up an additional 15%, and the re-
mainder is composed of several poorly represented
families (Lundberg et al. 2000). Diversity generally
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decreases northwards as recently glaciated regions
are encountered. Endemic fishes of international
interest include carp (Cyprinus carpio), goldfish
(Carassius auratus) and brown trout (Salmo
trutta), all widely introduced. Lake Baikal of
Siberia has a unique fauna derived from the cot-
toids (about 50 species), with several endemic
genera of Cottidae and two endemic families
(Abyssocottidae, Comephoridae). The majority of
the lake’s diversity is found in the Abyssocottidae,
with its species generally found below 170m.

Europe, Asia and North America share many
related taxa, including many fishes. These rela-
tionships have been explored by several workers.
Patterson (1981) compared area cladograms for a
variety of taxa (Lepisosteidae, osteoglossomorphs,
percopsiforms, Amiidae, Esocoidei, Percidae) and
found no strongly supported pattern, presenting
nine alternative cladograms among Europe, Asia
and eastern and western North America. How-
ever, as he pointed out, the fish cladograms avail-
able to him were tentative and it would be useful to
compare these with cladograms from unrelated
groups of vertebrates and invertebrates. Mono-
graphic biogeography treatments that investigate
European relationships are uncommon, but in-
clude the Acipenseriformes (Bemis and Kynard
1997) and Amiidae (Grande and Bemis 1999).
The difficulty in tracing biogeographic history of
Europe, Asia and North America stems from the
complicated geological history of Laurasia, the
northern supercontinent sister to Gondwanaland,
which began a separate history about 180Ma.
Laurasia’s history involves the transient con-
nection of Europe and Asia with North America
several times during the Cretaceous and early Ter-
tiary. The intermittent connections explain the
general similarity and close relationship of these
continental faunas, whereas the transient nature
of the connections can provide an explanation for
their more recent divergence. Patterns of internal
biogeography of the European subcontinent have
not been rigorously studied, although glaciation
has undoubtedly had an impact. Individual case
histories and some comparative work has been
done using phylogeographic methods (Bernatchez
and Wilson 1998; Bernatchez 2001).

North America and Mexico (Nearctic region)

The Nearctic fauna is extraordinarily well known,
with over 1060 species of freshwater fishes de-
scribed in North America and Mexico (Lundberg
et al. 2000). Although relatively few new species
are being described, better understanding of
ecology and genetics with broader adoption of
phylogenetic species concepts will undoubtedly
add to the total. About 45% of all species belong to
one of two families, the Cyprinidae (true min-
nows) with at least 305 species and the Percidae
(perches and darters) with over 170 species. Other
dominant families include the Poeciliidae (75
species), Catastomidae (68 species), Ictaluridae
(48 species), Goodeidae (40 species), Fundulidae
(37 species), Atherinopsidae (35 species), Centrar-
chidae (32 species), Cottidae (27 species) and Cich-
lidae (21 species). Over one-third of all species are
found in the Mississippi Basin, with diversity de-
clining away from this central drainage area. The
western Great Basin and Colorado River faunas
have the lowest diversity but exceedingly high en-
demism (over 50%). Northern areas are generally
depauperate, having been glaciated until only
10,000 years ago. Fishes of particular interest in-
clude Amia calva (Amiidae; only living member of
the family), Polyodon spathula (with its only liv-
ing relative in China), Hiodon (two species, the
only living hiodontiforms), Goodeidae (endemic;
most species have internal fertilization and are
euviviparous) and Cyprinodontidae (often restrict-
ed to particular springs).

Some of North America’s fishes, such as amiids,
polyodontids and acipenserids, are part of a relict-
ual fauna, with distributions of related taxa that
date back to the complicated history of Laurasia
over 100 Ma (Early Cretaceous). Others are likely
to postdate any connections with Eurasia, such as
Centrarchidae which is endemic. The Atlantic
Gulf Coast was submerged from the late Jurassic to
the Focene, so freshwater fishes have been in this
region for no longer than about 40 million years.

The North American fauna has been subjected
to far more rigorous phylogenetic study than fishes
of any other region. Despite this, very few histori-
cal biogeographic studies that integrate area clado-
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grams from several taxa have been attempted.
An exception is Mayden (1989), who examined
the cladistic relationships of fishes of the Central
Highlands of eastern North America with the aim
of examining historical influences on their distrib-
utions. He concluded that relationships among the
fishes and their distributions were more congruent
with a pre-Pleistocene drainage pattern than with
the present-day drainages, suggesting a diverse
and widespread pre-Pleistocene Central Highlands
ichthyofauna. This is important for biogeographic
studies in North America and other areas peripher-
ally affected by glacial periods; distributions of or-
ganisms are not necessarily dictated by changes
wrought by glaciation and subsequent dispersal,
but have a more complex and longer history influ-
enced by ancient distribution patterns as well as
more modern influences.

However, fish distribution in some parts of
North America (and Europe) are undoubtedly a
product of postglacial dispersal. Much of Canada
and parts of the northern USA are likely to
have been scraped clean of fish fauna during the
Wisconsinan glacial period. As the ice sheet re-
ceded from its maximum coverage (beginning
18000 years ago), a series of temporary glacial
lakes and outlets were formed along its southern
edge. The meltwaters drained into larger basins
and unglaciated drainages, providing dispersal cor-
ridors into the recently deglaciated areas. It is
assumed that these colonizing fishes had been
restricted to waters of unglaciated areas, called
refugia. Five major refugia have been hypothesized
for North America, with four southern and one
northern (Hocutt and Wiley 1986). Studies of
postglacial dispersal concern themselves with
identifying the refugial origins of a species and
the sequence of glacial waterways used to disperse
to their present distributions (e.g. Mandrak and
Crossman 1992). Possible dispersal routes have
been examined by mapping present-day distribu-
tions on palaeogeological maps showing glacial
outlets and water bodies (Mandrak and Crossman
1992). Phylogeographic methods have been used
to suggest dispersal routes of individual species
(Wilson and Hebert 1996) or to examine influence
of drainage changes on population structure

(Kreiser et al. 2001). If population evolution of
postglacial colonizers proves not to be overly re-
ticulate (having a complex pattern of gene ex-
change), cladistic biogeography techniques would
provide an effective tool to produce area clado-
grams of species and to search for congruence
among species. Congruent area cladograms could
be interpreted as common dispersal routes from
glacial refugia and might form independent tests of
glacial histories provided by geologists.

A summary of Nearctic biogeography can be
found in Mayden (1992b), although Hocutt and
Wiley (1986) remains an important reference.
Patterson (1981) summarized area cladograms
among northeastern and northwestern North
America with Europe and Asia, but little rigorous
study has been undertaken since. Several mono-
graphic studies have examined intercontinental
biogeography on individual groups (Grande and
Bemis 1991, Polyodontidae; Grande and Bemis
1999, Amiidae), although others have been of
broader taxonomic scope (Bemis and Kynard 1997,
Acipenseriformes).

Africa (Ethiopian region)

Africa is estimated to have 2850 species of fresh-
water fishes (Lundberg et al. 2000), although this
is undoubtedly a considerable underestimate.
Unlike North American and European faunas,
new taxa continue to be described at high rates and
distributions are poorly known. Leveque (1997)
provided a recent review of African ichthyofaunal
provinces. Diversity is highest in tropical areas,
as northern and southern regions are quite arid.
About two-thirds of the diversity is found in seven
families: Cyprinidae (475 species); Characidae and
Citharinidae (208 species); Clariidae, Clarioteidae
and Mochokidae (345 species); and Cichlidae
(conservatively 870 species). Fishes of particular
interest include several unusual groups such as
the Polypteridae (bichirs), Protopterus (lungfish),
Pantodon (butterflyfish), Mormyridae (elephant-
fishes) and Malapterurus (electric catfishes). The
diversity of cichlids has attracted most attention,
with estimates for the three large East African
lakes (Tanganyika, Malawi and Victoria) ranging
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over 1000 species (Stiassny and Meyer 1999).
These species flocks exhibit low genetic differenti-
ation but highly diversified morphologies that
evolved independently and rapidly in each lake
(Fryer and Iles 1972; Meyer 1993). Lake Victoria
was probably completely dry as recently as 12000
years ago (Johnson et al. 1996), yet now supports al-
most 400 endemic cichlid species, and the small
adjoining Lake Nabugabo is only 4000 years old
but has five of seven Haplochromis endemic
(Greenwood 1981). Lake Tanganyika, which is a
deep rift lake, is believed to have had a succession
of lowered lake levels of over 600 m, providing re-
peated isolation events and the opportunity for
speciation. Sympatric speciation via sexual selec-
tion is also likely to have played a role (Seehausen
etal. 1999).

With the extremely high level of endemism in
African waters, approaching 100% at the species
level and more than 40% at the family level, one
would expect the relationships of the region to
Europe, Asia and South America to be relatively
transparent. However, phylogenetic work on
African groups is sparse. The recognition of an
African-South American biogeographic link is not
new (Eigenmann 1909; Regan 1922), butit hasbeen
given considerable recent attention (e.g. Lundberg
1993; Grande and Bemis 1999). Many investiga-
tions take a simple view of area relations, with
large complex geological entities assumed to
behave as single units; essentially two-area
cladograms are examined, with Africa and
South America as the areas. Indeed, molecular
phylogenies of cichlids (Farias et al. 1999) and
aplocheiloids (killifish) (Murphy and Collins 1997)
have hypothesized monophyletic African and
South American sister clades. These patterns im-
plicate rifting of Africa and South America from
remaining Gondwanaland some 160 Ma, and the
vicariance of Africa and South America beginning
about 125 Ma. However, it would be surprising if
each of these continents were not composites and
their relationships not more complicated. Work
by Orti and Meyer (1997) and Buckup (1998) on
characiforms supports this. Unlike cichlids and
killifishes, neither South American nor African
characiforms are monophyletic in and of them-

selves, but instead form a series of clades that
often have separate elements in portions of both
continents.

Special mention should be made of the island of
Madagascar. Once considered to have a depauper-
ate fauna, a new accounting of Madagascan fish
species, including the discovery of several new
taxa yet to be described, has put Madagascar more
in line with other areas of similar size (Sparks and
Stiassny, in press). The total number of freshwater
species is estimated to be 127, with 76 of these
endemic. Dominant families are the Gobiidae (26
species), Cichlidae (25 species) and Bedotiidae (23
species). Madagascar possesses a high number
of endemic taxa, many of which appear to occupy
basal phylogenetic positions (Stiassny and
Raminosa 1994). Despite its geographic proximity
to Africa, a preponderance of links with India
and Sri Lanka have been suggested. Its cichlids
(Paratilapia, Ptychochromis), along with south
Asian genera (Etroplinae), appear to be basal to
the African and South/Central American species
(Stiassny 1991; Farias et al. 1999). The Madagascan
Pachypanchax (Aplocheilidae) and Ancharias
(Ariidae) are also considered basal taxa of their re-
spective families. Recent work on cichlids (Farias
etal. 1999) and aplocheiloids (Murphy and Collins
1997) suggested that Madagascan and Indian taxa
form a monophyletic sister group to an African and
South American clade. These patterns are con-
gruent with the rifting of the African and South
American landmass from remaining Gondwana-
land about 160 Ma. The Madagascan genera Bedo-
tia and Rheocles are perhaps most closely related
to eastern Australian melanotaeniids (Aarn and
Ivantsoff 1997), a pattern reflected by possible
close affinities of the Madagascan eleotridid Rat-
sirakea and Australian/New Guinean Mogurnda.
These relationships and distributions are congru-
ent with the subsequent separation of Madagascar
and India from the Antarctica-Australian land-
mass about 130 Ma. Hence, the freshwater fauna of
Madagascar has a very ancient history.

South and Central America (Neotropical region)

The Neotropical region is estimated to have up-
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wards of 8000 species (Vari and Malabarba 1998).
The Amazon basin alone is home to well over 1000
species. The Neotropical fauna is dominated by
five major groups: Siluriformes (catfishes, over
1400 species), Characiformes (characid-like fishes,
about 1800 species), Gymnotiformes (New World
knifefishes, about 100 species), Cyprinodonti-
formes (rivulines, livebearers and others, about
375 species) and Cichlidae (about 450 species)
(Lundberg et al. 2000). Fishes of particular note are
far too numerous to list exhaustively, but include
Arapaima gigas (pirarucd, Osteoglossidae, the
largest scaled freshwater fish, reaching 2.5m),
some of the smallest and largest catfishes in
the world (Micromyzon akamai, Aspredinidae, 12
mm; Brachyplatystoma, Pimelodidae, 3m), the
electric ‘eel’ (Electrophorus, Gymnotidae, capable
of producing up to 650 V), and parasitic catfishes or
candirus (Trichomycteridae, famous for reported
entry into the urethra of humans).

Central America shares the majority of its fau-
nal elements with northern South America. Poe-
ciliids and cichlids are especially well represented
in the 350 species known from the region, with
characids and siluriforms abundant only in the
south. The best-known fauna is that of Costa Rica
through the efforts of Bussing (1998), with 135
species recorded. The most diverse freshwater
families in Costa Rica are Characidae (17), Poecili-
idae (20), Cichlidae (24) and Eleotrididae (16).
Central America can boast the most well-known
application of modern biogeographic methods,
that of Rosen (1978, 1979) and his hypothesis of
congruent taxon and area cladograms for the
middle American poeciliid genera Heterandria
and Xiphophorus (live bearers). This study was the
initial trial of Platnick and Nelson’s (1978) cladis-
tic biogeography and remains one of the convinc-
ing examples of geographic congruence for fishes.
Nelson and Ladiges (1996) and Humphries and
Parenti (1986, 1999) provide detailed reanalysis
of Rosen’s data. Although Myers (1938) is asso-
ciated with dispersal scenarios because of Darling-
ton’s (1957) reliance on his ecological fish
divisions, he was open-minded on distribution
processes, and proposed ‘continental drift to be the
ultimate answer’ (Myers 1966, p. 772) for origin of

South American freshwater fauna. Significant
tests of this have yet to be provided.

