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The theme of Vertebrate Life is organ-
ismal biology—that is, how the anatomy, physiology,
ecology, and behavior of animals interact to produce
organisms that function effectively in their environ-
ments and how lineages of organisms change through
evolutionary time. The ninth edition emphasizes
advances in our understanding of vertebrates since the
eighth edition was published. Several topics have been
greatly expanded.

New to This Editions

e Molecular biology. Molecular studies have produced
new information about phylogenetic relationships
that illuminates events as distant as the origin of jaw-
less vertebrate lineages and as recent as the separation
of the clouded leopards on Borneo, Sumatra, and the
Asian mainland.

o Fossil evidence. Newly described fossils have
expanded our understanding of the evolutionary
diversity of vertebrate lineages, particularly of dino-
saurs (including birds) and our own human lineage.

e Climate change. The ever-increasing evidence of
global climate change has important implications
for the biology and conservation of vertebrates,
and new information about atmospheric conditions
during the Paleozoic and Mesozoic eras sheds light
on vertebrate diversification.

o Conservation. As the pace of extinction quickens,
specific situations raise acute concerns: the global
decline in amphibian populations, part of which can
be traced to the worldwide spread of a fungal infec-
tion; the threats posed to fisheries by fish farming
and transgenic fishes; and the difficulty of preserv-
ing large animals that require huge home ranges, and
especially the problems associated with large preda-
tors, such as tigers, that sometimes eat people.

e Access to information. The expansion of electronic
databases and the accessibility of online resources
give students increased access to the primary lit-
erature and authoritative secondary sources, and
we have added more citations of printed and online
journals and of websites to encourage students to
explore these sources.

Preface

o Discussion questions. We have found that open-
ended discussion questions are an effective way to
increase active learning in class meetings, and we
have added discussion questions in this edition.
(And, because we sometimes find ourselves won-
dering what response the author expected when
we use questions from textbooks, we have provided
answers to our questions in the Instructor Resource
Center at www.pearsonhighered.com.)

o Lists of derived characters accompanying the
cladograms. The extensive legends accompanying
the cladograms provide important information, but
they break the flow of text in the chapters. In this
edition we have moved the legends to an appendix.

o Images from the text. The figures from the text can
be downloaded in jpg and PowerPoint formats from
the Instructor Resource Center at www.pearsonhigh-
ered.com.

Amid all of these changes, the element of Verte-
brate Life that has always been most important to the
authors has remained constant: We are biologists be-
cause we care enormously about what we do and the
animals we work with. We are deeply committed to
passing on the fascination and sheer joy that we have
experienced to new generations of biologists and to
providing information and perspectives that will help
them with the increasingly difficult task of ensuring
that the enormous vigor and diversity of vertebrate
life do not vanish.
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]:he more than 63,000 living spe-

cies of vertebrates inhabit nearly every part of Earth,

and other kinds of vertebrates that are now extinct lived

in habitats that no longer exist. Increasing knowledge of the

diversity of vertebrates was a product of the European exploration

and expansion that began in the fifteenth and sixteenth centuries. In

the middle of the eighteenth century, Swedish naturalist Carolus Linnaeus

developed a binominal classification to catalog the varieties of animals and

plants. Despite some problems in reflecting evolutionary relationships, the

Linnaean system remains the basis for naming organisms today.

A century later, Charles Darwin and Alfred Russel Wallace explained the

diversity of plants and animals as the product of natural selection and evolution.

In the early twentieth century, their work was coupled with the burgeoning infor-

mation about mechanisms of genetic inheritance. This combination of genetics and

evolutionary biology, known as the New Synthesis, or neo-Darwinism, continues to

be the basis for understanding the mechanics of evolution. Methods of classifying

animals also changed during the twentieth century; and classification, which began as

a way of trying to organize the diversity of organisms, has become a powerful tool for
generating testable hypotheses about evolution.

Vertebrate biology and the fossil record of vertebrates have been at the center of
these changes in our view of life. Comparative studies of the anatomy, embryology,
behavior, and physiology of living vertebrates have often supplemented the fossil

record. These studies reveal that evolution acts by changing existing traits. All verte-
brates share basic characteristics that are the products of their common ancestry,
and the process of evolution can be analyzed by tracing the modifications of these
characters. Thus, an understanding of vertebrate form and function is basic to under-
standing the evolution of vertebrates and the ecology and behavior of living species.



CHAPTER ,‘

The Diversity, Classification,
and Evolution of Vertebrates

Evolution is central to vertebrate bi-
ology because it provides a principle that organizes the
diversity we see among living vertebrates and helps to fit
extinct forms into the context of living species. Classifica-
tion, initially a process of attaching names to organisms,
has become a method of understanding evolution and
planning strategies for conservation. Current views of
evolution stress natural selection operating at the level of
individuals as the predominant mechanism that produces
changes in a population over time. The processes and
events of evolution are intimately linked to the changes
that have occurred on Earth during the history of verte-
brates. These changes have resulted from the movements
of continents and the effects of those movements on cli-
mates and geography. In this chapter, we present an over-
view of the scene, the participants, and the events that
have shaped the biology of vertebrates.

1.1 The Vertebrate Story

Mention “animal” and most people will
think of a vertebrate. Vertebrates are

abundant and conspicuous parts
of people’s experience of the

natural world. Vertebrates are also very diverse: The
more than 63,000 extant (currently living) species of
vertebrates range in size from fishes weighing as little
as 0.1 gram when fully mature to whales weighing over
100,000 kilograms. Vertebrates live in virtually all the
habitats on Earth. Bizarre fishes, some with mouths
so large they can swallow prey larger than their own
bodies, cruise through the depths of the sea, some-
times luring prey to them with glowing lights. Fifteen
kilometers above the fishes, migrating birds fly over
the crest of the Himalayas, the highest mountains on
Earth.

The behaviors of vertebrates are as diverse and com-
plex as their body forms and habitats. Vertebrate life is
energetically expensive, and vertebrates get the energy
they need from food they eat. Carnivores eat the flesh

of other animals and show a wide range

of methods of capturing prey.

Some predators search the

environment to find

prey, whereas others
wait in one place for
prey to come to
them. Some car-
nivores pursue
their prey at
high speeds,
and others
pull prey into
their mouths
by suction.

Many verte-

brates swallow
their prey intact,

4/‘.'..\9;
sometimes

while it is alive



and struggling, but other vertebrates have very spe-
cific methods of dispatching prey. Venomous snakes
inject complex mixtures of toxins, and cats (of all sizes,
from house cats to tigers) kill their prey with a distinc-
tive bite on the neck.

Herbivores eat plants. Plants cannot run away when
an animal approaches, so they are easy to catch, but
they are hard to chew and digest and frequently con-
tain toxic compounds. Herbivorous vertebrates show
an array of specializations to deal with the difficulties
of eating plants. Elaborately sculptured teeth tear apart
tough leaves and expose the surfaces of cells, but the
cell walls of plants contain cellulose, which no verte-
brate can digest. Herbivorous vertebrates rely on mi-
croorganisms living in their digestive tracts to digest
cellulose. In addition, these endosymbionts (organisms
that live inside another organism) detoxify the chemi-
cal substances that plants use to protect themselves.