Biogeographic patterns of South American
freshwater fishes are summarized in Vari and
Malabarba (1998). Available area cladograms are
often contradictory or only partially congruent,
although this should not be surprising given the
relatively few studies available and the complex
geohistory of the region. The best example in-
volves common patterns among several groups
involving northwestern South America and
nearby Central America separated by the Andean
Cordilleras. Malabarba (1998) with characiforms
and Armbruster (1998) with loricariids provided
area cladograms that suggested stream capture of
the Rio Tieté (Parana drainage) by the Rio Paraiba
in southeastern Brazil during the early Tertiary.
There are also repeated patterns of freshwater in-
vasion by marine groups before the completion of
the Panamanian Isthmus (Nelson 1984, Engrauli-
dae; Lovejoy 1996, Lovejoy et al. 1998, Potamotry-
gonidae), placing in doubt the oft-cited Pacific
origin suggested by Brooks et al. (1981; see Lovejoy
1997). Lovejoy and Collette (2001) used a phy-
logeny of the Belonidae to suggest four indep-
endent entries of fresh water by marine ancestors.
In contrast, Dyer (1998) provided an example of
secondary marine invasion by a freshwater group,
sorgentinin silversides; the general assumption of
marine to freshwater invasion clearly requires
phylogenetic testing. These are only a few exam-
ples showing the potential for the explanation of
diversity and faunal composition of South Ameri-
can fresh waters using historical biogeography.
This is an incredibly complex geological system,
asshown by Lundbergetal. (1998), that provides an
almost endless source of possible processes and
many of the histories will be difficult to tease out.
Careful systematic work and the search for con-
gruent historical and distributional patterns pro-
vide the best hope for uncovering the processes
by which the unparalleled Neotropical diversity
evolved.

Relationships of South America to Africa and to
Australia are briefly explored under those sections.
Although with somewhat different topologies,
Orti and Meyer (1997) and Buckup (1998) came to
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the conclusion that characiforms had diversified
into many of the currently recognized taxa long
before the separation of South America and Africa
about 125Ma. Similarly for siluriforms, de Pinna
(1998) has shown that South American taxa are in-
terspersed in monophyletic clades that include
African and sometimes Asian taxa. Much of siluri-
form diversity existed before the final break-up of
Gondwanaland.

Southern Asia (Oriental region)

Numbers of freshwater species in the Oriential re-
gion range upwards of 3000, but this is likely an
underestimate. Although this has been considered
a single biogeographic unit for almost 150 years,
differences in levels of endemism, diversity and
faunal composition vary widely from one area
to another. Overall, dominant families are the
Cyprinidae (over 1000 species), Balitoridae (300
species), Cobitidae (100 species), Bagridae (100
species) and Gobiidae (300 species). The continen-
tal and peninsular portions of the region follow
this faunal composition quite closely, but the
islands (e.g. Philippines, Sulawesi) lose most if
not all of the primary freshwater groups and are
dominated by the Gobiidae (Lundberg et al. 2000).
Many of the faunas are poorly known, with India
and China in particular need of modern
systematic work. Noteworthy fishes include
the Adrianichthyinae, which carry eggs with the
pelvic fins and whose distribution provides some
evidence of the geologically composite nature of
Sulawesi to which it is endemic, and extensive
cave fish fauna of the karst regions of China, Laos,
Vietnam, Thailand, Malaysia and India.
Biogeographic studies of fishes of the region are
sparse. India’s drift northwards through the Indian
Ocean and its effect on its freshwater taxa has
been debated in the literature (e.g. Briggs 1990;
Patterson and Owen 1991). The boundary between
the traditional Oriental and Australian regions for
terrestrial organisms has been the topic of con-
siderable debate, with a plethora of boundaries
including and then excluding various islands of
the Indonesian archipelago with one or the other
region (Simpson 1977). Wallace’s Line has been

afforded favoured status among at least seven
such lines, even for some marine fishes (Woodland
1986) and perhaps invertebrates (Barber et al.
2000). Although a zone of biotic contact exists in
the Indonesian area, Parenti (1991, p. 143) logically
noted that if we cannot place a biogeographic
boundary to the west or east of a particular island,
perhaps the line should be drawn through it. Ac-
knowledging that the composite geological nature
of several of the region’s islands (Sulawesi, Borneo,
New Guinea) is reflected by the evolutionary his-
tory of their taxa will greatly enhance our under-
standing of the biogeography of Wallace (see Fig.
3.1a). Parenti (1991, 1996) provided area clado-
grams based on phallostethids and sicydiine gobi-
ids and compared these to those derived from bats
and insects. These and other studies (Michaux
1991, 1996; Parenti 1998) emphasize the compos-
ite nature of many of the Oriental islands and the
complex geological history underlying the animal
distributions. Hall and Holloway (1998) present
several papers outlining details of geology that
will undoubtedly provide much fodder for biogeo-
graphic processes in the Southeast Asian region.
Although they provide no fish examples, the ter-
restrial faunal studies offer phylogenetic patterns
to which future fish cladograms and distributions
can be compared.

Australia and New Guinea (Australian region)

The Australian region has well over 500 fresh-
water fish species. Australia is estimated to have
215 freshwater fish species, with 30 of these having
been described in the last 10 years; the most recent
review is by Allen (1989). New Guinea has 320
listed species (Allen 1991) with subsequent re-
search boosting this to 350. These two major areas
share about 50 species (Lundberg et al. 2000). The
apparent lack of diversity is due in part to substan-
tial arid areas in Australia, but perhaps more to
taxonomic artefact. Many species regarded as
widespread are very likely to comprise several un-
recognized species with more restricted distribu-
tions. As an extreme example, the melanotaeniid
Melanotaenia trifasciata has been divided into
some 35 geographic forms, each with highly re-
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stricted allopatric distributions, suggesting that
the number of phylogenetically distinct species
has been grossly underestimated for this and other
species in the family. Similar though less dramatic
‘geographic variation’ has been reported for mem-
bers of at least nine additional families. Dominant
Australian taxa include the Eleotrididae and Gobi-
idae (over 50 species), superfamily Galaxioidea,
Melanotaeniidae, Terapontidae and Percichthy-
idae (each with over 20 species), and Plotosidae and
Atherinidae (each with over 15 species). Distinc-
tive components of the fauna include Neocerato-
dus forsteri (Queensland lungfish), Scleropages (a
bonytongue) and Lepidogalaxias salamandroides
(salamanderfish), whose relationships have been
greatly debated (Williams 1997) and whose behav-
iour includes aestivation (Berra and Pusey 1997).
Unmack (1999, 2001) divided Australia into
several provinces using similarity indices, al-
though the historical reality of these needs to be
tested by phylogenetic patterns not yet available.
The highest endemism occurs away from the
eastern and northeastern coastal drainages. In
New Guinea, the most diverse families are the
Eleotrididae and Gobiidae (about 115 species),
Melanotaeniidae (about 70 species), Ariidae (21
species), and Terapontidae, Chandidae and Ploto-
sidae (each with about 15 species). Melanotaeni-
ids, the rainbowfishes, are well known in the
aquarium trade.

Australia and New Guinea have been asso-
ciated throughout much of their history, made evi-
dent by the shared taxa of these areas. As recently
as 6000 years ago during the last glacial sea-level
drop, the two were connected via the sea floor of
the shallow Arafura Sea and Torres Strait. Streams
of southern New Guinea and adjacent northern
Australia were confluent at this time. However,
Unmack (1999, 2001) suggested that freshwater
faunal exchanges were unlikely during this time
due to intervening brackish water and that the
most recent viable freshwater connections likely
date back to the late Miocene. Unfortunately, phy-
logenetic studies are scarce for most freshwater
fishes of the region, making historical biogeo-
graphic hypotheses sketchy. Many discussions
assume that the freshwater biota resulted from

multiple invasions by marine taxa. An extreme,
and unfounded, example is presented in Aarn and
Ivantsoff (1997) who suggested that the Melano-
taeniidae, based on the ‘disparate distribution of
the family’ in Madagascar, eastern Indonesia, New
Guinea and Australia, arose recently from a cos-
mopolitan marine atheriniform. Not only would
this marine ancestor have had to have gone ex-
tinct, as there are no basal marine melanotaeniids,
but their hypothesis intimates several indepen-
dent marine invasions by the ancestor to explain
the allopatric distribution of the family. A Gond-
wanan origin for this group would make a more
parsimonious hypothesis (see section on Africa).
It has long been acknowledged that the
Australian-New Guinean fauna has a Gondwanan
component, particularly through the relationships
of galaxioids, Neoceratodus and the osteoglossid
Scleropages. Other taxa, such as the Percichthy-
idae and Terapontidae, also appear to have Gond-
wanan distributions (Lundberg et al. 2000). Until
more phylogenies are available, the general pat-
tern will remain elusive and conclusions regarding
biogeographic relationships unwarranted.

3.3.2 Marineregions

Marine regions are somewhat more fluid and their
relationships more obscure than freshwater re-
gions. Although some workers have tried to place
specific boundaries on marine areas, we provide
only very general geographic regions because so
little work has been done to determine their
historical reality. Taxonomy, distribution and
phylogenies are more poorly known for marine
groups than for freshwater groups. The following
is only a brief introduction to some of the marine
areas and is in no way exhaustive or presented as
a definitive treatment. For example, we refer
to McEachran and Fechhelm (1998) for the Gulf
of Mexico. The emphasis here is on shorefishes
which are those occurring from shore to a depth of
200m; most pelagic groups are widely distributed,
sometimes circumglobal, and deepsea families are
usually poorly known both taxonomically and bio-
geographically (but see Miya and Nishida 1997 for
an interesting example). Nelson (1986) discussed
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problems and prospects for historical biogeogra-
phy of pelagic fishes.

The application of historical biogeographic
techniques to marine fishes was slow to material-
ize. Myers’ (1938) observation that primary fresh-
water fishes are confined to particular drainage
basins and will closely mirror geological history
held the implication that marine fishes would
havelittle to say concerning biogeography because
of their capacity for dispersal. This dissuaded bio-
geographers from seriously examining marine
fish distributions for almost half a century. Myers’
notion of relative value of fishes for biogeography
continues to have an impact on the choice of study
taxa, despite the fact that taxon phylogeny and
endemism are the final arbiters of biogeographical
information content rather than little-known
physiological tolerances and implied dispersal
limitations (e.g. Dyer 1998, p. 528). With the
identification of marine zoogeographic regions by
Briggs (1974)and the recognition of areas with high
endemism, wide dispersal could not be common to
all groups. Springer’s (1982) study of the biogeogra-
phy of shorefishes on the Pacific tectonic plate,
the first major work on marine fishes to espouse
a modern approach, was the springboard that
launched analytical marine fish biogeography.
Hence, analytical marine biogeography is a very
new science. Only over the last 15-20 years have
the relatively restricted distributions of several
groups, for example blennioids and pseudochro-
mids, overcome some of the early hesitancy and
lent credibility to the role of marine shorefishes in
biogeographic studies.

Since Springer (1982), several authors have
applied historical biogeographic interpretations
to the distribution of marine shorefishes (e.g.
White 1986, atherinids; Winterbottom 1986,
pseudochromids; Springer 1988, Ecsenius, blen-
niids; Williams 1988, Cirripectes, blenniids;
Springer and Williams 1994, Istiblennius, blen-
niids; Mooi 1995, plesiopids) and even to deep shelf
forms (Harold 1998, sternoptychids). As in fresh-
water studies, rigorous methods for comparison
among cladograms has not generally been under-
taken (see Lovejoy 1997 for an exception), but the
search for common distribution patterns has been

useful in generating testable hypotheses for
several regions (e.g. Nelson 1984 and White 1986,
amphitropical/isthmian; Springer and Williams
1990, Indo-Pacific). Pattern congruence and phy-
logeny will also undoubtedly help to solve the vex-
ing problem of antitropical distributions, where
sister species or populations are found in higher
northern and southern latitudes separated by a
broad equatorial distributional gap.

Some recent ecological work supports the bio-
geographic evidence for restricted distributions
and separate histories of some marine fishes.
Swearer et al. (1999) and Jones et al. (1999) have
shown, with different experimental protocols,
that despite the production of planktonic eggs and
larvae, offspring of some species remain close to
their native shores or eventually settle back on
to the reefs of their parents. The long-distance
dispersal assumed for marine fishes is not univer-
sal, and populations of even presently assumed
widespread species are unlikely to be panmictic
(Cowen et al. 2000; Pogson et al. 2001). Consistent
with these studies, Gill (1999) has questioned
marine fish species concepts and the reality of
widespread species, suggesting that many of
these are likely to comprise two or more allopatric
cryptic species each with more restricted distribu-
tions. These observations have clear taxonomic,
systematic, biogeographic and conservation
implications.

North Atlantic and Mediterranean

There are about 1200 species along the North
American Atlantic coast including the northern
Gulf of Mexico. Dominant families are the
Serranidae and Gobiidae each with well over 50
species, although several families are represented
by over 20 species (including Ophichthyidae,
Muraenidae, Gadidae, Syngnathidae, Carangidae,
Haemulidae, Sciaenidae, Scorpaenidae). It is
estimated that about 600 species occur in the
Mediterranean, with almost two-thirds of these
considered shorefishes.

Humphries and Parenti (1999) use data from
merluciids (hakes), Lophius (monkfishes) and two
sponge groups to produce an area cladogram for
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Fig.3.4 Cladistic biogeographic
analysis of real organisms from
the North Atlantic. (a) Areas of
endemism for chalinid sponges
that are similar to those of
northern species of the monkfish
genus Lophius. 1, Arctic; 2, Boreal;
3, Mediterranean; 4, southeastern
North Atlantic; 5, western North
Atlantic; 6, Caribbean. (b) Taxa

&
[~

and area cladogram of northern
Lophius species, with aline

drawing of a typical member of the
genus. Areas are numbered as in
(a). (c) General area cladogram
calculated from the combined
data of Lophius and two chalinid
sponge groups. (Source: after
Humphries and Parenti 1999,
reproduced by permission of
Oxford University Press. Lophius
outline from Nelson 1994;
reproduced by permission of John
Wiley & Sons, Inc.)

4 Lophius vaillanti
6 L.gastrophysus
5 L. americanus

3 L. budegassa

2 L. piscatorius

1 L. litulon

4 SE North Atlantic

6 Caribbean

5 Western North Atlantic
3 Mediterranean

2 Boreal

1 Arctic

the northern and tropical Atlantic (Fig. 3.4). They
found that the Mediterranean shared a more recent
faunal history with the Arctic and Boreal regions
than with any of the more tropical areas. The
western North Atlantic (eastern USA), then
Caribbean and finally the southeastern North
Atlantic (western Africa, Azores, Canaries and
Cape Verde Islands) are hypothesized as sequen-
tial outgroups to the Mediterranean and Arctic
regions. Too few corroborative patterns have
been suggested to imply plausible scenarios.

Tropical western Atlantic

There are no accurate estimates of numbers of

species for the tropical western Atlantic. This is
due in part to differences in defining the area, with
early workers considering it a single area and later
workers dividing it into the Caribbean including
coastal tropical Mexico and Central and South
America, a West Indian region covering the
Greater and Lesser Antilles, and a Brazilian region.
The latter has recently received attention result-
ing in recognition of additional endemic species
and better understanding of its faunal history
(Joyeux et al. 2001). Bohlke and Chaplin (1993)
listed almost 600 species for the Bahamas. A com-
prehensive recent accounting for Bermuda (Smith-
Vaniz et al. 1999) lists 365 nearshore species for
what is recognized to be a relatively depauperate
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fauna. Smith-Vaniz et al. (1999) also compares the
composition of the Bermudan fauna with that of
the Bahamas, Florida Keys and Carolinian Bight,
comparing a total of over 800 species among these
areas, which extend as far north as Cape Hatteras.
However, this comparison was among selected
families, so a total would be substantially higher
for these areas and the Caribbean as a whole,
perhaps as high as the 1500 species estimated by
Lieske and Myers (1996). Dominant families with
30 or more species each include the Gobiidae,
Serranidae, Labrisomidae, Apogonidae and
Sciaenidae, although relatively strong representa-
tion is found in the Labridae, Syngnathidae,
Carangidae, Chaenopsidae and others with about
20 species each. Endemic families of the western
Atlantic include the Grammatidae and Inermi-
idae, but there is considerable endemism within
most represented shorefish families. The
Caribbean has received substantial attention by
historical biogeographers. Rosen (1976, 1985) pro-
vides plate tectonic models to explain biotic distri-
butions. Rauchenberger (1989) and Lydeard et al.
(1995) used freshwater fishes to hypothesize area
relationships, but marine groups have played very
little part in examining Caribbean biogeography.
Page and Lydeard (1994) summarize the require-
ments for advancing Caribbean biogeography.
That the Caribbean and tropical eastern Pacific
have a close biological connection with many
amphi-American taxa has been known for well
over a century. Briggs (1974, 1995) and Rosen
(1976) provide summaries from differing perspec-
tives on this connection. Fishes have provided
numerous examples of amphi-American
relationships including Atherinopsidae, Dactylo-
scopidae, Labrisomidae, Chaenopsidae and Cen-
tropomidae (sensu Mooi and Gill 1995), plus many
others. Sister species and sister taxa at various
supraspecific levels are known to be separated by
the Isthmus of Panama. Kocher and Stepien (1997)
provide some molecular examples, whereas
Nelson (1984), White (1986) and Hastings and
Springer (1994) provide morphological studies
showing relationships among amphi-American
and pan-Isthmian taxa.

Eastern North Pacific

The temperate to boreal areas of the North Pacific
have a surprisingly diverse shorefish fauna. Along
the North American coast alone, from California
to Alaska, there are over 600 species in the
top 200m. The dominant families are in the
Scorpaenoidei (sensu Mooi and Gill 1995), with
scorpaenids (70 species), cottids (85 species) and
agonids (over 20 species) making up most of these.
The liparidids comprise about 15 species in water
less than 200m deep, the remaining 35 species
being found at depths between 200 and 7600m.
Other dominant families of the eastern North
Pacific include the =zoarcids (40-50 species)
although most are found below 50m, stichaeids
(25 species), pleuronectids (22 species) and em-
biotocids (20 species). The latter family is endemic
to the North Pacific and is unusual in having inter-
nal fertilization and true viviparity. Various other
taxa suggest a close relationship for North Pacific
taxa. For example, additional North Pacific
endemic families include the gasterosteiform
aulorhynchids, the scorpaenoid Anoplopomatidae
(two species) and Hexagrammidae (over a dozen
species). Other North Pacific taxa of note are, of
course, the Salmonidae with about 11 species, the
most famous of which are anadromous and die
after impressive migrations upriver to spawn, and
the Pacific halibut (Hippoglossus stenolepis) grow-
ingtoover2.5m and 360kg.

Tropical eastern Pacific

There are about 750 species in the tropical eastern
Pacific, which includes the Gulf of California to
Ecuador and offshore islands, and over 80% of
these are endemic (Allen and Robertson 1994). The
dominant families are the Sciaenidae (80 species)
and Gobiidae (80 species), with blennioids also
forming a substantial part of the shorefish fauna
with Chaenopsidae (30 species), Dactyloscopidae
(24 species) and Labrisomidae (25 species). Other
well-represented families include the Serranidae,
Haemulidae and Labridae, all of which have about
30species, and Ariidae, Muraenidae and Pomacen-
tridae that each have about 20 species. All recorded
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species of the Pomacentridae are endemic. Of the
offshore islands, the Galapagos has the highest
diversity with 300 species, of which about 17 % are
endemic; the Clipperton, Cocos, Revillagigedos
and Malpelo islands have around 100 species each
with between 5 and 10% endemic.

Tropical Indo-Pacific

Dividing this huge area, which includes the Red
Sea and east coast of Africa to Hawaii and Easter
Island, into identifiable subregions is difficult.
Essentially all parts of this region require substan-
tial sampling to produce a clear picture of the
fauna. In addition relationships among the fishes
remain obscure, and species limits and distribu-
tions are frequently poorly delimited. Springer
(1982) made an estimate of 4000 species for this
area, but this is likely to be too low. The following
discussion of species numbers and endemism fol-
lows Randall (1998) and references therein.

The highest number of species is found in the
EastIndianregion, which includes Indonesia, New
Guinea and the Philippines, This region is esti-
mated to be home to 2800 species of shorefishes.
Because the region is so large, it is misleading to
provide levels of endemism because many fish are
restricted to smaller subregions. The diversity in
this area is probably a result of its complex geologi-
cal history. Several islands, including Sulawesi,
New Guinea and others, are known to be compo-
sites with smaller pieces having accreted during a
basically counterclockwise rotation of the Sahul
Shelf into the Sunda Shelf over the last 30 million
years, with significant tectonic change even over
the last 3-5 million years (Burrett et al. 1991; Hall
1996, 1998; Moss and Wilson 1998). Significant
fluctuations in sea level during glacial cycles are
also hypothesized to have resulted in speciation.
Shorefishes that appear to provide examples of
patterns consistent with these geological models
are discussed by Winterbottom (1986), Woodland
(1986), Springer (1988), Springer and Williams
(1990, 1994) and Springer and Larson (1996). The
region also exhibits an incredible variety of habi-
tats, including silicate and volcanic sands, muds,
mangroves, estuaries, lagoons and protected

and exposed reefs. The fauna is dominated by
the perciforms, especially the Gobiidae (200+),
Labridae (100+), Pomacentridae (100+), Serrani-
dae (about 100) and Blenniidae (about 100).
Other common and conspicuous families are the
Apogonidae (about 80), Pseudochromidae (about
60), Chaetodontidae (about 50) and Acanthuri-
dae (about 45). The only non-perciform families
with 50 or more species are the Muraenidae
and Syngnathidae.

Numbers of speciesin the Pacific decrease away
from the East Indian region. To the north, Taiwan
is estimated to have about 2200 species, with al-
most 14% of these not found to the south in the
East Indian region. The Ryukyu Islands probably
have about 2000 species. Almost 1600 species are
expected to be found in Micronesia, but numbers
decrease eastward through the archipelago (Palau
1400, Carolines 1100, Marianas 920, Marshalls
and Gilberts 850). Myers (1989) provided an excel-
lent review of the geography, geology and ecology
of Micronesia and its shorefishes. Springer (1982)
referred to Micronesia as the Caroline Islands con-
duit, forming a potential set of stepping stones on
to the Pacific plate and discussed the biogeography
of the Pacific in general. The oceanicisland groups,
of course, offer fewer habitats and have a less
diverse fauna. However, endemism is often high.
Hawaii has about 560 species, with over 130 not
found elsewhere. The Great Barrier Reef of eastern
Australia and New Caledonia have the greatest
diversity of the South Pacific, both with about
1600 species. Randall et al. (1998) provide the only
comprehensive summary of Great Barrier Reef
fishes. To the east of New Caledonia, numbers of
shore species decrease to about 900 in Samoa, 630
in the Society Islands, 260 in Rapa and 126 in
EasterIsland (Randall 1998). Highest endemism in
the South Pacific is found at Easter Island, with
22% of its species found nowhere else. The
Marquesas Islands have 10% endemism, but most
island groups exhibit about 5%. Briggs (1995,
1999a) has attributed these diversity differences
to centre of origin hypotheses and competitive
exclusion. However, such explanations have been
discredited and replaced by allopatric speciation
models incorporating plate tectonics, sea-level
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fluctuations and other geological mechanisms and
parameters such as island age (e.g. Springer and
Williams 1990, 1994). Woodland (1986) suggested
that Wallace’s Line, usually reserved as a boundary
for terrestrial taxa (see section on Southern Asia),
might be descriptive for some marine fish groups,
and Barber et al. (2000) have found sharp genetic
breaks for stomatopods in this same area.

West of the East Indian region, numbers of
species are surprisingly similar among localities.
The Chagos Archipelago has 784 reported species
but is expected to approach the total of the
Maldives at about 950 species (Winterbottom and
Anderson 1999). Almost 900 species are reported
from the Seychelles, a substantial underestimate
of the Mauritius shorefish fauna sets its total at
670 species, and over 900 species are recorded for
Oman (Randall 1998). At least 1160 species occur
off the coast of southeast Africa and the Red Sea
has a similar number of species but exhibits a
much higher level of endemism at about 14%,
although some families have much higher levels,
for example almost 90% in pseudochromids.
Unfortunately, there are no recent summaries
of the fauna of India, although Anderson (1996)
estimated over 1000 for Sri Lanka alone. Several
authors have proposed that disjunct distributions
among sister taxa across the Indian Ocean is a
result of vicariance imposed by the movement of
India northwards towards Asia (Winterbottom
1986; Hocutt 1987; Springer 1988; Mooi 1995).
Briggs (1990) criticized these hypotheses based
mostly on the proposed age of taxa, but Patterson
and Owen (1991 effectively countered these argu-
ments. Within the Indo-Pacificregion, the western
Indian Ocean exhibits considerable endemism.
Several taxa, such as butterflyfish species pairs and
pseudochromid genera, have sister-group clades
with one member in the western Indian Ocean and
the other in the eastern Indian Ocean/western
Pacific Ocean (Winterbottom 1986; Gill and
Edwards 1999).

Antitropical distributions

Most distributions do not fit classical regions
because the regions themselves do not have a his-

torical basis. Particularly striking examples are
antitropical (antiequatorial) distributions, which
are distributions of the same or closely related taxa
that occur in southern and northern subtropical or
temperate regions with an intervening equatorial
disjunction. Briggs (1999a,b) continued to argue
that such distributions are a result of competitive
exclusion of newer taxa over older taxa. White
(1989) succinctly discussed the numerous prob-
lems with Briggs’ approach and noted several
logical alternative hypotheses. As with many
biogeographic questions, the solution lies in the
recognition of pattern. If the antitropical distribu-
tions are truly congruent in time and space, then a
common explanation can logically be sought and
tested. However, if each antitropical distribution
is unique, then any explanation of each pattern
will also be unique and will remain speculative.
White (1986, 1989) hypothesized a common
process of global FEocene/Oligocene cooling
followed by a mid-Miocene equatorial warming
event as the main factor in shaping the repeating
patterns of antitropical distributions of taxa, us-
ing atherinopsines (silversides) as a model.
Humphries and Parenti (1986, pp. 84-6) described a
novel explanation for antitropical patterns involv-
ing a north/south division of a pre-Pangaean conti-
nent called Pacifica. Nelson (1986, p. 216) provided
an example from the Engraulidae that, if not sup-
porting the Pacifica model, suggested taxonomic
differentiation in a growing rather than shrinking
Pacific Basin. Geological explanations that are not
mainstream have been dismissed by some (Hallam
1994; Holloway and Hall 1998), but mainstream
geologists do not have a stranglehold on truth;
plate tectonics itself was dismissed as radical until
recently.

Temperate Indo-Pacific (South Africa,
southern Australia, New Zealand)

Although not recognized as a traditional region,
this area deserves special mention because of the
high diversity and endemism exhibited and its
faunal connection. In total, this area is home to at
least 2100 shorefishes, with about 900 of these
found nowhere else. South Africa has over 2200
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species representing over 80% of the world’s fish
families, with about 13% of species endemic
(Smith and Heemstra 1986). Perhaps 1500 of these
are shorefishes, with the highest endemism
found in the Clinidae (38 endemics), Gobiidae (28
endemics) and Sparidae (25 endemics).

Wilson and Allen (1987) estimated that of 600
inshore species for southern Australian temperate
seas an incredible 85% are endemic, far outstrip-
ping levels of endemism in any tropical region
(peak of 23% in Hawaii). Families with 20 or more
endemics are Clinidae, Gobiesocidae, Gobiidae,
Labridae, Monacanthidae and Syngnathidae,
which includes the famous seadragons. These are
also the most speciose families, making up over
one-quarter of inshore species. Other inshore
families with five or more endemic species
include Apogonidae, Antennariidae, Atherinidae,
Callionymidae, Ostraciidae, Platycephalidae,
Plesiopidae, Pleuronectidae, Rajidae, Serranidae,
Scorpaenidae, Soleidae, Tetraodontidae, Urano-
scopidae and Urolophidae. Gomon et al. (1994)
listed 730 species for the southern coast of
Australia, although the inclusion of species from
the pelagic and deepsea realms and geographic
coverage were arbitrary. Even from this source,
southern Australia boasts well over 400 endemic
species representing 100 families and over 60%
endemism. Neira et al. (1998) estimated 1500
temperate Australian species including deepsea
and oceanic taxa.

Paulin et al. (1989) listed just over 1000 species
for New Zealand and adjacent islands, with 110
endemic species (11%). Paulin and Roberts (1993)
split the New Zealand fauna into ‘rockpool’ and
‘non-rockpool’ fishes and determined that the 58
of the 94 species in the former group were endemic
whereas 52 of the remaining 900+ fishes were
endemic. Dominant rockpool endemic groups
are Tripterygiidae (20 endemics), Gobiesocidae (9
endemics), Syngnathidae and Plesiopidae (four
endemics each). Of non-rockpool species, domi-
nant endemic families are the Galaxiidae (12
endemics; spawns in fresh water but at least part
of the life cycle is marine), Macrouridae (about 12
endemics) and Pleuronectidae (eight endemics).