Reproduction is a critical factor in the evolution-
ary success of an organism, and vertebrates show an
astonishing range of behaviors associated with mating
and reproduction. In general, males court females and
females care for the young, but these roles are reversed
in many species of vertebrates. At the time of birth or
hatching, some vertebrates are entirely self-sufficient
and never see their parents, whereas other vertebrates
(including humans) have extended periods of obliga-
tory parental care. Extensive parental care is found in
seemingly unlikely groups of vertebrates—fishes that
incubate eggs in their mouths, frogs that carry their
tadpoles to water and then return to feed them, and
birds that feed their nestlings a fluid called crop milk
that is very similar in composition to mammalian milk.

The diversity of living vertebrates is enormous, but
the species now living are only a small proportion of the
species of vertebrates that have existed. For each living
species, there may be more than a hundred extinct spe-
cies, and some of these have no counterparts among liv-
ing forms. For example, the dinosaurs that dominated
Earth for 180 million years are so entirely different from
living animals that it is hard to reconstruct the lives
they led. Even mammals were once more diverse than
they are now. The Pleistocene epoch saw giants of many
kinds—ground sloths as big as modern rhinoceroses
and raccoons as large as bears. The number of species of
terrestrial vertebrates probably reached its maximum in
the middle Miocene epoch, 12 to 14 million years ago,
and has been declining since then.

The story of vertebrates is fascinating. Where they
originated, how they evolved, what they do, and how
they work provide endless intriguing details. In pre-
paring to tell this story, we must introduce some basic
information, including what the different kinds of ver-

tebrates are called, how they are classified, and what
the world was like as the story of vertebrates unfolded.

Major Extant Groups of Vertebrates

Two major groups of vertebrates are distinguished on the
basis of an innovation in embryonic development: the
appearance of three membranes formed by tissues that
come from the embryo itself. One of these membranes,
the amnion, surrounds the embryo, and animals with this
structure are called amniotes. The division between non-
amniotes and amniotes corresponds roughly to aquatic
and terrestrial vertebrates, although many amphibians
and a few fishes lay non-amniotic eggs in nests on land.

Among the amniotes, we can distinguish two major
evolutionary lineages—the sauropsids (reptiles, includ-
ing birds) and the synapsids (mammals). These lineages
separated from each other in the Late Devonian period,
before vertebrates had developed many of the charac-
ters we see in extant species. As a result, synapsids and
sauropsids represent parallel but independent origins
of basic characters such as lung ventilation, kidney
function, insulation, and temperature regulation.

Figure 1-1 shows the major kinds of vertebrates and
the approximate numbers of living species. In the fol-
lowing sections, we briefly describe the different kinds
of vertebrates.

Non-Amniotes

The embryos of non-amniotes are enclosed and protected
by membranes that are produced by the reproductive
tract of the female. This is the condition seen among the
invertebrate relatives of vertebrates, and it is retained in
the non-amniotes: the fishes and amphibians.

Hagfishes and Lampreys—Myxiniformes and Petromyzon-
tiformes Lampreys and hagfishes are elongate, limb-
less, scaleless, and slimy and have no internal bony
tissues. They are scavengers and parasites and are spe-
cialized for those roles. Hagfishes are marine, living on
the seabed at depths of 100 meters or more. In con-
trast, many species of lampreys are migratory, living in
oceans and spawning in rivers.

Hagfishes and lampreys are unique among living ver-
tebrates because they lack jaws; this feature makes them
important in the study of vertebrate evolution. They
have traditionally been grouped as agnathans (Greek
a = without and gnath = jaw) or cyclostomes (Greek
cyclo = round and stoma = mouth), but they are probably
not closely related to each other and instead represent
two independent (i.e., separate) evolutionary lineages.

Sharks, Rays, and Ratfishes—Chondrichthyes The name
Chondrichthyes (Greek chondro = cartilage and ichthyes =
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Figure 1-1 Diversity of vertebrates. Areas in the diagram correspond to approximate num-
bers of living species in each group. (These are estimates, and the numbers change frequently as
new species are described.) Common names are in the center circle, and formal names for the
groups are on the outer circle. The two major lineages of extant vertebrates are the Actinoptery-
gii (ray-finned fishes) and the Sarcopterygii (lobe-finned fishes), each of which includes more
than 30,000 extant species. (The Sarcopterygii includes the lineages Actinistia, Dipnoi, Caudata,
Anura, Gymnophiona, Testudinia, Lepidosauria, Crocodilia, Aves, and Mammalia.)

fish) refers to the cartilaginous skeletons of these fishes.
Extant sharks and rays form a group called the Neose-
lachii (Greek neo = new and selach = shark), but the two
kinds of fishes differ in body form and habits. Sharks have
a reputation for ferocity that most species would have dif-
ficulty living up to. Some sharks are small (15 centimeters
or less); and the largest species, the whale shark (which
grows to 10 meters), is a filter feeder that subsists on
plankton it strains from the water. Rays are mostly bot-
tom feeders; they are dorsoventrally flattened and swim
with undulations of their extremely broad pectoral fins.

4

The second group of chondrichthyans, the ratfishes
or chimaerans, gets its name, Holocephalii (Greek holo
= whole and cephal = the head), from the single gill
cover that extends over all four gill openings. These
are bizarre marine animals with long, slender tails and
bucktoothed faces that look rather like rabbits. They
live on the seafloor and feed on hard-shelled prey, such
as crustaceans and mollusks.

Bony Fishes—Osteichthyes Bony fishes, the Osteich-
thyes (Greek osteo = bone and ichthyes = fish), are so



diverse that any attempt to characterize them briefly
is doomed to failure. Two broad categories can be
recognized: the ray-finned fishes (actinopterygians;
Greek actino = ray and ptero = wing or fin) and the
lobe-finned or fleshy-finned fishes (sarcopterygians;
Greek sarco = flesh).

The ray-finned fishes have radiated extensively in fresh
and salt water. More than 30,500 species of ray-finned
fishes have been named, and several thousand additional
species may await discovery. A single project, the Census
of Marine Life, is describing 150 to 200 previously un-
known species of ray-finned fishes annually. Two major
groups can be distinguished among actinopterygians. The
Chondrostei (bichirs, sturgeons, and paddlefishes) are
survivors of an early radiation of bony fishes. Bichirs are
swamp- and river-dwellers from Africa; they are known
as African reed fish in the aquarium trade. Sturgeons
are large fishes with protrusible, toothless mouths that
are used to suck food items from the bottom. Sturgeons
are the source of caviar—eggs are taken from the female
before they are laid. Of course, this kills the female stur-
geon, and many species have been driven close to extinc-
tion by overfishing. Paddlefishes (two species, one in the
Mississippi drainage of North America and another
nearly extinct species in the Yangtze River of China) have
a paddlelike snout with organs that locate prey by sensing
electrical fields.

The Neopterygii, the modern radiation of ray-finned
fishes, can be divided into three lineages. Two of these—
the gars and the bowfins—are relicts of earlier radia-
tions. These fishes have cylindrical bodies, thick scales,
and jaws armed with sharp teeth. They seize prey in
their mouths with a sudden rush or gulp, and they
lack the specializations of the jaw apparatus that allow
later bony fishes to use more complex feeding modes.

The third lineage of neopterygians, the Teleostei, in-
cludes almost 30,500 species of fishes covering every
imaginable combination of body size, habitat, and
habits. Most of the fishes that people are familiar with
are teleosts—the trout, bass, and panfish that anglers
seek; the sole (a kind of flounder) and swordfish fea-
tured by seafood restaurants; and the salmon and tuna
whose by-products find their way into canned catfood.
Modifications of the body form and jaw apparatus
have allowed many teleosts to be highly specialized in
their swimming and feeding habits.