These localities have a surprising number of

taxa in common. Cool temperate New Zealand
and Australia share over 80 species (in over 40
families) that are found nowhere else; an addi-
tional 70 or more species are shared by warm tem-
perate environments in these areas (Paulin et al.
1989). Families endemic to this region include Ar-
ripidae (four species) and Chironemidae (four
species). An additional 50 or more species are
shared with Australia, South Africa and southern
South America to the exclusion of other regions.
Some of these latter species are from deep water
and their apparent restricted distributions might
be due to poor sampling. However, families such as
the Aplodactylidae are found only in Australia,
New Zealand, Peru and Chile. Detailed phyloge-
netic studies are necessary to test whether some
marine fish distributions might support patterns
shown by freshwater fishes that indicate a shared
history among Australian, South American and
African taxa and the implied Gondwanan origin.

Antarctic

The Antarctic Ocean is a well-defined body
of water that is bounded by the continent of
Antarctica to the south and by the Antarctic
convergence, or polar front, which encircles the
continent at 50-55° S and is where cold Antarctic
surface water (2-6°C) meets warmer Southern
Ocean water (8-10°C). Miller (1993) listed almost
300 species for the region, although over one-third
of these are not shorefishes (they are pelagic or
deepwater species). As would be expected, the fish
faunais dominated by those that can withstand ex-
ceedingly low temperatures. The Notothenioidei
make up well over one-third of the total fauna and
over half of the shorefishes, with Nototheniidae
(over 40 species), Artedidraconidae (over 20
species), Channichthyidae (about 20 species),
Bathydraconidae (16 species), Harpagiferidae
(eight species) and Bovichthyidae (one species).
Most of these species are endemic to the Antarctic
and, given that some species live in water with an
average temperature of about -2 °C, exhibit some
incredible adaptations: they have special glycopro-
teins in the blood that lower its freezing point or
lack haemoglobin altogether in the cold oxygen-
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rich waters. This suborder is mostly benthic and
without air bladders, but some species have en-
tered the water column and have evolved lipid-
filled sacs that help to provide neutral bouyancy.
Bargelloni et al. (2000) hypothesized a phylogeny
based on mitochondrial DNA; a candidate for sis-
ter taxon has yet to be established. The Liparidae
(about 40 species) and Zoarcidae (about 25 species)
are also common faunal elements but are mostly
found deeper than 100m, with some deeper than
7000m.

3.4 CONCLUSIONS

Although biogeographers have been assembling
taxon and area cladograms for about 25 years, there
have been relatively few successful attempts to
compare and evaluate potential congruence. New
methods in biogeography are continually devel-
oped, and choosing which advance the field is
difficult. Morrone and Crisci (1995, pp. 392-4)
advocated an integrated approach that can take
advantage of the merits of each method; such an
approach is perhaps as likely to incorporate their
various disadvantages. Despite the number of
methods, there is consensus for reliance on
phylogeny reconstruction, use of some form of
area cladogram, and increased use of geology and
palaeontology. A continuing serious challenge to
biogeographers is the definition of the unit of
analysis, the area of endemism (Harold and Mooi
1994; Morrone 2001). Most workers employ organ-
ismal distributions uncritically without regard to
any historical component that underlies the iden-
tification of homologous areas. Platnick (1991, p.
v) states that we should prefer ‘taxa that are maxi-
mally endemic — those which include the largest
number of species, with the smallest ranges’. He
provides a succinct discussion of areas in an intro-
duction to a volume that presents a wide range of
applications of the term ‘area’ (Ladiges et al. 1991).

In this chapter, we emphasize the need to iden-
tify patterns of distribution and history before
exploring process and mechanisms. There has
been a return to process-orientated approaches,
relying less on biological patterns (phylogeny) and

more on geological hypotheses and environmental
and dispersal assumptions (Holloway and Hall
1998; Avise 2000); some welcome this shift to a
process/modelling approach (Heaney 1999) where-
as others do not (Humphries 2000). Although an
integration of the two paradigms (process and
pattern) will advance the field, process narratives
should be incorporated cautiously. Repeated his-
torical patterns that can form the basis of robust
mechanistic explanations are only very slowly
coming tolight but we should be patientin waiting
for them to avoid the shortcomings of previous
eras in biogeography.

Historical biogeography inichthyologyisarela-
tively new science and, with few exceptions (e.g.
North America), quality data for pattern recogni-
tion remain scarce; opportunities to make con-
tributions to the field abound. Future work in
biogeography will continue to rely on excellence
in taxonomy and phylogenetics, basic field data for
complete distributional records, and a method
to identify congruence among area cladograms.
There are areas of the world for which a synthesis
of phylogenies using rigorous techniques would
help direct future ichthyological work, particu-
larly Neotropical and Australian fresh waters and
the Indo-Pacific.
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4 The Physiology of Living in Water

OLE BRIX

4.1 INTRODUCTION

About 25000 living species, which include more
than 50% of all living vertebrate species, belong
to a very heterogeneous assemblage of aquatic
animals called fish (Nelson 1994; Gill and Mooi,
Chapter 2, this volume). They have been divided
into three major groupings that have been
separated during the last 500 million years of
evolution. The Agnatha, orjawless vertebrates, are
primitive fish that evolved in sea water about
350-500 million years ago. The ostracoderms, also
an ancient lineage, are largely found in freshwater
deposits. This line is today represented by the
hagfishes (about 43 species) and lampreys (about
41 species). A major group of fishes includes the
Chondrichthyes or cartilaginous fishes, with 800+
types of rays and sharks and about 50 or so species
of chimeras, and the Osteichthyes, which includes
the bony or teleost fishes and contains more than
20000 species. The cartilaginous fishes evolved
like the Agnatha in sea water. The teleost fish
evolved in fresh water 50-100 million years ago.
They proliferated into a huge number of species
which today can be found in almost every conceiv-
able aquatic habitat, ranging from hot soda springs
where temperatures may exceed 40 °C to the polar
regions under the ice sheet with temperatures
below 0°C. Despite salt water covering about 70%
of the Earth’s surface and comprising about 97%
of all water (Horn 1972), as many as 10000 fish
species (nearly 40%)live in fresh water. The largest
numbers of these are found in the tropical regions,

especially the river drainages of Southeast Asia
and South America. About 500 marine species
enter fresh water during their life cycle (see Gill
and Mooi, Chapter 2, Mooi and Gill, Chapter 3 and
Metcalfe et al., Chapter 8, this volume).

The diversity of adaptation to these habitats
is determined by the evolutionary background of
the fish and the physical and chemical charac-
teristics of water. These characteristics set a
number of constraints on the functional design of
fish, of which high density, low compressibility,
solvent properties and transparency are the most
important.

1 The high density of water reduces the effects
of gravity and enables fish to remain suspended in
the water column using a minimum amount of
energy. Fish cope with buoyancy problems by
applying either dynamic or static lift or a combina-
tion of both.

2 The low compressibility of water strongly in-
fluences the swimming performance of fish, who
have to push large volumes of water aside to move
through it. For this purpose they have developed
different motor systems, reduced the drag forces
and the cost of locomotion, and increased the effi-
ciency of respiratory and cardiovascular adapta-
tions during swimming.

3 The most important characteristic of water is
that it is an almost universal solvent, containing
complex mixtures of salts, organic compounds and
gases. Many of these are essential for life and are
taken up by fish using specialized organs in com-
plicated processes of ion regulation, osmoregula-
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tion, gas exchange and acid-base balance, or via di-
gestion of food.

4 The transparency of water is very poor. In
clear water, light can penetrate to a maximum
of 1000m; however, penetration is usually much
less than this. Since most food production is
within the photic zone, most fish reside in this
region, where prey capture depends on good
visibility and well-developed eyes. In the dark
zone of the oceans, however, fish communicate
and capture prey by producing their own light
using photophores.

In the following sections the physiological
mechanisms that fish use to cope with these four
physical and chemical constraints upon life are
dealt with in more detail.

4.2 BUOYANCY, OR
COPING WITH PRESSURE

4.2.1 Definingthe problem

Most fish have body densities slightly higher than
the specific gravity of sea water (1.026gcm™).
Without any lift mechanism they will sink to the
bottom. Neutral buoyancy allows fish to mini-
mize the energetic cost of staying at a particular
depth, and thus they are able to allocate more
energy for other activities such as feeding, growth,
reproduction, hiding and migration.

Fish achieve neutral buoyancy and float by
using one or both of two physical principles: dy-
namic lift and static lift.

4.2.2 Dynamic lift

Dynamic lift is widely used by elasmobranchs and
active teleosts such as mackerels and tunas, which
have bodies that are heavier than water. Lift is gen-
erated by the caudal and pectoral fins acting as lift-
ing foils at about the centre of gravity of the fish
and depends on a minimum cruising speed to pre-
vent the fish sinking. In scombrid and thunnid fish
species adirect correlation exists between the den-
sity of body tissues and sustained long-term swim-
ming speed. Swimming speeds of about 1 body
length (BL)s™! have been recorded for the Atlantic

mackerel (Scomber scombrus) which has a body
just slightly heavier than sea water (1.02-1.06g
cm™), while the heavier bonito (Sarda sarda),
skipjack tuna (Katsuwonus pelamis) and bullet
mackerel (Auxis rochei) (body densities 1.08-1.09
gcm™3) have swimming speeds of about 2BLs™.
None of these species have a functional swim-
bladder (Jobling 1998). Continuous effort to sup-
port the body by muscular effort alone would be
energetically costly (Marshall 1966). Therefore,
most other fish, except benthic species that rest on
the bottom and only swim occasionally, use static
lift as a solution to the problem of buoyancy.

4.2.3 Staticlift

Fish reduce their specific gravity in a number of
ways.

1 The ratio of heavy to light tissue is reduced by
minimizing elements of the skeleton, which has a
specific gravity of about 3 gcm™. Compared with
terrestrial animals the skeletal elements of fish are
very much reduced. For example, the skull of fish
may contain up to 30% lipids, whereas that of
mammals rarely contains more than 1% lipid by
weight.

2 Replacement of heavy ions (Mg?*, SO,%) with
light ions (H*, CI-, NH,") is not a very efficient
solution for adult fish. However, it occurs during
early development in pelagic eggs (Fyhn 1993;
Terjesen et al. 1998). Elasmobranchs employ urea
and trimethylamine oxide (TMAO) as organic
osmolytes toreduce their density. During the early
larval stages of pelagic marine bony fish, urea is
produced via both the urea cycle and uricolysis
(Chadwick and Wright 1999; Terjesen et al. 2000).
Although present at considerably lower concen-
trations than in elasmobranchs, this urea could
possibly lower the density of the larvae, which
need to reach the upper photic zone where feeding
begins.

3 A better solution to the problem is the removal
of ions from the body fluids to the medium, a
process called hypo-osmotic regulation. In the ab-
sence of gills, kidneys and gut, which are hypo-
osmotic regulatory organs found only in the adult,
ionic regulation requires the presence of other ap-
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propriate structures. In pelagic eggs, fish larvae
take up water into the rudimentary gut over the
opercular pores just before hatching (Mangor-
Jensen and Adoff 1987).

Fish obtain static lift by the use of two different
materials: lipids and gas. Since gases are much
more efficient than lipids with respect to providing
lift, fish with swimbladders have no problems in
supporting their heavy body components. Fish
using lipids for static lift have to reduce their spe-
cific gravity as outlined above.

Lipids
The main advantage of using lipids as a means of
static lift is that the lift provided varies very little
with depth. Thus if a fish is neutrally buoyant at
the surface of the sea, it will also remain close to
neutral buoyancy at considerable depths. This
allows the fish to perform fast vertical migrations.
The main drawback in the long term is that fat and
oils may also be used as fuel for sustained swim-
ming or even as substrates for growth and develop-
ment. Where lipid is the only source of static lift,
fish will also have great problems adjusting buoy-
ancy in response to short-term density changes
due to feeding and parturition. The most impor-
tant lipids are:
1 acylglycerol (fatty acid + glycerol, density
0.90-0.93 gcm™3);
2 wax esters (long-chain fatty acids + long-chain
fatty alcohols, density ~0.87 gcm™);
3 squalene (density ~0.86gcm™).
In general, lipid stores may contribute relatively
little to buoyancy in the majority of bony fish
species. Triglycerides present in the muscles or
mesenteric fat as a consequence of metabolic lipid
storage may provide some lift for scombrids and
herring (Clupea harengus). Wax esters in muscles,
swimbladder and bones may play some role in
many families of mesopelagic teleosts. Squalene,
which is an extremely light unsaturated hydrocar-
bon, is very important for providing lift, especially
in elasmobranchs and particularly pelagic sharks,
which have large livers and small pectoral fins.
Squalene is formed by the condensation of iso-
prene units in the metabolic pathway leading to

cholesterol. The liver of these fish contains up to
80% squalene and accounts for up to 25% of body
weight. Eggs of these sharks also contain squalene.
Some sharks use sub-neutral buoyancy: they
maintain a constant lipid content, which provides
some lift but not enough; they therefore have to
swim to keep buoyant.

Gas

Gasis the most efficient material for providing lift,
and most teleosts possess gas-filled swimbladders.
Swimbladders have sizes that provide neutral
buoyancy: about 5% of body volume for marine
fish and about 7% of body volume for freshwater
fish. Since the volume of gas is inversely propor-
tional to the ambient pressure, which increases by
101 kPa (1 atm)for each 10 m of depth (Boyle’s law),
the swimbladder must have mechanisms for effi-
cient filling and emptying at different depths.
Volume changes are much larger near the surface
than at greater depths. A fish at the surface
(101 kPa) halves the volume of its swimbladder
at 10m depth (202kPa), while a fish at 200m
(2020kPa) has to descend to 400m (4040kPa) to
halve the volume. Buoyancy control near the
surface will thus be very difficult using a swim-
bladder, and the complete loss of the swimbladder
or at least a reduction in its importance is often
seen among surface-dwelling pelagic fish. A simi-
lar loss of the swimbladder is found among many
bottom-dwelling species, where buoyancy control
is of noimportance.

The swimbladder arises during ontogeny from
a diverticulum in the roof of the foregut. In
the physostomatous (Greek physa, bladder;
stoma, mouth) teleosts the connection between
the foregut and the swimbladder is maintained, as
in elopomorphs and clupeoids, and gas can enter or
be released via this duct. In the more advanced
physoclistuous (Greek kleistos, closed) teleosts
this connection has been lost or, for some species,
closed during development after allowing the
larvae to fill the swimbladder for the first time.

Three major problems need to be solved
before the swimbladder can be used for buoyancy
regulation: (i) release of gas from the swimbladder;
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(ii) maintaining gas inside the swimbladder;
(iii) filling the swimbladder with gas. Gas can be
released by two mechanisms: via the pneumatic
duct into the gut whilst ascending/diving (physo-
stomes), or into the circulation via oval chamber
control by nervous stimulation (physostomes/
physoclists).

The walls of the swimbladder are impermeable
to gas due to a thin lining of overlapping guanine
crystals and other purines. The density of purines
varies from about 20ugecm™ in shallow waters

(<15m) to nearly 400ugcm=2 in deep water
(>1000m, pressure >10100kPa). The oval chamber
can be closed off by nervous control, and gas re-
lease via the circulatory system is regulated in an
advanced countercurrent system called the rete
mirabile (Fig. 4.1). The rete consists of a tight bun-
dle of afferent and efferent capillaries surrounding
each other. This system may be diffuse, such as the
micro-rete in salmonids, or it may be at some dis-
tance from the gas gland as in physostomes. In
physoclists the length of the rete is directly corre-
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Fig.4.1 Summary of the main processes involved in filling the swimbladder with gas. The blood entering the

descendingrete is acidified with lactate, H" and carbon dioxide from the gas gland. This causes the release of oxygen
from haemoglobin via the Root effect (see text). Oxygen and nitrogen, which have been salted out, diffuse into the
swimbladder. Multiplication of the solutes in the descending rete is obtained by diffusion from the ascending rete.
Oxygen isretained in the rete because the process of binding oxygen is slower than the release of oxygen from

haemoglobin (Hb).
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lated with the depth at which the fish live and the
gas pressure in the swimbladder.

Steen (1971)solved the puzzle of how the swim-
bladder of the eel (Anguilla anguilla) is filled with
gas against huge pressure gradients. The gas-filling
mechanism is linked to the countercurrent struc-
ture of the rete, which allows gas pressure, and
therefore volume, to ‘multiply’ within the swim-
bladder (Fig. 4.1). Lactate and carbon dioxide se-
creted from the gas gland near the luminal end of
the rete decrease blood pH, which results in a fast
unloading of oxygen from a very pH-sensitive
haemoglobin component in the blood and thus an
increase in the oxygen partial pressure. This so-
called Root-off mechanism is accompanied by a
salting-out mechanism, which allows more
oxygen, but also other gases like nitrogen, to accu-
mulate. In this way oxygen, and also nitrogen, dif-
fuse into the swimbladder. Since lactate and
carbon dioxide diffuse from the efferent capillaries
to the afferent capillaries by following a downhill
gradient like oxygen, pH again increases in the
efferent capillary leaving the rete. Oxygen now
binds again to the haemoglobin component and
the oxygen partial pressure decreases. However,
this process, which is referred to as the Root-on
mechanism, is much slower than the root-off
mechanism, allowing a fraction of the oxygen
content to remain within the system.

4.3 SWIMMING

Though some fish can fly, crawl on land, climb
trees or burrow in mud, most fish swim primarily
by oscillating their bodies. Some swim by moving
just their paired and unpaired fins (‘propellers’).
The analysis of swimming is very complex, and
certainly needs more space than can be given in
this basic approach. There is of course great varia-
tion in how fish swim due to the large variability of
their body shapes. These swimming methods can
be divided into five basic types.

1 Anguilliform: whole body is flexed into lateral
waves for propulsion. Typical for ‘eel-like’ species
such as eel, marine gunnels and lampreys. Other
species that use this type of swimming include

nurse sharks and Atlantic gadoids when swim-
ming slowly (Wardle and Reid 1977).

2 Subcarangiform: species that undulate their
bodies into less than one full wavelength, yet more
than one-half body length at speeds greater than
1BLsL.

3 Carangiform: species that undulate their bodies
into a shallow wave up to one-half wavelength
within the body length, with the amplitude
increasing from head to tail. Typical for fast
swimmers such as jacks, drums snappers, tunas
and mackerels.

4 Ostraciform: these fish swim mainly by flexing
the caudal peduncle. Typical for fish that need
armour for protection like boxfishes, trunkfishes
and cowfishes.

5 Swimming with fins alone: these fish swim by
moving their ray-and-membrane fins individually
rather than their bodies. An example in the lion-
fish (Pterois volitans).

In the following I concentrate on some of the
features of the motors, the drag forces and the cost
of speed, and efficiency of respiratory and cardio-
vascular adaptations during swimming,.

4.3.1 Motors

Rhythmic undulations of the body or fins exert
force on therelatively incompressible surrounding
water and the fish will move either forward or
backward. The undulations result from the con-
traction of the segmented axial musculature,
whichisdivided into myotomes by the myoseptal—-
connective tissue partitions on which the muscle
fibres insert. Since the vertebral column is
incompressible, these alternating contractions in
the myotomes on each side result in lateral bend-
ing of the body. The muscle fibres of the myotomes
lie in a series of horizontal tubes of connective tis-
sue, which run along the length of the fish. Most
of the myotomes lie ventral to the vertebral col-
umn and form a characteristic pattern, which in
amphioxus and fish larvae looks like the letter ‘V’
pointing towards the tail. In all other adult fish the
overlapping myotomes are folded into ‘W’ shapes.
In higher fishes, only the fibres just under the skin
lie along the axis, while the deeper fibres in the
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myotomes spiral up to 30° to the axis. This
arrangement assures a near-isometric contraction
at the lowest cost, since the deeper fibres all con-
tract to a similar degree for a given bending of the
trunk, so the longitudinally running fibres shorten
about 10% during swimming while the deeper fi-
bres only shorten about 2%. The more undulatory
waves the fish can exert against the surrounding
water, and the faster and more exaggerated the
waves are, the more power can be generated, re-
sulting in higher accelerations and swimming
speeds, given that the resistance is held constant.

Slow and fast muscles

Justbelow the skin of the fish there is a thin layer of
myoglobin-rich red fibres that covers most of the
myotomes, which consist of white fibres. Fish use
thesered fibres, which are commonly referred to as
slow fibres, for cruising. The main mass of white
fibres is used for burst swimming. The main char-
acteristics of red and white fibres are described
in Table 4.1 (Bone 1978). Guppy and Hochachka
(1978) showed how changes in muscle pH, oxygen
pressure, temperature and biochemical substrates
can reversibly alter aerobic and anaerobic enzyme
activities in skipjack tuna white muscle. Thus
some fish conform to the classical differentiation
of white and red muscle function, for example

Table 4.1

bluefish, striped bass and herring, while others,
such as the chub mackerel, rainbow trout, coalfish
and carp, show a broader range of white muscle
activity (Freadman 1979).

4.3.2 Dragforces and the cost
of speed

Swimming is retarded by two kinds of drag forces:
1 pressure drag, which is caused by the vorticity in
the wave creating a higher pressure at the nose
than at the tail and which is highest for unstream-
lined fish; and

2 skin friction drag, which is caused by the viscos-
ity of water and which makes it stick as aboundary
layer to the fish surface.

Skin friction drag is the most important drag com-
ponent for fish. For the fish to keep moving, the in-
ertial forces of motion must be larger than the
viscous forces of the surrounding water. The di-
mensionless Reynolds number, Re, describes the
relationship for theses two forces in fish:

Re :E(always> 1), (4.1)
v

where V is main swimming velocity, L the length
of the fish and v the coefficient of kinematic vis-
cosity of the fluid (v = viscosity/density, and for

Comparing slow red and fast white muscle fibres in fish myotomes.

Red fibres

White fibres

Diameter about 60—-150 um

Richvascularized

Abundant myoglobin, colour red

Abundant large mitochondria

Oxidative enzyme systems

Low activity of Ca**-activated myosin ATPase

Little low molecular weight Ca**-binding protein

Lipid and glycogen stores

Sarcotubular system has lower volume than in fast fibres
Distributed cholinergicinnervation

No propagated muscle action potentials

Long-lasting contractions evoked by depolarizing agents

Fibres more than 300 um

Poorly vascularized

No myoglobin, colour white

Few smaller mitochondria

Enzymes of anaerobic glycolysis

High activity of Ca?*-activated myosin ATPase
Rich in low molecular weight Ca?*-binding protein
Glycogen store, usually little lipid

Relative larger sarcotubular systems

Focal or distributed cholinergicinnervation
Propagated action potentials; may not always occur in multiply innervated fibres
Brief contractions evoked by depolarizing agents
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water =0.001 and is constant at any given tempera-
ture). For fish swimming normally, Re is within
therange 10%-108. In this range viscosity effects are
mostly confined to a thin boundary layer adjacent
to the body surface. At Re < 5 x 10°, viscous forces
dominate and the boundary layer on a flat plate
will be laminar. At higher Reynolds numbers
the boundary layer will be turbulent. Thus fast-
swimming fish have to cope with a larger skin
friction drag. This drag can be lowered by reducing
the wetted area and lateral movements, but most
importantly by a boundary layer control mecha-
nism. These mechanisms mainly tend to delay the
transition from a laminar layer to a turbulent layer
so keeping Re low. A mucous coating acts in this
way. It has also been suggested that opercular
water flow may smooth the flow of boundary
water next to the body. Sharks have denticles with
low sharp-edged ridges parallel to the swimming
direction that are believed to delay transition by re-
ducing microturbulence in a laminar boundary
layer. In addition many fast-swimming fish, such
as scombrids and the blue shark, can save up to
20% of the energy needed for locomotion by using
a so-called glide-power cycle, where ‘propulsive’
body movements are alternated with periods of
gliding when the body is held rigid.

4.3.3 Efficiency of respiratory
and cardiovascular adaptations
during swimming

Traditionally the different taxonomic groups have
been divided into ‘cruisers’ that mainly use red
muscles, and ‘burst swimmers’. However, in order
to discuss efficiency of respiratory and cardiovas-
cular adaptations during swimming we have to be
more precise about defining the term ‘swimming’.
In fish physiology three main categories of swim-
ming are defined (Jobling 1998).

1 Sustained swimming: speeds that can be main-
tained for 200min or longer. Totally aerobic
metabolism.

2 Prolonged swimming: speeds that can be main-
tained for 20s to 200min and result in fatigue.

Fuelled by anaerobic and aerobic metabolism. The
so-called critical speed is calculated from the
maximum speed achieved prior to fatigue in a
tunnel respirometer, where the speed has been
increased stepwise until fatigue is reached.

3 Burst swimming: burst speeds that can be main-
tained forless than 20s. Characterized by an initial
acceleration phase followed by a sprint phase of
steady swimming defined as swimming in a given
direction at constant speed. This type is predomi-
nantly fuelled by anaerobic metabolism.

Tunnel respirometry of fish calculates the cost
of transport for swimming at a given speed in
Jg'km™! as well as its most efficient speed (Brett
1975). The locomotion of fish is very efficient com-
pared with that of animals on land. Transport in
water is thus about ten times less costly than
transport in terrestrial animals (Schmidt-Nielsen
1997). However, with increased swimming acti-
vity, tissue demand may increase 5-15-fold, with
about 90% of this increase being accounted for
by elevated muscle metabolism. It is reason-
able to believe that the efficiency of transferring
momentum from the body and fins to the water in
scombrids may be as high as 85% (Bone et al. 1996).
Webb (1975) showed that rainbow trout expend
18% of the total work of acceleration to overcome
frictional drag. A number of respiratory and car-
diovascular responses are invoked in order to
meet this demand for increased oxygen supply. In-
creased swimming rate results in a minor increase
in breathing rate and a significant increase in ven-
tilatory stroke volume. As a result ventilation
volume may increase eightfold, and the contact
time between water and respiratory exchange
surface decreases from about 300ms at rest to
about 30ms when active. At the same time,
cardiac output is increased mainly by a 50-250%
increase in stroke volume and a 20-40% increase
in heart beat frequency. Though the blood transi-
tion time in the gill lamellae is reduced from 3 s to
s, gill recruitment is increased due to higher
blood pressure. As a result of these respiratory and
cardiovascular adjustments more oxygen is chan-
nelled to the muscles to meet the increased tissue
demand.
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4.4 OSMOREGULATORY
PROBLEMS IN FRESH AND
SALT WATER

4.4.1 Definingthe problem

Fish live in many different environments, ranging
from virtually distilled water to salt concentra-
tions that are so high that living underwater may
be difficult. Though most fishes are stenohaline,
meaning that they live all their life in water of
nearly constant salt concentration, many fish are
able to move between fresh water and sea water.
Such fish are euryhaline and/or diadromous.
Catadromous species, such as eels, leave fresh
water to spawn in the sea, while anadromous
species, such as salmon, which are more numer-
ous, make the reverse migration to spawn in fresh
water (see Metcalfe et al., Chapter 8, this volume).
The skin of fish is relatively impermeable to water
and ions. The gills, however, have large areas of
permeable epithelium, which are in contact with
the surrounding water. The osmolality (number of
undissociated solute molecules or ions per kilo-
gram of solvent) of fresh water is <10 mosmol, and
sea water falls within the range 800-1300 mosmol.
The freshwater teleosts have blood osmolalities of
about 260-330mosmol kg™!. Thus these fish will
be subjected to a passive influx of water and efflux
of ions. In marine fishes, which have blood osmo-
lalities in the range 370-480mosmolkg™!, these
fluxes will be reversed. In addition to osmoregula-
tion, many fish regulate the ionic composition in
their blood by active, energy-consuming pro-
cesses. In the following sections I examine in more
detail how different groups of fish regulate their
blood osmolality and ionic composition to the sur-
rounding water.

4.4.2

Since all freshwater fish have blood osmolalities
higher than the surrounding water, they have
evolved mechanisms to (i) prevent the passive
efflux of ions through diffusion over the body and
loss from urine and faeces and (ii) remove excess
water. In lampreys and teleosts, ion loss is com-

How toregulate in fresh water

pensated for by salt intake in the food and by a
high-affinity salt-uptake mechanism at the gills,
while water balance is maintained by the excre-
tion of about 2-6mlkg'h! of copious urine (10—
80mosmol). Drinking rate is kept low.