In one sense, only eight species of lobe-finned fishes
survive: the six species of lungfishes (Dipnoi) found in
South America, Africa, and Australia and the two spe-
cies of coelacanths (Actinistia), one from deep waters
off the east coast of Africa and a second species re-
cently discovered near Indonesia. These are the living
fishes most closely related to terrestrial vertebrates,

and a more accurate view of sarcopterygian diversity
includes their terrestrial descendants—amphibians,
mammals, turtles, lepidosaurs (the tuatara, lizards,
and snakes), crocodilians, and birds. From this per-
spective, bony fishes include two major evolutionary
radiations—one in the water and the other on land,
with each containing more than 30,000 living species.

Salamanders, Frogs, and Caecilians—Urodela, Anura, and
Gymnophiona These three groups of vertebrates are
popularly known as amphibians (Greek amphi = double
and bios = life) in recognition of their complex life his-
tories, which often include an aquatic larval form (the
larva of a salamander or caecilian and the tadpole of a
frog) and a terrestrial adult. All amphibians have bare
skins (i.e., lacking scales, hair, or feathers) that are
important in the exchange of water, ions, and gases
with their environment. Salamanders are elongate
animals, mostly terrestrial, and usually with four legs;
anurans (frogs, toads, and tree frogs) are short-bodied,
with large heads and large hind legs used for walking,
jumping, and climbing; and gymnophians (caecilians)
are legless aquatic or burrowing animals.

Amniotes

An additional set of membranes associated with the
embryo appeared during the evolution of vertebrates.
They are called fetal membranes because they are de-
rived from the embryo itself rather than from the repro-
ductive tract of the mother. The amnion is one of these
membranes, and vertebrates with an amnion are called
amniotes. In general, amniotes are more terrestrial than
non-amniotes; but there are also secondarily aquatic spe-
cies of amniotes (such as sea turtles and whales) as well
as many species of salamanders and frogs that spend
their entire lives on land despite being non-amniotes.
However, many features distinguish non-amniotes (fishes
and amphibians) from amniotes (mammals and reptiles,
including birds), and we will use the terms to identify
which of the two groups is being discussed.

By the Permian, amniotes were well established on
land. They ranged in size from lizardlike animals a few
centimeters long through cat- and dog-size species to the
cow-size parieasaurs. Some were herbivores; others were
carnivores. In terms of their physiology, however, we can
infer that they retained ancestral characters. They had
scale-covered skins without an insulating layer of hair or
feathers, a simple kidney that could not produce highly
concentrated urine, simple lungs, and a heart in which
the ventricle was not divided by a septum.

Early in their evolutionary history, terrestrial ver-
tebrates split into two lineages—the synapsids (now
represented by mammals) and the sauropsids (the
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reptiles, including birds). Terrestrial life requires lungs
to extract oxygen from air, hearts that can separate
oxygen-rich arterial blood from oxygen-poor venous
blood, kidneys that can eliminate waste products while
retaining water, and insulation and behaviors to keep
body temperature stable as the external temperature
changes. These features evolved in both lineages; but,
because synapsids and sauropsids evolved terrestrial
specializations independently, the lungs, hearts, kid-
neys, and body coverings of synapsids and sauropsids
are different.

Sauropsid Amniotes Extant sauropsids are the animals
we call reptiles: turtles, the scaly reptiles (tuatara,
lizards, and snakes), crocodilians, and birds. Extinct
sauropsids include the forms that dominated the world
during the Mesozoic era—dinosaurs and pterosaurs
(flying reptiles) on land and a variety of marine forms,
including ichthyosaurs and plesiosaurs, in the oceans.

Turtles—Testudinia Turtles (Latin testudo = a turtle) are
probably the most immediately recognizable of all ver-
tebrates. The shell that encloses a turtle has no exact
duplicate among other vertebrates, and the morpho-
logical modifications associated with the shell make
turtles extremely peculiar animals. They are, for exam-
ple, the only vertebrates with the shoulders (pectoral
girdle) and hips (pelvic girdle) inside the ribs.

Tuatara, Lizards, and Snakes—Lepidosauria These three
kinds of vertebrates can be recognized by their scale-
covered skin (Greek lepido = scale and saur = lizard)
as well as by characteristics of the skull. The tuatara,
a stocky-bodied animal found only on some islands
near New Zealand, is the sole living remnant of an
evolutionary lineage of animals called Sphenodontida,
which was more diverse in the Mesozoic. In contrast,
lizards and snakes (which are highly specialized liz-
ards) are now at the peak of their diversity.

Alligators and Crocodiles—Crocodilia These impressive
animals, which draw their name from crocodilus, the
Greek word for crocodile, are in the same evolutionary
lineage (the Archosauria) as dinosaurs and birds. The
extant crocodilians are semiaquatic predators, with
long snouts armed with numerous teeth. They range
in size from the saltwater crocodile, which has the po-
tential to grow to a length of 7 meters, to dwarf croc-
odiles and caimans that are less than a meter long.
Their skin contains many bones (osteoderms; Greek
osteo = bone and derm = skin) that lie beneath the
scales and provide a kind of armor plating. Crocodilians
are noted for the parental care they provide for their
eggs and young.

Birds—Aves The birds (Latin avis = a bird) are a lin-
eage of dinosaurs that evolved flight in the Mesozoic.
Feathers are characteristic of extant birds, and feath-
ered wings are the structures that power a bird’s flight.
Recent discoveries of dinosaur fossils with traces of
feathers show that feathers evolved before flight.
This offset between the times that feathers and flight
appeared illustrates an important principle: the func-
tion of a trait in an extant species is not necessarily the
same as its function when it first appeared. In other
words, current utility is not the same as evolution-
ary origin. The original feathers were almost certainly
structures that were used in courtship displays, and
their modification as airfoils, for streamlining, and as
insulation in birds is a secondary event.

Synapsid Amniotes The synapsid lineage contains the
three kinds of extant mammals: the monotremes
(prototheria; the platypus and echidna), marsupials
(metatherians), and placentals (eutherians). Extinct
synapsids include forms that diversified in the Paleozoic
era—pelycosaurs and therapsids—and the rodentlike
multituberculates of the late Mesozoic.

Mammals—Mammalia The living mammals (Latin
mamma = a teat) can be traced to an origin in the
late Paleozoic, from some of the earliest fully ter-
restrial vertebrates. Extant mammals include about
5500 species, most of which are placental mammals.
Both placentals and marsupials possess a placenta,
a structure that transfers nutrients from the mother
to the embryo and removes the waste products of the
embryo’s metabolism. Placentals have an extensive
system of placentation and a long gestation period,
whereas marsupials have a short gestation period and
give birth to very immature young that continue their
development attached to a nipple, often in a pouch
on the mother’s abdomen. Marsupials dominate the
mammalian fauna only in Australia. Kangaroos, koa-
las, and wombats are familiar Australian marsupi-
als. The strange monotremes, the platypuses and the
echidnas, are mammals whose young are hatched
from eggs. All mammals, including monotremes, feed
their young with milk.

New Species

New species of vertebrates are described weekly—this
is why we use the words “approximately” and “about”
when we cite the numbers of species. More than 300
new species of fishes are described annually. In 2002, a
molecular analysis of the relationships of rhacophorid
frogs on Madagascar increased the number of species
from 18 to more than 100.



Among terrestrial mammals rodents led the way
with 174 new species described between 1993 and
2008, and bats were second with 94 species. Most
rodents are small and bats are nocturnal, so it is not
surprising to find new species in those groups. It is,
however, something of a surprise to find that pri-
mates, with 55 new species, followed bats in the list
because primates are mostly diurnal and large enough
to be conspicuous elements of a fauna; other newly
identified species are also large.

e In 2005, a new species of mangabey monkey as big as
a medium-size dog was discovered in Tanzania. Subse-
quent study showed that it was so different from related
species that a new genus, Rungwecebus, was created for
it. In addition to being large, this monkey has a loud
vocalization and occurs in forest adjacent to cultivated
areas. In fact, the type specimen was captured in a trap
set by a farmer in a field of maize.

e Three new species of whales have been described
since 2000—two rorquals (Balaenoptera omurai
from the Indo-Pacific region and B. edeni, which has
a worldwide distribution) and a new right whale
(Eubalaena japonica) from the North Pacific. These
animals are from 11 to 17 meters long.

e In 2001 the largest extant land mammal, the African
elephant, was shown to consist of two distinct species:
the African savannah elephant (Loxodonta africana)
and the African forest elephant (Loxodonta cyclotis).

Many of these new species occur in isolated popula-
tions and some are on the brink of extinction. For exam-
ple, 221 of the 408 new species of terrestrial mammals
that were described between 1993 and 2008 occur in
isolated populations, and 34 of those new species are
considered to be at risk of extinction. This situation
places a biologist who discovers a new species in a para-
doxical situation—on one hand, zoological convention
calls for killing an individual of the new species and
depositing it in a museum to serve as the holotype—
that is, the single specimen on which the species is
based in the original publication. On the other hand,
even one individual may be a significant loss from
a small population. The descriptions of two new
species of primates and a lizard have been based on
photographs, measurements, and tissue samples from
living individuals that were released instead of being
killed (Figure 1-2). (The validity of designating a living
holotype rests on interpretation of article 73.1.4 of the
1999 edition of the International Code of Zoological
Nomenclature, and this practice has generated a lively
controversy.)

(c)

Figure 1-2 Three new species of vertebrates that were
described on the basis of living holotypes. (a) The highland
mangabey, Rungwecebus kipunji. The species was initially described
on the basis of this photograph. Later, another individual
that had been killed by a farmer became available for study.

(b) The blonde capuchin monkey, Cebus queirozi. These are two
of the images from the series of photographs of an anesthe-
tized monkey in the description of the species. (The monkey
was released after it recovered consciousness.) (c) The pink Gala-
pagos land iguana, Conolophus marthae. An electronic identifica-
tion tag has been implanted in this individual. When it dies a
natural death, its remains will be deposited in a museum.
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1.2 Classification of
Vertebrates

The diversity of vertebrates (more than 63,000 living
species and perhaps a hundred times that number of
species now extinct) makes the classification of verte-
brates an extraordinarily difficult task. Yet classifica-
tion has long been at the heart of evolutionary biology.
Initially, classification of species was seen as a way of
managing the diversity of organisms, much as an of-
fice filing system manages the paperwork of the office.
Each species could be placed in a pigeonhole marked
with its name; when all species were in their pigeon-
holes, the diversity of vertebrates would have been
encompassed. This approach to classification was sat-
isfactory as long as species were regarded as static and
immutable: once a species was placed in the filing sys-
tem, it was there to stay.

Acceptance of the fact that species evolve has made
that kind of classification inadequate. Now biologists
must express evolutionary relationships among spe-
cies by incorporating evolutionary information in the
system of classification. Ideally, a classification system
should not only attach a label to each species but also
encode the evolutionary relationships between that
species and other species. Modern techniques of sys-
tematics (the evolutionary classification of organisms)
have become methods for generating testable hypoth-
eses about evolution.

Classification and Names

Our system of naming species is pre-Darwinian. It
traces back to methods established by the naturalists
of the seventeenth and eighteenth centuries, especially
those of Carl von Linné, a Swedish naturalist, better
known by his Latin pen name, Carolus Linnaeus. The
Linnaean system employs binominal nomenclature to
designate species and arranges species into hierarchi-
cal categories (taxa, singular taxon) for classification.

Binominal Nomenclature

The scientific naming of species became standardized
when Linnaeus’s monumental work, Systema Naturae
(The System of Nature), was published in sections be-
tween 1735 and 1758. Linnaeus attempted to give an
identifying name to every known species of plant and
animal. His method assigns a binominal (two-word)
name to each species. Familiar examples include Homo
sapiens for human beings (Latin hom = human and sa-
pien = wise), Passer domesticus for the house sparrow
(Latin passer = sparrow and domesticus = belonging to

the house), and Canis familiaris for the domestic dog
(Latin canis = dog and familiaris = of the family).

Why use Latin words? Latin was the early universal
language of European scholars and scientists. It has
provided a uniform usage that scientists, regardless of
their native language, continue to recognize worldwide.
The same species may have different colloquial names,
even in the same language. For example, Felis concolor
(Latin for “the uniformly colored cat”) is known in vari-
ous parts of North America as cougar, puma, mountain
lion, American panther, painter, and catamount. In
Central and South America it is called leén colorado,
onca-vermelha, poema, guasura, or yagua-pitd. But
biologists of all nationalities recognize the name Felis
concolor as referring to a specific kind of cat.

Hierarchical Groups

Linnaeus and other naturalists of his time developed
what they called a natural system of classification. The
species is the basic level of biological classification,
but the definition of a species has been contentious,
partly because criteria that have been used to identify
extant species (e.g., reproductive isolation from other
species) don’t work for fossil species and don’t always
correspond to genetic differences. Similar species are
grouped together in a genus (plural genera), based on
characters that define the genus. The most commonly
used characters were anatomical because they can be
most easily preserved in museum specimens. Thus all
doglike species—various wolves, coyotes, and jackals—
were grouped together in the genus Canis because they
all share certain anatomical features, such as an erectile
mane on the neck and a skull with a long, prominent
sagittal crest on the top from which massive temporal
(jaw-closing) muscles originate. Linnaeus’s method of
grouping species was functional because it was based
on anatomical (and to some extent on physiological
and behavioral) similarities and differences. Linnaeus
lived before there was any knowledge of genetics and
the mechanisms of inheritance, but he used characters
that we understand today are genetically determined
biological traits that generally express the degree of ge-
netic similarity or difference among groups of organ-
isms. Genera are placed in families, families in orders,
orders in classes, and animal classes in phyla (singular
phylum).

1.3 Phylogenetic Systematics

All methods of classifying organisms, even pre-
Linnaean systems, are based on similarities among
the included species, but some similarities are more



significant than others. For example, nearly all ver-
tebrates have paired limbs, but only a few kinds of
vertebrates have mammary glands. Consequently,
knowing that the species in question have mammary
glands tells you more about the closeness of their re-
lationship than knowing that they have paired limbs.
You would thus give more weight to the presence of
mammary glands than to paired limbs.

A way to assess the relative importance of different
characteristics was developed in the mid-twentieth
century by Willi Hennig, who introduced a method of
determining evolutionary relationships called phylo-
genetic systematics (Greek phyla = tribe and genesis =
origin). An evolutionary lineage is a clade (from cla-
dus, the Greek word for a branch), and phylogenetic
systematics is also called cladistics. Cladistics rec-
ognizes only groups of organisms that are related by
common descent. The application of cladistic methods
has made the study of evolution rigorous. The groups
of organisms recognized by cladistics are called natu-
ral groups, and they are linked in a nested series of
ancestor-descendant relationships that trace the evo-
lutionary history of the group. Hennig’s contribution
was to insist that these groups can be identified only
on the basis of derived characters.