Processes in the gills

The gills are the site of many of the exchange
processes that occur between the fish and its envi-
ronment, such as gas exchange, ion regulation in
the form of active uptake of sodium and chloride
ions, acid-base regulation, and excretion of
nitrogenous waste products of protein catabolism
such as ammonia and ammonium ions. Since
these various exchange mechanisms are coupled,
the excretion of waste products may result in the
uptake of sodium and chloride (Fig. 4.2). Thus chlo-
ride is taken up in exchange for bicarbonate, and
sodium is taken up in exchange for protons and/or
ammonium ions. In this respect the double
exchange mechanisms seem to differ from those
present in marine teleosts (i.e. Na'/K*/2Cl-
cotransport, see Section 4.4.3). Thus, the double
exchange mechanism provides for:

maintenance of appropriate internal [Na'];
maintenance of appropriate internal [Cl7];
elimination of toxic NH,*;
elimination of CO, as HCO;;
adjustment of internal H/OH~;
maintenance of internal ionic
balance.

SO s WN =

electrical

Processes in the kidneys

The elongate teleost kidneys are, like adult lam-
prey kidneys, composed of typically segmented
mesonephrons (Fig. 4.3). They consist of glomeruli
in the posterior lobe of the kidney, which receives
oxygenated blood from the dorsal aorta, and proxi-
mal and distal tubules in the more anterior part of
the kidney that receive venous blood from the
caudal vein.

The glomerular filtration rate (GFR) is high in
freshwater teleosts. They produce about ten times
more urine than marine teleosts. The urine is
much more dilute than the plasma and as much as
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Fig.4.2 Summary of the main ion transport and acid-base regulatory processes taking place in the gills in fresh
water and its relation to the transport of oxygen to, and carbon dioxide from, the tissues. At the top, a secondary
lamellaisin contact with the water, which flows from left to right. Beneath is a blood vessel with red blood cells
(RBC). The left cell illustrates the processes in the gills (loading O,, releasing CO,); the right cell shows the processes
in the tissues (delivering O,, loading CO,). The gills are the main site of acid-base regulation mainly due to the high
flow of water over the gills, resulting in a high buffer (B) capacity. The uptake of sodium and chloride ions is directly
coupled to the excretion of carbon dioxide and ammonia. Most of the carbon dioxide is transported as bicarbonate in
the blood, a minor fraction as physical dissolved carbon dioxide and some directly bound to the haemoglobin
molecule. Some of the carbon dioxide entering the red blood cells diffuses out into the plasma. Electrical neutrality
is maintained by the inward diffusion of chloride ions followed by water, which causes the cell to swell (referred to as
the chloride shift). The binding of carbon dioxide and protons to haemoglobin facilitates oxygen release to the tissues,
while the release of carbon dioxide over the gills facilitates the uptake of oxygen by haemoglobin. V, flow of water
over gills; Q, cardiac output (blood flow); CA, carbonic anhydrase; a-AA, alpha amino acids. (Source: acid-base part
based on Heisler 1984.)

99.9% of the sodium and chloride ions passing into
the glomerular filtrate are resorbed. The resorp-
tion of organic solutes occurs primarily in the
proximal tubules. This resorption is accompanied
by some water uptake. Most of the resorption of

the monovalent ions occurs in the distal tubules,
which are impermeable to water. Urine produc-
tion is proportional to GFR. The urine is collected
in the urinary bladder and urination may occur at
intervals of 20-30min. This structural arrange-
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Fig.4.3 Summary of the main functions of the kidney in freshwater fish, showing the major sites of absorption and
water permeability. The kidney does not play the same role as the gills in acid-base regulation due to the
considerably lower flow and thus buffer capacity. GFR, glomerular filtration rate; B, buffer; o-AA, alpha amino

acids. (Source: based on Lahlou 1980; Heisler 1984.)

ment of the kidneys in freshwater teleosts allows
considerable control of the composition of the
glomerular filtrate, but little control over the final
urine volume. The freshwater stingrays from the
Amazon (Potamotrygon sp.), which live more than
4500km from the sea, also have a very high GFR.
Urea is reduced to only 1mm, and sodium and
chloride ions are reduced to similar levels (Bone
etal. 1996).

4.4.3 How toregulatein sea water

Seawater has an osmolality of about 1000 mosmol.
Among marine fish three different strategies for
regulation of internal water and total solute con-
centrations can be distinguished:

1 same osmolality as sea water, no regulation at
all (hagfish);

2 osmolality close to sea water, internal inorganic
ion concentration about one-third of sea water
(elasmobranchs, Latimeria);

3 osmolality of about 400 mosmol, internal inor-
ganic ion concentration about one-third of sea
water (marine teleosts).

Hagfish

Hagfish have a blood volume twice that of
Gnathostomata. The blood is isosmotic to sea
water and concentrations of sodium and chloride
ions are the same as in sea water, but are slightly
higher in the tissues due to high levels of intracel-
lular amino acids. Osmotic water exchange is
more or less absent, while water exchange rates
may be as high as 2.31kg'h™! (McInerney 1974)
due to the free permeability to water. Urine pro-
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duction is minimal, and chloride cells have been
observed. Though hagfish are strictly marine
(stenohaline), experiments by McInerney (1974)
demonstrated that they have the ability to reab-
sorb sodium from the glomerular filtrate, a feature
necessary for living in fresh water. This could be
reminiscent of an original freshwater ancestry
(Marshall and Smith 1930).

Marine elasmobranchs

Like the hagfish the elasmobranchs are not in
danger of losing water because they are isosmotic
to the medium. However, like the marine teleosts
they are hypo-ionic to sea water. Plasma os-
molarity is increased to seawater levels by the
organic osmolytes, urea and TMAO. Urea is pro-
duced from the nitrogen waste product, ammonia,
in the ornithine-ureacyclein theliver, from where
it enters the plasma and other body fluids. Though
urea is less toxic than ammonia, the levels seen in
elasmobranch plasma would be fatal for other fish
except Latimeria. Elasmobranchs have achieved
higher tolerance to urea by retaining TMAO,
which counteracts the effect of urea at a ratio of
about 1:2 in their body fluids, and by having en-
zymes and proteins that appear to be less sensitive
to disruption by urea. A special sodium chloride
excretory organ has evolved in the elasmobranchs.
This so-called rectal gland uses a Na*/K*/2CI" co-
transport mechanism to secrete excess sodium
and chloride ion intake from ingested food. The
secretion contains very little of the organic
osmolytes and is isosmotic to the plasma. Energy
for the cotransporter is provided by an abundance
of Na*/K* ATPase in the gland.

Marine teleosts

In contrast to marine elasmobranchs the marine
teleosts, being hyposmotic to sea water, lose water
to the medium primarily over the thin gill epi-
thelium. They have to replace this water loss and
drink between 10-20% and 35-40% of their body
weight per day. In addition there is a constant pas-
sive influx of monovalentions over the gills as well
as dietary salt uptake. The kidneys are not able to

produce urine more concentrated than the blood so
that excess salts are removed and water is con-
served. In fact many marine teleosts have evolved
an aglomerular kidney to minimize water loss, and
urine flow rateis aslow as 1-2% of body weight per
day. Marine fish have solved the osmotic problem
as follows (Potts 1976; Kirsch et al. 1981). After
drinking, the water passes into the oesophagus,
which is impermeable to water but permeable to
light monovalent ions. Sodium and chloride thus
diffuse into the blood down their concentration
gradients. When entering the intestine, which is
permeable to water, the water has become hypos-
motic to sea water and nearly isosmotic to the
blood. A Na'/K*/2Cl~ cotransport mechanism
locatedin the apical brush border membrane trans-
ports the ions from the gut lumen into absorptive
cellsand water follows passively in a process called
solute-linked water transport. Na*/K* ATPase,
which is present in the basal membrane of the
absorptive cells, provides the energy for this active
transport. The excess sodium, potassium and chlo-
ride ions are then transported in the blood to the
gills where they are excreted via the ‘chloride cells’
(Fig. 4.4). The concentration of divalent ions is low
in sea water; 80% of these ions that are taken up by
drinking are expelled in the faeces. The remaining
ions are excreted in the urine.

In order to become truly marine the teleosts had
to solve the osmotic problems for the spawned
egg. At spawning, marine fish eggs must contain a
water reservoir to compensate for the passive
water loss imposed by the hyperosmotic sea water
(Fyhn et al. 1999). The high water content of the
yolk of marine teleost eggs forms this water
reservoir. Regardless of systematic affinities, most
extant marine fishes spawn pelagic eggs. Yolk
protein hydrolysis and increase in content of free
amino acids during final oocyte maturation is part
of the mechanism that brings water into the yolk
before the eggs are spawned (Rennestad et al. 1996;
Thorsen & Fyhn 1996).

4.4.4 Antifreeze

For hagfish, marine elasmobranchs and freshwater
teleosts, freezing is not a problem since they have



82

1
1 Internal
I ~150mMNa*
Secondary lamellae 1 ~3mMK*
— |‘ ~140 mM CI”
1
\
\
\
\ ;
Sea water \\ Na*
~470 mM Na*
Blood ~10 mM K* \\
channels ~560 mM Cl N Positive
o-chloride cell: — “« charge
in fresh and sea water Vo
Apical pit S
P \~~

Tight junction o
Leaky junction
P

Accessory
cell

B-chloride

body fluids that are either isosmotic or hyperos-
motic to the surrounding water, as long as the
water is not frozen. Marine teleosts, however, are
hyposmotic to the ambient water and can freeze to
death when the water temperature drops below
0°C. To prevent freezing the fish may produce
macromolecular ‘antifreeze’ compounds in their
blood serum. The antifreeze consists of glycopro-
teins or proteins, which coat and isolate ice crys-
tals formingin the blood by binding their hydroxyl
groups to oxygen molecules on the surface of the
ice crystals (DeVries and Wohlschlag 1969). The
production of antifreeze is dependent on cold accli-
mation and short photoperiods (Duman and De-
Vries 1974a), and genetically based differences
in antifreeze production have been described
(Duman and DeVries 1974b). In the aglomerular
kidneys of Antarctic fish the glycoproteins are
conserved rather than filtered out of the blood,
which lowers the energetic cost of osmoregulation
in these fish (Dobbs et al. 1974; see also Section
4.5.4).
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4.5 RESPIRATION AND
SPECIAL ADAPTATIONS FOR
LIVING IN LOW OXYGEN

4.5.1 Theenvironment

Fish live in a dense and very viscous environment,
which for a terrestrial animal would appear to be
almost depleted of oxygen. At best, one volume of
water contains a little less than 4% the amount of
oxygen present in the same volume of air. In air
the solubility of a gas would be roughly 1000 ml/
101.3kPa = 9.87ml1-'kPa™! (at 15°C). In practice
the respiratory gases are treated as ideal gases,
which means that oxygen and carbon dioxide
would dissolve more or less equally in air. In water,
however, the solubility of gases depends on: (i) the
nature of the gas, (ii) the pressure of the gas in the
gas phase, (iii) the temperature and (iv) the pres-
ence of other solutes. Thus, while the solubility of
oxygen in water is only about one-thirtieth the sol-
ubility in air, the solubility of carbon dioxide is
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more or less the same in airand water depending on
temperature and is similar at about 15°C.

For calculating gas fluxes we use the concept of
Ohm’s law: flux = capacitance x potential differ-
ence, which gives the following three fundamental
gas equations:

MCOZ = Vm[ﬁm . (Pe _Pi)]COZ (42)

Mo, = Vaa[Bm- (B =P.)],,, (4.3)

where Mgas is the volume of gas taken up (O,) or
produced/released (CO,), V. the flow of medium
over the gills, 8, the capacitance coefficient (solu-
bility) of the gas in the medium and P the partial
pressure of gas (i, before gills; e, after gills). From
these expressions, we may calculate:

Mco, _rq (4.4)
Mo,

where RQ is the respiratory quotient (R, the ex-

change ratio, is used when examining isolated

parts of the fish). Rearranging equations 4.2-4.4

andignoring P;:

(Bm)o,

(Pe)coz =m (4~5)

'(Pe _Pz’)o2

If the fish extracts all the oxygen in the water (P; =
21kPa, P,= 0kPa), the partial pressure of carbon
dioxide can, at amaximum, be about 0.7 kPa in the
exhalant water. This means the maximum partial
pressure of carbon dioxide in the arterial or post-
branchial blood will not exceed this value, which
is almost a factor of 10 lower than for air-breathing
animals.

This low oxygen availability has undoubtedly
contributed to the evolutionary development of:
1 large gill surface areas for extremely efficient gas
exchange;
2 air-breathing organs and the necessary circula-
tory arrangements;
3 acid-base regulation depending more on ion
than ventilatory exchanges.

4.5.2 Gasexchangeover gills

All fish have a unidirectional flow of water over
their gills, except for adult lampreys, which have
tidal ventilation in and out of the gill sac via the
valved branchial openings. The mouth cannot be
open since the lamprey is likely to be attached to
either rocks or hosts. Synchronous expansion and
contraction of the buccal opercular cavities venti-
late the gills. This provides a nearly constant flow
of water over the gill surfaces. At a given swim-
ming speed fish adopt ram ventilation to conserve
energy. The branchial pump is switched off and the
flow of water over the gills is regulated by the open-
ing of the mouth in relation to the actual speed and
oxygen demand. The gills consist of bony or carti-
laginous arches to which one row of paired gill
filaments are anchored. Numerous secondary
lamellae protrude from both sides of each fila-
ment. A layer of thin epithelial cells covers the
outside of the lamellae. Beneath the basement
membrane are supportive pillar cells and blood
vessels running in the opposite direction to the
water flow (Fig. 4.4). This arrangement ensures
very efficient gas exchange, with oxygen utiliza-
tion as high as 80% and postbranchial oxygen par-
tial pressures higher than in the water passing
through the gill. The functional area of the gills can
be changed by shunts in the secondary lamellae or
by the action of an autoregulatory system, which
reacts on blood pressure by increasing the tonus
of the contractile elements in the pillar cells so
re-routing blood flow (Laurent 1984). Intrinsic
muscles in the gill filaments of most teleosts can
change the angle of the filaments on each arch and
thus alter the flow pattern over the secondary
lamellae.

Other sites for gas exchange

An efficient gas exchange system should have
the following characteristics: close contact to the
medium, short diffusion distances, and a well-
developed circulation that can transport oxygen
efficiently from the site of gas exchange to the tis-
sues. Cutaneous respiration may be of some signif-
icance in a few cases either when oxygen demand
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is very low, as in some Antarctic fishes, or when
the diffusion distance is very short, as for fish
larvae. In adult fish, cutaneous respiration is
less than 30% of routine metabolism (O. Brix,
unpublished results). Its significance is still poorly
investigated, but it may be of some importance for
fish like eels when migrating short distances
across land (Berg and Steen 1965). For air-breathing
organs see Section Air breathing.