“Derived” means “different from the ancestral con-
dition.” A derived character is called an apomorphy
(Greek apo = away from [i.e., derived from] and morph =
form, which is interpreted as “away from the ancestral
condition”). For example, the feet of terrestrial verte-
brates have distinctive bones—the carpals, tarsals, and
digits. This arrangement of foot bones is different from
the ancestral pattern seen in lobe-finned fishes, and
all lineages of terrestrial vertebrates had that derived
pattern of foot bones at some stage in their evolution.
(Many groups of terrestrial vertebrates—horses, for
example—have subsequently modified the foot bones,
and some, such as snakes, have lost the limbs entirely.
The significant point is that those evolutionary lin-
eages include species that had the derived terrestrial
pattern.) Thus, the terrestrial pattern of foot bones is
a shared derived character of terrestrial vertebrates.
In cladistic terminology, shared derived characters are
called synapomorphies (Greek syn = together, so syn-
apomorphy can be interpreted as “together away from
the ancestral condition”).

Of course, organisms also share ancestral characters—
that is, characters that they have inherited unchanged
from their ancestors. These are called plesiomorphies
(Greek plesi = near in the sense of “similar to the an-
cestor”). Terrestrial vertebrates have a vertebral col-
umn, for example, that was inherited from lobe-finned

fishes. Hennig called shared ancestral characters symple-
siomorphies (sym, like syn, is a Greek root that means
“together”). Symplesiomorphies tell us nothing about
degrees of relatedness. The principle that only shared de-
rived characters can be used to determine evolutionary
relationships is the core of cladistics.

The conceptual basis of cladistics is straightfor-
ward, although applying cladistic criteria to real or-
ganisms can become very complicated. To illustrate
cladistic classification, consider the examples pre-
sented in Figure 1-3. Each of the three cladograms (dia-
grams showing hypothetical sequences of branching
during evolution) illustrates a possible evolutionary
relationship for the three taxa (plural of taxon, which
means a species or group of species), identified as 1,
2, and 3. To make the example a bit more concrete, we
can consider three characters: the number of toes on
the front foot, the skin covering, and the tail. For this
example, let’s say that in the ancestral character state
there are five toes on the front foot, and in the derived
state there are four toes. We’ll say that the ancestral
state is a scaly skin, and the derived state is a lack
of scales. As for the tail, it is present in the ancestral
state and absent in the derived state.

Figure 1-3 shows the distribution of those three char-
acter states in the three taxa. The animals in taxon 1 have
five toes on the front feet, lack scales, and have a tail. An-
imals in taxon 2 have five toes, scaly skins, and no tails.
Animals in taxon 3 have four toes, scaly skins, and no tails.

How can we use this information to decipher the
evolutionary relationships of the three groups of ani-
mals? Notice that the derived number of toes occurs
only in taxon 3, and the derived tail condition (absent)
is found in taxa 2 and 3. The most parsimonious
phylogeny (i.e., the evolutionary relationship requir-
ing the fewest number of changes) is represented by
Figure 1-3(a). Only three changes are needed to pro-
duce the derived character states:

1. In the evolution of taxon 1, scales are lost.

2. In the evolution of the lineage including taxon 2 +
taxon 3, the tail is lost.

3. In the evolution of taxon 3, a toe is lost from the
front foot.

The other two phylogenies shown in Figure 1-3 are
possible, but they would require tail loss to occur in-
dependently in taxon 2 and in taxon 3. Any change in
a structure is an unlikely event, so the most plausible
phylogeny is the one requiring the fewest changes. The
second and third phylogenies each require four evolu-
tionary changes, so they are less parsimonious than
the first phylogeny we considered.
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Figure 1-3 Three cladograms showing the possible evolutionary relationships of three
taxa. Bars connect derived characters (apomorphies). The black bar shows a shared derived
character (a synapomorphy) of the lineage that includes taxa 2 and 3. Colored bars represent
two independent origins of the same derived character state that must be assumed to have
occurred if there was no apomorphy in the most recent common ancestor of taxa 2 and 3. The
labels identify changes from the ancestral character state to the derived condition. Cladogram
(a) requires a total of three changes from the ancestral condition to explain the distribution

of characters in the extant taxa, whereas cladograms (b) and (c) require four changes. Because
cladogram (a) is more parsimonious (i.e., requires the smallest number of changes), it is consid-
ered to be the most likely sequence of changes.

A phylogeny is a hypothesis about the evolutionary
relationships of the groups included. Like any scien-
tific hypothesis, it can be tested when new data be-
come available. If it fails that test, it is falsified; that
is, it is rejected, and a different hypothesis (a differ-
ent cladogram) takes its place. The process of testing
hypotheses and replacing those that are falsified is a
continuous one, and changes in the cladograms in suc-
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cessive editions of this book show where new informa-
tion has generated new hypotheses. The most impor-
tant contribution of phylogenetic systematics is that
it enables us to frame testable hypotheses about the
sequence of events during evolution.

So far we have avoided a central issue of phyloge-
netic systematics: How do scientists know which char-
acter state is ancestral (plesiomorphic) and which is



derived (apomorphic)? That is, how can we determine
the direction (polarity) of evolutionary transforma-
tion of the characters? For that, we need additional in-
formation. Increasing the number of characters we are
considering can help, but comparing the characters we
are using with an outgroup that consists of the clos-
est relatives of the ingroup (i.e., the organisms we are
studying) is the preferred method. A well-chosen out-
group will possess ancestral character states compared
to the ingroup. For example, lobe-finned fishes are an
appropriate outgroup for terrestrial vertebrates.

14 The Problem with Fossils:
Crown and Stem Groups

Evolutionary lineages must have a single evolutionary
origin; that is, they must be monophyletic (Greek mono =
one, single) and include all the descendants of that

ancestor. The cladogram depicted in Figure 1-4 is a hypoth-
esis of the evolutionary relationships of the major living
groups of vertebrates. A series of dichotomous branches
extends from the origin of vertebrates to the groups of
extant vertebrates. Cladistic terminology assigns names
to the lineages originating at each branch point. This
process produces a nested series of groups, starting with
the most inclusive. For example, the Gnathostomata in-
cludes all vertebrate animals that have jaws; that is, every
taxon above number 2 in Figure 1-4 is included in the
Gnathostomata; every taxon above number 3 is included
in the Osteichthyes (bony fishes); and so on. Because the
lineages are nested, it is correct to say that humans are
both gnathostomes and osteichthyans. After number 6,
the cladogram divides into Lissamphibia and Amniota,
and humans are in the Amniota lineage. The cladogram
divides again above number 9 into two lineages, the
Sauropsida and Synapsida lineages. Humans are in the
Eutheria, which is in the synapsid lineage.

m
5 7
©
e 2
o 2 — &
S b= — A 2
[%) © 0 D 0]
(o) pae o) = =
© 5 X~ 9 3
c 7] [ © Q =
[} Q = c o c
) e R ?: 2] o ©
[$) = n - 4G o >
T ) 28 =5 . © & o o s £
2 g = 28 52 ) c Q) S5 c Sa —
0® £ o6~ EX =5 = B 2% 9 5N «© g o c 2 w
@ $ NGO "o O € & €22 o © SE w©, E - S w
S¢ 52 2z 27 £2 Ss 2 8§ ©§ c S =5 8 B®a of
°o® tG EL 5Yg S BY =2 9= T . 5@ o088 T2 . Ea £33 =T¢g
5¢ §5 o8 5% £T =3 2% E3 S5 5B z¢ 2f 88 g% gz g 28
£'c s £ 08 5> = c >= 3 aE am o2 0@ S B © E=l}
35 28 o £ c 0w ©0Q 2 S8 s 9 85 g o= s S8 D = ©
62 5 28 5z L& 28 a2 TL e < £2 J2 568 28 =2 =E ad=o
| 3:8. Batrachia 12. Archosauria 3:14_ Theria
11. Diapsida
. - -+~ 13. Synapsida
—+7. Lissamphibia i X : )
P 10. Sauropsida (including Mammalia)
-I—9. Amniota
-I— 6. Tetrapoda
-I- 5. Rhipidistia
H -I— 4. Sarcopterygii
. 3. Osteichthyes
AN
] ‘~
: 2. Gnathostomata
:
.
. 1. Vertebrata

Figure 1-4 Phylogenetic relationships of extant vertebrates. This diagram depicts the
probable relationships among the major groups of extant vertebrates. Note that the cladistic
groupings are nested progressively; that is, all placental mammals are therians, all therians are
synapsids, all synapsids are amniotes, all amniotes are tetrapods, and so on. In a phylogenetic
classification lineages can be named at each branching point, although it is not necessary to do so.
The dashed line and question mark indicate uncertainty about the branching sequence for hagfishes.
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This method of tracing ancestor-descendant rela-
tionships allows us to decipher evolutionary pathways
that extend from fossils to living groups, but a diffi-
culty arises when we try to find names for groups that
include fossils. The derived characters that define the
extant groups of vertebrates did not necessarily appear
all at the same time. On the contrary, evolution usu-
ally acts by gradual and random processes, and derived
characters appear in a stepwise fashion. The extant
members of a group have all of the derived characters
of that group because that is how we define the group
today; but, as you move backward through time to fos-
sils that are ancestral to the extant species, you encoun-
ter forms that have a mosaic of ancestral and derived
characters. The further back in time you go, the fewer
derived characters the fossils have.

What can we call the parts of lineages that con-
tain these fossils? They are not included in the extant
groups because they lack some of the derived charac-
ters of those groups, but the fossils in the lineage are
more closely related to the extant group than they are
to animals in other lineages.

The solution to this problem lies in naming two types
of groups: crown groups and stem groups. The crown
groups are defined by the extant species, the ones that
have all the derived characters. The stem groups are the
extinct forms that preceded the point at which the first
member of the crown group branched off. Basically, stem
groups contain fossils with some derived characters, and
crown groups contain extant species plus those fossils

that have all of the derived characters of the extant spe-
cies. Stem groups are paraphyletic (Greek para = beside,
beyond); that is, they do not contain all of the descen-
dants of the ancestor of the stem group plus the crown
group because the crown group is excluded by definition.

1.5 Evolutionary Hypotheses

Phylogenetic systematics is based on the assumption
that organisms in a lineage share a common heritage,
which accounts for their similarities. Because of that
common heritage, we can use cladograms to ask ques-
tions about evolution. By examining the origin and
significance of characters of living animals, we can
make inferences about the biology of extinct species.
For example, the phylogenetic relationship of croco-
dilians, dinosaurs, and birds is shown in Figure 1-5. We
know that both crocodilians and birds display exten-
sive parental care of their eggs and young. Some fossil-
ized dinosaur nests contain remains of baby dinosaurs,
suggesting that at least some dinosaurs may also have
cared for their young. Is that a plausible inference?
Obviously there is no direct way to determine what
sort of parental care dinosaurs had. The intermediate
lineages in the cladogram (pterosaurs and dinosaurs)
are extinct, so we cannot observe their reproduc-
tive behavior. However, the phylogenetic diagram in
Figure 1-5 provides an indirect way to approach the
question by examining the lineage that includes the
closest living relatives of dinosaurs, crocodilians and

Archosauria
Dinosauria
Saurischia
| Aves
Lepidosauria Phytosaurs  Crocodilians Pterosaurs Ornithischian Saurischian Birds

I

dinosaurs

dinosaurs |

N

Most recent common ancestor
of crocodilians and birds

Figure 1-5 Using a cladogram to make inferences about behavior. The cladogram shows
the relationships of the Archosauria, the evolutionary lineage that includes living crocodilians
and birds. (Phytosaurs were crocodile-like animals that disappeared at the end of the Triassic,
and pterosaurs were the flying reptiles of the Jurassic and Cretaceous.) Both extant groups—
crocodilians and birds—display extensive parental care of eggs and young. The most parsimo-
nious explanation of this situation assumes that parental care is an ancestral character of the

archosaur lineage.
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birds. Crocodilians are more basal than pterosaurs and
dinosaurs and birds are more derived; together croco-
dilians and birds form what is called an extant phy-
logenetic bracket. Both crocodilians and birds, the
closest living relatives of the dinosaurs, do have pa-
rental care. Looking at living representatives of more
distantly related lineages (outgroups), we see that pa-
rental care is not universal among fishes, amphibians,
or sauropsids other than crocodilians.

The most parsimonious explanation of the occur-
rence of parental care in both crocodilians and birds is
that it had evolved in that lineage before the crocodilians
separated from dinosaurs + birds. (We cannot prove that
parental care did not evolve separately in crocodilians
and in birds, but one change to parental care is more
likely than two changes.) Thus, the most parsimonious
hypothesis is that parental care is a derived character
of the evolutionary lineage containing crocodilians +
dinosaurs + birds (the Archosauria). That means we are
probably correct when we interpret the fossil evidence
as showing that dinosaurs did have parental care.

Figure 1-5 also shows how cladistics has made talk-
ing about restricted groups of animals more compli-
cated than it used to be. Suppose you wanted to refer
to just the two lineages of animals that are popularly
known as dinosaurs—ornithischians and saurischi-
ans. What could you call them? Well, if you call them
dinosaurs, you're not being phylogenetically correct,
because the Dinosauria lineage includes birds. So if
you say dinosaurs, you are including ornithischians +
saurischians + birds, even though any seven-year-old
would understand that you are trying to restrict the
conversation to extinct Mesozoic animals.

In fact, there is no correct name in cladistic terminol-
ogy for just the animals popularly known as dinosaurs.
That’s because cladistics recognizes only monophyletic
lineages, and a monophyletic lineage includes an ances-
tral form and all its descendants. The most recent com-
mon ancestor of ornithischians, saurischians, and birds
in Figure 1-5 lies at the intersection of the lineage of
ornithischians with saurischians + birds, so Dinosauria
is a monophyletic lineage. If birds are omitted, however,
all the descendants of the common ancestor are no lon-
ger included; and ornithischians + saurischians minus
birds does not fit the definition of a monophyletic lin-
eage. It would be called a paraphyletic group. The stem
groups discussed in the previous section are paraphyletic
because they do not include all of the descendants of the
fossil forms.

Biologists who are interested in how organisms live
often want to talk about paraphyletic groups. After all,
the dinosaurs (in the popular sense of the word) dif-
fered from birds in many ways. The only correct way of

referring to the animals popularly known as dinosaurs
is to call them nonavian dinosaurs, and you will find
that and other examples of paraphyletic groups later in
the book. Sometimes even this construction does not
work because there is no appropriate name for the part
of the lineage you want to distinguish. In this situation
we will use quotation marks (e.g., “ostracoderms”) to
indicate that the group is paraphyletic.

Another important term is sister group. The sis-
ter group is the monophyletic lineage most closely
related to the monophyletic lineage being discussed.
In Figure 1-5, for example, the lineage that includes
crocodilians + phytosaurs is the sister group of the
lineage that includes pterosaurs + ornithischians +
saurischians + birds. Similarly, pterosaurs are the
sister group of ornithischians + saurischians + birds,
ornithischians are the sister group of saurischians +
birds, and saurischians are the sister group of birds.