4.5.3 Circulation and gas transport

The main tasks of the circulatory system are to
transportrespiratory gases, nutrients and metabol-
ic waste products, endocrine factors and heat.
Most fish have a single circulatory system. The
heart consists of the sinus venosus, atrium, ven-
tricle and bulbus. In elasmobranchs, agnatha and
holosteans the bulbus is replaced by the conus
arteriosus. The conus does not increase the accel-
eration of blood, as does the bulbus in teleosts. The
blood is pumped into the ventral aorta, where
blood pressure is in the range 4.0-7.3kPa. After
passing the gills, which create ~30% of the total
resistance to blood flow, the blood pressure has
decreased to about 3.3-4.7kPa in the dorsal
aorta, which flows alongside the caudal vein in
the haemal canal formed by fusion of vertebral
processes. The haemal canal thus protects the
caudal vein from the pressure waves that move to
the caudal end of the fish as the myotomes con-
tract during swimming. The pressure for venous
return is generated in the segmental veins in the
muscles in the caudal region by the so-called
haemal arc pump, or in the caudal sinuses or
caudal pump, which can be called caudal hearts,
before entering the caudal vein. Back-flow is
prevented by a series of valves. The caudal vein
collects blood from the cutaneous circulation,
the posterior muscles and the remainder of the
caudal region (Satchell 1965,1971). Hagfishes have
no less than five accessory hearts. For circulatory
adaptations in air-breathing fish see Section Air
breathing.

Aneural and neural mechanisms control the
heart and vascular system allowing for a wide
range of circulatory adjustments to environmental

or other changes. Aneural control is mainly ef-
fected by:

1 changes in blood volume and venous return by
swimming movements and mobilization of blood
into general circulation from the spleen, liver or
blood sinuses in various species;

2 direct response of heart muscle (pacemaker) to
temperature changes, which increase the heart
rate (Randal 1970);

3 circulating catecholamines like adrenaline,
which stimulates heart rate and stroke volume
and dilates the gill vasculature (Nakano and
Tomlinson 1967; Bennion 1968), and noradrena-
line, which constricts systemic vascular beds
(Wood and Shelton 1975).

The hearts of teleosts and elasmobranchs, but
not hagfish and lungfish are innervated by the
vagus nerve (Xth cranial nerve). Stimulation of
the vagus causes a cholinergic effect, simulating
the effects of acetylcholine, which slows the heart
rate in teleosts and elasmobranchs producing
bradycardiaandincreases the heartrate in lamprey
(Randall 1970). Light flashes, sudden movements
of objects or shadows, and touch or mechanical vi-
brations may increase vagal tone. The response
can be blocked by injection of atropine. Some fish
also have adrenergic or stimulatory fibres from the
vagus.

The circulatory system may be linked to maxi-
mization of oxygen uptake in the gills and delivery
to the tissues. In the following I examine in more
detail some of the key factors in this process.

The significance of haemoglobins

Fish haemoglobins are mostly tetramers consist-
ing of two aeand two B polypeptide chains (141 and
146 amino acid residues, respectively). The basic
function of the haemoglobins is to ensure an ade-
quate supply of oxygen to all parts of the organism
in which they occur. In order to accomplish this
task they have developed, in the course of evolu-
tion, a common molecular mechanism based on
the principle of ligand-linked conformational
change in a multi-subunit structure (Wyman
1964). Within the framework of this common
mechanism, however, different haemoglobins
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have acquired special features to meet special
needs. The significance of haemoglobins is illus-
trated in Fig. 4.5, which shows the impact of
haemoglobin concentration on perfusion require-
ment expressed as millilitres of blood pumped by
the heart (cardiac output, Q) for each millilitre of
oxygen taken up by the cells (Vo,) for random ex-
amples of fish species. The perfusion requirement,
which links cardiac output and blood oxygen
transport to oxygen uptake, is calculated from the
flux equations shown in Section 5.1:

Q _ (—1 , (4.6)
Vo, \ Cuo, —Cyo,

where C,, - C;, is the difference in oxygen con-
tent between arterial and mixed venous blood. The
Antarctic fish without haemoglobins thus have to
pump almost ten times as much blood for the same
amount of oxygen taken up as the tunas with the
highest haemoglobin concentration.

Sites of control

Oxygen transport is based on conformational
changes of the quaternary structure of the haemo-
globin molecule that are caused by the binding and
release of small solvent components, such as H,

CO, and nucleotide triphosphates (NTP), called
ligands (Brunori et al. 1985). Although the product
of the central exon of the haemoglobin gene (the
oxygen-binding site) is sufficient for accomplish-
ing the primary function of haemoglobin, the
products of the external exons (the ligand-binding
sites) allow external modulation of the functional
properties (Eaton 1982). Hence, oxygen binding at
the haem groups is modulated to different extents
in different species by interactions with ligands
(Fig. 4.6). Haemoglobins exhibit a great deal of vari-
ation, in terms of absolute affinity for oxygen, in
their susceptibility to metabolic effectors; these
variations allow haemoglobin to fully meet the
physiological requirements of a given species. This
type of tuning is primarily based on the ability of
effectors to preferentially bind to one of the two
quaternary conformations. In particular, preferen-
tial binding of NTP, typically to the low oxygen
affinity T-state, facilitates the unloading of oxygen
to the tissues (Fig. 4.6). The decrease in oxygen
affinity caused by protons is commonly referred to
as the Bohr effect. When the binding of protons is
so strong that the haemoglobin remains in the T-
state, in which there is no transition to the R-state
and thus no cooperativity, this is called a Root
effect. This plays an important role in filling the
swimbladder (see Fig. 4.1). Fig. 4.6 summarizes
how the oxygen uptake of fish can be modified by
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Fig.4.6 The magnitude of oxygen uptake of fish isillustrated as a square, where one side is the arterial-venous
difference in blood oxygen content (AV-difference) and the other side is the cardiac output (Q). The arterial-venous
difference can be increased by increasing ventilation and/or the release of more red blood cells into the blood from
the spleen (stress response), or by increasing the unloading of oxygen to the tissues under the allosteric control of
ligands and temperature (the most important nucleotide triphosphates (NTPs) in fish are GTP and ATP). Cardiac
output is the product of stroke volume and heartbeat frequency, and will accordingly be changed in parallel with

these parameters.

regulating haemoglobin oxygen transport and car-
diac output.

The significance of haemoglobin multiplicity

The term ‘haemoglobin multiplicity’ means the
occurrence of more than one haemoglobin compo-
nent in the same or different developmental stages
of a species. Vertebrate red blood cells typically
contain more than one kind of haemoglobin.
Commonly, multiple genes are expressed that
code for different variants of these globins, result-
ing in ‘isohaemoglobins’. Some species show
haemoglobin ‘polymorphism’, the occurrence of
different ‘allohaemoglobins’ in different individ-
uals representing different genetic strains (Brix
etal. 1998a; Samuelsen et al. 1999). The multiplic-

ity of haemoglobin components appears greatestin
ectothermic animals, and in particular among
fishes that may experience both rapid tidal or diur-
nal, and marked seasonal, changes in ambient oxy-
gen and temperature. It has been suggested that
both the number of isohaemoglobins and their
functional heterogeneity is related to the constan-
cy of physicochemical conditions in the environ-
ment (Brix et al. 1999). However, demonstrating
this simple hypothesis has been hampered by
phenotypic plasticity, which can produce for
example an acclimatory response of the individ-
ual, and by phylogenetic divergence in physiologi-
cal mechanisms.

The selective advantages of heterogeneous
isohaemoglobins have been considered for very
few, predominantly European and North Ameri-
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can freshwater teleosts, including fish with atypi-
cal diadromous behaviour (Brix et al. 1998b). For
example, trout (Salmo trutta) and eel (Anguilla
anguilla) possess both anodic isohaemoglobins
which are sensitive to temperature and pH and are
characterized by strong Bohr and NTP effects, and
high-affinity cathodal components with low sensi-
tivity to pH and temperature (Binotti et al. 1971;
Fago et al. 1995, 1997a). In addition the effects of
temperature and hypoxia on the expression of spe-
cific isohaemoglobins (Murad and Houston 1991;
Houston and Gingras-Bedard 1994) demonstrate
the phenotypic plasticity of the haemoglobin
system in trout. Functionally heterogeneous
isohaemoglobins of many Amazonian fishes have
been suggested to be adaptive to water oxygen ten-
sions in the tropics (Powers 1974, 1980; Fyhn et al.
1979; Val et al. 1990). This feature is supported by
the observation that haemoglobins from ten dif-
ferent species of African cichlids share an identical
electrophoretic pattern and similar haemolysate
oxygen-binding properties (Verheyen et al. 1986).
However, the Antarctic notothenioid fishes have
few isohaemoglobins present, which correlates
with low activity levels and the stability of the
polar marine environment (high dissolved oxygen
and constant low temperature) (DiPrisco et al.
1990; DiPrisco and Tamburrini 1992). Differences
in the functional properties of these simple
haemoglobin systems is correlated not with envi-
ronmental factors but with organismal factors
such as swimming behaviour and body mass
(Wells and Jokumsen 1982; Fago et al. 1997b).
Haemoglobin is not expressed at all in the chan-
nichthyid fishes (Cocca et al. 1997). Brix et al.
(1999) showed that triplefin fishes living in
shallow, thermally unstable habitats possess a
greater number of cathodal isohaemoglobins,
haemoglobin components that migrate towards
the negative pole during electrophoresis. These
species have haemoglobins with higher oxygen
affinity and reduced cooperativity and which are
less sensitive to changes in pH compared with
haemoglobins of species occurring in more stable,
deeper water habitats (Fig. 4.7). The analysis of an
assemblage of closely related species circumvents
some of the difficulties inherent in studies where

interpretation of experimental results is con-
founded by phylogeny.

4.5.4 Influence of environmental
temperature and hypoxia on oxygen
uptake and transport

Coping with environmental temperature

Critical temperature thresholds (Tc) have been
defined as the transition to an anaerobic mode
of mitochondrial metabolism, once temperature
reaches low or high extremes, due to insufficient
ventilation and/or circulation and aerobic energy
provision (Zielinski and Portner 1996; Portner
etal. 1998). The lower Tcis set by insufficient aero-
bic capacity of the mitochondria, while the upper
Tc is set by a mismatch of excessive oxygen
demand by mitochondria and insufficient oxygen
uptake and distribution by ventilation and circula-
tion (Portner et al. 2000a). In the cold, energy de-
mand will be met by mitochondrial proliferation,
which ultimately will cause an increase in oxygen
demand that becomes detrimental at the upper Tc.
Oxygen demand is not only related to cellular
energy requirements but also to the number of
mitochondria and their properties, specifically
maintenance of the proton gradient. The relation-
ship between this so-called proton leakiness and
aerobic capacity appears to be constant. Portner
et al. (2000a) suggest that metabolic cold adapta-
tion may depend upon the extent of diurnal and
seasonal temperature fluctuations, leading to
higher costs of maintenance in eurythermal than
in stenothermal fish. Thus in stenothermal fish
aerobic capacity and energy expenditure is mini-
mized as far as possible according to environmen-
tal and lifestyle requirements.

The haemoglobin polymorphism of Atlantic
cod (Gadus morhua), which possesses the pheno-
types HbI,,, HbI,, and HbI,,, was described more
than 30 years ago (Frydenberg et al. 1965; Sick
1965a,b). The frequency of the two alleles HbI(1)
and HbI(2) shows a north-south cline along the
Norwegian coast: the frequency of the HbI(1)
allele is about 10% in the Barents Sea in Arcto-
Norwegian cod, 20-50% along the coast of north-
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where Py is the partial pressure of oxygen at half saturation). Those species living in the deeper water, with less
fluctuations in temperature and oxygen availability, had fewer haemoglobins. These were preferentially anodic
(pI<6.25), with a larger potential for allosteric regulation. The genera examined are Bellapiscis (B.), Grahamina (G.),
Fosterygion (F.), Ruanoho (R.) and Karalepis (K.). (Source: Brix et al. 1999.)

ern and western Norway, and 70% in the Kattegat and coastal groups as well as between populations
(Frydenberg et al. 1965). A similar, though less of coastal cod. Karpovand Novikov (1980)reported
clear, cline can be seen along the North American  on the functional properties of the HbI,;, HbI;, and
east coast (Sick 1965b). Accordingto these publica- ~ HbI,, components. They suggested that the HbI,,
tions, genetic differences exist between Arcticcod molecule has the highest oxygen affinity and is the



Physiology of Living in Water 89

most efficient oxygen carrier at low temperatures,
while the HbI;; molecule has the highest affinity
at about 20°C. Brix et al. (1998a, submitted) and
Portner et al. (2000b) clearly demonstrate that
HbI,, is better fitted to cold temperatures than
HbI,, because it is able to transport more oxygen
from the environment to the tissues. This could
result in a higher growth rate, a suggestion sup-
ported by length and weight data. However, while
not excluding this possibility, it could also be a re-
sult of higher oxygen demand in response to cold
adaptation, compensating for some of the energy
loss caused by proton leakage in the mitochondria
(see above). In both cases the HbI,, phenotype ap-
pears better fitted for life in cold environments. In
the temperature range 8-12°C, where maximal
mean growth rates for all phenotypes have been
reported, there are no differences with respect to
oxygen-binding properties. Oxygen binding of all
phenotypes is very sensitive to pH. Any tempera-
ture change would thus greatly affect oxygen
affinities by indirectly changing pH (Brix et al.
1981). Brix et al. (submitted) further showed that
the heterozygote, HbI,,, changed the concentra-
tion of haemoglobin components during long-
term acclimation to either 4°C or 12 °C, achieving
similar oxygen-binding properties as Hbl,; in the
warmer water and vice versa. This clearly suggest
that selection is very important for the evolution
of cod. These results are supported by the work of
Arnason et al. (1998), who found that the stock
from both the Baltic and Barents Sea are more
related to the North Atlantic stock than with each
other, supporting the hypothesis of a transatlantic
flow of genes (Arnason et al. 1992). More detail on
the genetic structure of North Atlantic cod stocks
is given by Ward (Chapter 9, this volume).

Temperature not only influences the metabo-
lism of fish but also oxygen availability. At high
temperatures the oxygen concentration in water
will be markedly reduced, which makes it very dif-
ficult for fish to meet the extra oxygen demand. We
refer to this condition as environmental hypoxia,
and fish have to make significant circulatory and
respiratory adjustments in order to extract suffi-
cient oxygen from the water.