Determining Phylogenetic Relationships

We've established that the derived characters system-
atists use to group species into higher taxa must be
inherited through common ancestry. That is, they are
homologous (Greek homo = same) similarities. In prin-
ciple, that notion is straightforward; but in practice, the
determination of common ancestry can be complex.
For example, birds and bats have wings that are modi-
fied forelimbs, but the wings were not inherited from a
common ancestor with wings. The evolutionary lineages
of birds (Sauropsida) and bats (Synapsida) diverged
long ago, and wings evolved independently in the two
groups. This process is called convergent evolution.

Parallel evolution describes the situation in which
species that have diverged relatively recently develop
similar specializations. The long hind legs that allow
the North American kangaroo rats and the African
jerboa to jump are an example of parallel evolution in
these two lineages of rodents.

A third mechanism, reversal, can produce similar
structures in distantly related organisms. Sharks and
cetaceans (porpoises and whales) have very similar
body forms, but they arrived at that similarity from
different directions. Sharks retained an ancestral
aquatic body form, whereas cetaceans arose from a lin-
eage of terrestrial mammals with well-developed limbs
that returned to an aquatic environment and reverted
to the aquatic body form.

Convergence, parallelism, and reversal are forms
of homoplasy (Greek homo = same and plas = form,
shape). Homoplastic similarities do not indicate com-
mon ancestry. Indeed, they complicate the process of
deciphering evolutionary relationships. Convergence
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Figure 1-6 An example of the value of phylogenetic analyses in conservation. (a) A
cladogram of clouded leopards and (b) a map showing the geographic locations of surviving
populations. The clouded leopard found on the Asian mainland, Neofelis nebulosa (c), is as
distant genetically from the species of clouded leopard found on Sumatra and Borneo, Neofelis
diardi (d), as lions are from tigers. The island forms of Neofelis diardi are more closely related to
each other than either is to the mainland form. Nonetheless, the genetic differences that distin-
guish the leopards on Sumatra from those on Borneo are large enough to be separated in

captive breeding programs for the two forms.

and parallelism give an appearance of similarity (as
in the wings of birds and bats) that is not the result
of common evolutionary origin. Reversal, in contrast,
conceals similarity (e.g., between cetaceans and their
four-legged terrestrial ancestors) that is the result of
common evolutionary origin.

Phylogeny and Conservation

Combining genetic analysis with cladistic analyses can
provide an important tool for biologists concerned
with conservation (Figure 1-6). For example, some of
the new species of mammals described in section 1.1

14 CHAPTER 1

were identified by comparing their DNA with the DNA
of related species. When a genetic difference is large,
it means that the two forms have been reproductively
isolated from each other and have followed different
evolutionary pathways. From a conservationist’s per-
spective, lineages that have evolved substantial genetic
differences are Evolutionarily Significant Units (ESUs),
and management plans should protect the genetic di-
versity of ESUs.

For example, a genetic study published in 2007
revealed that the clouded leopards on the islands of
Borneo and Sumatra (Neofelis diardi) and those on the

The Diversity, Classification, and Evolution of Vertebrates



Asian mainland (Neofelis nebulosa) separated between 1.4
and 2.8 million years ago, and the three forms have been
following independent evolutionary pathways since
then. The genetic mainland form and the island forms
are genetically different. Furthermore, the island popu-
lations are reproductively isolated from each other, and
the clouded leopards on Borneo and Sumatra are ge-
netically distinct. Thus, the three forms represent three
ESUs, and conservation plans should treat the mainland
species and the two island species separately. Before this
study the three forms were grouped together, and a por-
tion of the genetic diversity of clouded leopards was lost
through interbreeding in captivity.

1.6 Earth History and
Vertebrate Evolution

Since their origin in the early Paleozoic, vertebrates
have been evolving in a world that has changed enor-
mously and repeatedly. These changes have affected
vertebrate evolution both directly and indirectly.
Understanding the sequence of changes in the posi-
tions of continents, and the significance of those po-
sitions regarding climates and interchange of faunas,
is central to understanding the vertebrate story. These
events are summarized inside the front cover of the
book, and Chapters 7, 15, and 19 give details.

The history of Earth has occupied three geological
eons: the Archean, Proterozoic, and Phanerozoic. Only
the Phanerozoic, which began about 542 million years
ago, contains vertebrate life, and it is divided into three
geological eras: the Paleozoic (Greek paleo = ancient
and zoo = animal), Mesozoic (Greek meso = middle), and
Cenozoic (Greek cen = recent). These eras are divided
into periods, which can be further subdivided in a
variety of ways, such as the subdivisions called ep-
ochs within the Cenozoic era from the Paleocene to
the Recent.

Movement of landmasses, called continental drift,
has been a feature of Earth’s history at least since the
Proterozoic, and the course of vertebrate evolution has
been shaped extensively by continental movements.
By the early Paleozoic, roughly 540 million years ago,
a recognizable scene had appeared. Seas covered most
of Earth as they do today, large continents floated on
Earth’s mantle, life had become complex, and an atmo-
sphere of oxygen had formed, signifying that the pho-
tosynthetic production of food resources had become a
central phenomenon of life.

The continents still drift today—North America is
moving westward and Australia northward at the speed

of approximately 4 centimeters per year (about the rate
at which fingernails grow). Because the movements are
so complex, their sequence, their varied directions, and
the precise timing of the changes are difficult to sum-
marize. When the movements are viewed broadly, how-
ever, a simple pattern unfolds during vertebrate history:
fragmentation, coalescence, fragmentation.

Continents existed as separate entities over 2 billion
years ago. Some 300 million years ago, all of these sepa-
rate continents combined to form a single landmass
known as Pangaea, which was the birthplace of ter-
restrial vertebrates. Persisting and drifting northward
as an entity, this huge continent began to break apart
about 150 million years ago. Its separation occurred in
two stages: first into Laurasia in the north and Gond-
wana in the south, and then into a series of units that
have drifted and become the continents we know today.

The complex movements of the continents through
time have had major effects on the evolution of verte-
brates. Most obvious is the relationship between the
location of landmasses and their climates. At the end of
the Paleozoic, much of Pangaea was located on the equa-
tor, and this situation persisted through the middle of
the Mesozoic. Solar radiation is most intense at the
equator, and climates at the equator are correspond-
ingly warm. During the late Paleozoic and much of the
Mesozoic, large areas of land enjoyed tropical conditions.
Terrestrial vertebrates evolved and spread in these tropi-
cal regions. By the end of the Mesozoic, much of Earth’s
landmass had moved out of equatorial regions; and, by
the mid-Cenozoic, most terrestrial climates in the higher
latitudes of the Northern and Southern Hemispheres
were temperate instead of tropical.

A less obvious effect of the position of continents
on terrestrial climates comes from changes in patterns
of oceanic circulation. For example, the Arctic Ocean
is now largely isolated from the other oceans, and
it does not receive warm water via currents flowing
from more equatorial regions. High latitudes are cold
because they receive less solar radiation than do areas
closer to the equator, and the Arctic Basin does not
receive enough warm water to offset the lack of solar
radiation. As a result, the Arctic Ocean is permanently
frozen, and cold climates extend well southward
across the continents. The cooling of climates in the
Northern Hemisphere at the end of the Eocene epoch,
around 34 million years ago, may have been a factor
leading to the extinction of archaic mammals, and it
is partly the result of changes in oceanic circulation at
that time.