Coping with low oxygen availability

Environmental hypoxia causes a fish to maximize
oxygen transport by cellular adjustments in the
red blood cells combined with a reduced heart-
beat (bradycardia), an increase in cardiac stroke
volume, increased peripheral resistance, and
enhanced efficiency of gas exchange linked to
increased lamellar recruitment in the gills
(Satchell 1971; Booth 1978). Hypoxia causes the
following:

1 reduction of ATP (GTP) production in the cells,
which in turn changes the Donnan equilibrium,
the passive distribution of solutes over a semiper-
meable membrane, causing a decrease in the
concentration of protons and thus an increase in
intracellular pH;

2 increase in ventilation, causing
plasma pH and thus intracellular pH;

3 increase in Hb/HbO, ratio (chronic hypoxia),
causing an increase in intracellular pH.

The reduction in ATP (GTP) and the increase in
intracellular pH increases oxygen affinity, which
thus safeguards oxygen uptake (Weber et al. 1976).
When oxygen availability in water becomes lim-
ited fish have to breathe air.

increased

Air breathing Various groups of fish have solved
the problem of air breathing in different ways,
ranging from simple modification of the gills that
prevent them from collapsing in air to using the
mouth, special parts of the gut, the swimbladder,
or even the development of lungs. The role of the
gills in oxygen uptake is reduced but they are still
the most important site for carbon dioxide elimi-
nation. The air-breathing organs in bimodally
breathing fish are well vascularized with an effi-
cient blood supply. In species using modified gills,
mouth or opercular cavities for air breathing, the
air-breathing organs are parallel with the gills and
the blood enters directly into the systemic circula-
tion. For most other bimodal breathers, blood from
the air-breathing organ passes the gills before
entering the systemic circulation. The lungfish,
Dipnoi, have separated the pulmonary and
branchial circulation allowing them, unlike most
other air-breathing fishes, to respire with their
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lungs and gills simultaneously (Johansen et al.
1968). The tetrapods evolved from this ancient
group of fish (see Gill and Mooi, Chapter 2, this
volume).

As water dries up and becomes more and more
muddy, the African lungfish (Protopterus) makes a
bottle-shaped burrow lined by mucus secreted by
the skin to form a cocoon and the fish becomes tor-
pid. The nares becomes plugged with mud and the
fish breathes air through its mouth about once an
hour. Thelungfish may remain aestivated for more
than 6 months and may survive for years in this
condition. During aestivation, when ammonia ex-
cretion over the gills is impossible, urea is formed
in the liver and accumulates in the blood. Other
species, like the western Australian Lepidogala-
xias salamandroides and the New Zealand mud-
minnows (Neochanna), also aestivate during
periods of drought.

4.6 DIGESTION AND
ABSORPTION

4.6.1 Structure and function of the
alimentary tract

Our knowledge of digestive physiology is based
largely on studies conducted on carnivorous
Northern Hemisphere species (Kapoor et al. 1975;
Fiange and Grove 1979; Helpher 1988; Lovell 1989),
most of which are freshwater or diadromous taxa
such as salmonids (Christiansen and Klungseyr
1987). Thus, the overall morphology and enzyme
complement of the alimentary tract appears to be
more or less ‘hard-wired’ to the ‘normal’ diet of the
fish (Jobling 1998). However, many fish in the trop-
ics and the Southern Hemisphere are herbivorous,
a fact that has been very little considered in the
physiological literature (Clements 1997). The low
nutritional value of diets high in fibre requires the
ingestion and processing of a large volume of food
(Stevens 1988). The extra time necessary for
microbial digestion of this refractory material re-
quires the retention of food within the gut for
extended periods of time, and the ability of herbiv-
orous fish to triturate ingested food influences the
rate and efficiency of fermentation (Bjorndal et al.

1990). The ability to triturate, contain, and retain
plant material will therefore have a major impact
on the structure and function of the alimentary
tract, in particular the possible role of gastro-
intestinal microbes in digestion. The material in
this section is complementary to the chapter
on growth by Jobling (Chapter 5, this
volume) and the chapter on the behavioural
ecology of feeding by Mittelbach (Chapter 11, this
volume).

4.6.2 Carnivorous fish

Asin other vertebrates the alimentary tract in fish
is divided into the mouth and buccal cavity, the
pharynx, the oesophagus, the stomach, the intes-
tine with the pyloric caeca and related organs
(liver, gallbladder and pancreas), and the rectum
and anus. The alimentary tract is lined by an inner
epithelium called the mucosa, underneath which
is the submucosa, a layer of circular and longitudi-
nal muscles called the muscularis, and the serosa.
The thickness of the different layers varies in the
different parts of the alimentary tract.

Ingested food is sometimes broken down
mechanically in the mouth and pharynx. In the
oesophagus, which is highly distensible, the food
is lubricated by mucus secreted from the mucosa
before entering the stomach. The stomach in
fishes can be a straight tube, U-shaped, or Y-shaped
with a gastric caecum (Finge and Grove 1979;
Helpher 1988; Stevens 1988). Distension of the
stomach activates a cholinergic response, which
triggers secretion from the gastric mucosa of hy-
drochloric acid, which decreases pH, and protease
enzymes such as pepsin that have a pH optimum of
2-4.In the foregut, the caecal tissue or the pancre-
atic tissue, which commonly envelops the caeca,
produces a secretion with a pH of 7-9 that contains
trypsin, an enzyme that digests protein at alkaline
pH. The pancreatic tissue is also the primary site
for the production of lipase and amylase, which
digest fat and carbohydrate. Lipase activity has
also been found in the caecal tissue and in the
upper part of the intestine (Chesley 1934). The
pyloric caeca may also secrete fluids that serve
to buffer intestinal contents (Montgomery and
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Pollak 1988). A muscular valve or sphincter, a fold
in the mucous membrane, controls the flow of food
into the intestine (Stevens 1988). Assimilation of
digested food also takes place in the intestine.

The behaviour and ecology of predatory fish is
described in detail in Juanes et al. (Chapter 12, this
volume).

4.6.3 Herbivorous fish

Most marine herbivorous fish belong to the order
Perciformes (Horn 1989; Choat 1991). They have
typically a small gape for taking rapid small bites,
and arow of small closely spaced mandibular teeth
that serve to crop plant material or scrape it from
the substratum. In some fishes these teeth have
become fused into a parrot-like beak (Scaridae,
Odacidae; Clements and Bellwood 1988). Some
herbivorous fish have developed pharyngal teeth
on the modified fifth gill arch, which does not
carry gills (Helpher 1988; Horn 1989, 1992). Buccal
teeth, which prevent the escape of prey, are not
important in herbivorous fish. Some fish, like
the surgeonfish (Acanthurus) and the girellids
(Ctenochaetus), have developed gizzard-like
stomachs similar to those in birds that serve to
break down the cell walls of bacteria, blue-green
algae, diatoms and filamentous red and green
macroalgae, which are ingested along with some
sedimentary material (Payne 1978; Lobel 1981;
Horn 1992). The stomach may be absent in many
herbivorous fishes like cyprinids, odacids and
scarids. These fish typically have a pharyngeal
apparatus for processing food before it enters the
intestine (Finge and Grove 1979; Stevens 1988).
Most species containing high concentrations of
short-chain fatty acids (SCFA) in the gut lack a
mechanism for mechanical triturating ingested
material (Clements 1997). Specialized fermenta-
tion chambers have been found in a few species,
but high concentrations of SCFA in the gut of fish
lacking these chambers suggests that material is
retained in the intestine long enough for fermenta-
tion to take place. It appears that gastrointestinal
microorganisms are transmitted in some species
by the ingestion of infected faecal material, as
occursin herbivorousreptiles (Troyer 1984), and in

other species by the ingestion of infected food or
water. Some species seem to have evolved specific
mechanisms for the retention and transfer of
endosymbionts. The parrotfishes, however, donot
contain an obvious microbiota (Clements 1991},
probably due to the slurry of calcium carbonate in
the alimentary tract causing unfavourable condi-
tions for the development of large populations of
microorganisms (Clements 1997).

4.7 BIOLUMINESCENCE

4.7.1 From oxygen defence to
deep-sea communication

Bioluminescence, the emission of ecologically
functional light by living organisms, emerged
independently during evolution on several occa-
sions. The substrates of the luminous reactions,
luciferins, are suggested to be the evolutionary
core of most systems. The luciferases, the en-
zymes catalysing the photogenic oxidation of
luciferin, thus serve to optimize the expression
of the endogenous chemiluminescent properties
of luciferin. It has been suggested that the primary
function of coelenterazine, a luciferin with strong
antioxidative properties that occurs in many
marine bioluminescent groups, was originally the
detoxification of deleterious oxygen derivatives
such as the superoxide anion or peroxides (Rees
et al. 1998). When marine organisms began colo-
nizing deeper layers of the oceans, where exposure
to oxidative stress is considerably lowered because
of reduced light irradiance and lower oxygen
levels, the strength of selection for antioxidative
defence mechanisms decreased and their light-
emitting function evolved. The endogenous pro-
duction of reactive oxygen species would decrease
in parallel with the decrease in metabolic activity
atincreasing depths, and mechanisms for harness-
ing the chemiluminescence of coelenterazine in
specialized organs could have developed, while the
beneficial antioxidative properties were main-
tained in other tissues.

Some species use lights aslures, such as barbells
and fishing rods with luminous tips, whilst others
have light organs in the mouth or even headlights
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to illuminate their prey. For the great majority
of these fish, photophores are used for signal-
ling other members of the same species, or for
camouflage. Most bioluminescent fish are self-
luminescent, although a substantial minority
of bioluminescent teleosts produce light that is
due to symbiotic luminous bacteria housed in
elaborate light organs.

4.7.2 Symbiotic luminescence

The majority of symbiotically bioluminescent
fishes, in ten families in five orders, harbour
common free-living species of marine luminous
bacteria: Photobacterium phosphoreum, P. leio
gnathiand P. fischeri (= Vibrio fischeri). Others, as-
sociated with the beryciform family Anomalopi-
dae and nine families in the lophiiform suborder
Ceratioidei, have apparently obligate symbionts
thathaverecently beenidentified by small subunit
(16S) rRNA analysis as new groups within the
genus Vibrio (Haygood 1993). Fish with symbiotic
luminescence have normally not more than one or
two, or a maximum of four, light organs probably
due to problems of infection and maintenance.
The same organ may serve several purposes,
such as illuminating prey, schooling and sexual
communication.

4.7.3 Self-luminescence

Fish with self-luminescence often have many
photophores, which allows them to use different
ones for different purposes. Within the upper
1000m of the ocean, down-welling light will
silhouette the fish when looked at from below.
Fish with photophores can make themselves
invisible when viewed obliquely or directly from
below by emitting light that matches the angular
distribution and wavelength as well as the inten-
sity of the ambient background light. The pho-
tophores, which are richly innervated by the
autonomic nervous system, are arranged in ven-
trally directed tubes along the lower part of the
fish. The light is produced in a dorsal chamber,
lined with black pigment apart from a series of
small ventral windows. After passing a colour

filter transmitting at 485 nm, light then leaves the
photophore in a particular pattern that differs in
intensity at different angles (Bone et al. 1996).

4.8 CONCLUSIONS

In this chapter I have reviewed some of the most
important physiological mechanisms that fish
use to cope with the four major physical and
chemical constraints imposed on life in the
aquatic environment.

The high density of water reduces the effects of
gravity and enables fish to remain suspended in the
water column using a minimum amount of energy.
Fish cope with buoyancy problems by applying
either dynamic or static lift or a combination of
both. Lift forces are generated by the caudal and
pectoral fins acting as lifting foils at about the cen-
tre of gravity of the fish and depend on a minimum
cruising speed to prevent the fish sinking. Static
lift is obtained by the use of lipids and/or gas. Since
the volume of gas is inversely proportional to the
ambient pressure, which increases by 101 kPa for
each 10m of depth, the swimbladder must have
mechanisms for efficient filling and emptying at
different depths. Gas can be released either via the
pneumatic duct into the gut whilst ascending/
diving (physostomes), or into the circulation via
the oval chamber (physostomes/physoclists).

The low compressibility of water influences
the swimming performance of fish, which have to
push water aside to move through it. For this pur-
pose they have developed different motor systems,
reduced the drag forces and the cost of locomotion,
and increased the efficiency of respiratory and
cardiovascular adaptations during swimming.

The most important characteristic of water is
that it is an almost universal solvent, containing
complex mixtures of salts, organic compounds and
gases. Many of these are essential for life and are
taken up by fish using specialized organs in com-
plicated processes of ion regulation, osmoregula-
tion, gas exchange and acid-base balance, or via
digestion of food. The osmolality of fresh water is
<10mosmol, and sea water falls within the range
800-1300mosmol. The freshwater teleosts have
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blood osmolalities of about 260-330 mosmol kg™!.
Thus these fish will be subjected to a passive influx
of water and efflux of ions. In marine fishes, which
have blood osmolalities in the range 370-480
mosmolkg™!, these fluxes will be reversed. At
subzero temperatures, marine fish may produce
macromolecular ‘antifreeze’ compounds in their
blood serum. The antifreeze consists of glyco-
proteins or proteins, which coat and isolate ice
crystals forming in the blood.

Water contains very little oxygen compared
with air. Fish have therefore evolved a unidirec-
tional flow of water over their gills to maximize
oxygen uptake. Cutaneous respiration may be
occasionally of some significance either when
oxygen demand is very low, as in some Antarctic
fishes, or when the diffusion distance is very short,
as for fish larvae. The main tasks of the circulatory
system are to transport respiratory gases, nutri-
ents, metabolic waste products, endocrine factors
and heat. To ensure an adequate supply of oxygen
to all parts of the organism, oxygen is transported
by haemoglobin. Different haemoglobins have
evolved and have acquired special features to meet
special needs. Both the number of these so-called
isohaemoglobins and their functional heterogene-
ity is related to the constancy of physicochemical
conditions in the environment.

Temperature is probably the most important
environmental factor influencing the life of fish.
Oxygen transport may be optimized to different
temperatures by changing the concentrations of
isohaemoglobins, as seen for the Atlantic cod. At
high temperatures, the oxygen concentration in
water will be markedly reduced, which makes
it very difficult for fish to meet the extra oxygen
demand. Fish thus have to make significant cir-
culatory and respiratory adjustments in order to
extract sufficient oxygen from the water.

The transparency of water is very poor. Since
most food production is within the photic zone,
most fish reside in this region, where prey capture
depends on good visibility and well-developed
eyes. In the dark zone of the oceans, however, fish
that communicate and capture prey by producing
their own light using photophores.
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