Another factor that influences climates is the rela-
tive levels of the continents and the seas. At some
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periods in Earth’s history, most recently in the late
Mesozoic and again in the first part of the Cenozoic,
shallow seas flooded large parts of the continents.
These epicontinental seas extended across the mid-
dle of North America and the middle of Eurasia dur-
ing the Cretaceous period and early Cenozoic. Water
absorbs heat as air temperature rises, and then re-
leases that heat as air temperature falls. Thus, areas
of land near large bodies of water have maritime
climates—they do not get very hot in summer or very
cold in winter, and they are usually moist because
water that evaporates from the sea falls as rain on the
land. Continental climates, which characterize areas
far from the sea, are usually dry with cold winters and
hot summers. The draining of the epicontinental seas
at the end of the Cretaceous probably contributed to
the demise of the dinosaurs by making climates in
the Northern Hemisphere more continental.

In addition to changing climates, continental drift has
formed and broken land connections between the con-
tinents. Isolation of different lineages of vertebrates on

different landmasses has produced dramatic examples
of the independent evolution of similar types of organ-
isms, such as the diversification of mammals in the mid-
Cenozoic, a time when Earth’s continents reached their
greatest separation during the history of vertebrates.

Much of evolutionary history appears to depend
on whether a particular lineage of animals was in the
right place at the right time. This random element of
evolution is assuming increasing prominence as more
detailed information about the times of extinction of
old groups and radiation of new groups suggests that
competitive replacement of one group by another is
not the usual mechanism of large-scale evolutionary
change. The movements of continents and their effects
on climates and the isolation or dispersal of animals are
taking an increasingly central role in our understanding
of vertebrate evolution. On a continental scale, the ad-
vance and retreat of glaciers in the Pleistocene caused
homogeneous habitats to split and merge repeatedly,
isolating populations of widespread species and leading
to the evolution of new species.

Summary

The more than 63,000 species of living vertebrates
span a size range from less than a gram to more than
100,000 kilograms. They live in habitats extending
from the bottom of the sea to the tops of mountains.
This extraordinary diversity is the product of more
than 500 million years of evolution, and the vast major-
ity of species fall into one of the two major divisions of
bony fishes (Osteichthyes)—the aquatic ray-finned
fishes (Actinopterygii) and the primarily terrestrial
lobe-finned fishes and tetrapods (Sarcopterygii), each
of which contains more than 25,000 extant species.
Phylogenetic systematics, usually called cladistics,
classifies animals on the basis of shared derived charac-
ter states. Natural evolutionary groups can be defined
only by these derived characters; retention of ancestral
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characters does not provide information about evolu-
tionary lineages. Application of this principle produces
groupings of animals that reflect evolutionary history
as accurately as we can discern it and forms a basis for
making hypotheses about evolution and for designing
management plans that conserve the genetic diversity
of evolutionary lineages.

Earth has changed dramatically during the half-billion
years of vertebrate history. Continents were fragmented
when vertebrates first appeared; coalesced into one enor-
mous continent, Pangaea, about 300 million years ago;
and began to fragment again about 150 million years ago.
This pattern of fragmentation, coalescence, and frag-
mentation has resulted in isolation and renewed contact
of major groups of vertebrates on a worldwide scale.

1. Why don’t phylogenetic (cladistic) classifications
have a fixed number of hierarchical categories like
those in a Linnaean classification?
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2. What aspect of evolution does a phylogenetic clas-
sification represent more clearly than a Linnaean
classification does?



3. What is the meaning of an Evolutionarily Signifi-
cant Unit (ESU) in conservation biology?

4. Tetrapoda (node 6 in Figure 1-4) is a crown group,
whereas Tetrapodomorpha is the corresponding
stem group. What organisms are included in Tetra-
poda? In Tetrapodomorpha?

Additional Information

5. What is the difference between parallel and conver-
gent evolution?

6. What is the significance of an extant phylogenetic
bracket?
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Websites

Census of Marine Life

The Census of Marine Life is a growing global network of
researchers in more than 80 nations engaged in a 10-year
initiative to assess and explain the diversity, distribu-
tion, and abundance of marine life in the oceans—past,
present, and future. www.coml.org

Discover Life

Species identification and images. http://www.discovetlife.org/
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International Code of Zoological Nomenclature

The International Commission on Zoological Nomenclature
sets the procedures for naming species of animals; its
goal is to promote “standards, sense, and stability for
animal names in science”. http://www.nhm.ac.uk/
hosted-sites/iczn/code/

Journey into Phylogenetic Systematics

Explanation of the methods, uses, and implications of
cladistic classification. http://www.ucmp.berkeley.edu/
clad/clad1.html

Tree of Life web project

When complete, the Tree of Life web project will have a
page for every species of organism, both living and
extinct; web pages follow the evolutionary branching
patterns of the lineages. http://tolweb.org/tree/
phylogeny.html
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CHAPTER2

Vertebrate Relationships

and Basic Structure

n this chapter, we explain the struc-
tures that are characteristic of vertebrates, discuss
the relationship of vertebrates to other members of
the animal kingdom, and describe the systems that
make vertebrates functional animals. We need an un-
derstanding of the fundamentals of vertebrate anat-
omy, physiology, and development to appreciate the
changes that have occurred during their evolution and
to trace homologies between basal vertebrates and
more derived ones.

2.1 Vertebrates in Relation
to Other Animals

Vertebrates are a diverse and fascinating group of
animals. Because we are vertebrates ourselves, that
statement may seem chauvinistic, but vertebrates are
remarkable in comparison with most other animal
groups. Vertebrates are the subphylum Vertebrata of
the phylum Chordata. At least 30 other animal phyla
have been named, but only the phylum Arthropoda (in-
sects, crustaceans, spiders, etc.) rivals the vertebrates
in diversity of forms and habitat. And it is only in the
phylum Mollusca (snails, clams, and squid) that we find
animals

(such as octo-
pus and squid)
that approach
the very large
size of some vertebrates and
also have a capacity for complex learning.

The tunicates (subphylum Urochordata)
and cephalochordates (subphylum Cephalo-
chordata) are placed with vertebrates in the
phylum Chordata. Within the chordates,

cephalochordates and vertebrates resemble each
other anatomically, but molecular characteristics show
that tunicates are more closely related to vertebrates
than are cephalochordates.

Characteristics of Chordates

Chordates are united by several shared derived fea-
tures, which are seen in all members of the phylum at
some point in their lives:

e A notochord (a dorsal stiffening rod that gives the
phylum Chordata its name)

e A dorsal hollow nerve cord

¢ A segmented, muscular postanal tail (i.e., extending
beyond the gut region)

¢ An endostyle (a ciliated, glandular groove on the
floor of the pharynx that secretes mucus for
trapping food particles during filter feeding;
generally homologous with the thyroid gland of
vertebrates, an endocrine gland involved with
regulating metabolism)

Chordates are also characterized by a pharynx
(throat region) containing gill slits. Nonvertebrate
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chordates use the gill slits for filter feeding, and aquatic
vertebrates (fishes) use them for respiration. Some
other deuterostomes (the larger grouping to which
chordates belong) also have gills, however, and gills
may be a primitive feature for chordates as a group.
Chordates also share some nervous system features:
they all have structures in the brain corresponding to a
pineal eye and hormone-regulating pituitary.

Chordate Relationships

Although chordates are all basically bilaterally sym-
metrical animals (i.e., one side is the mirror image of
the other), they have a left-to-right asymmetry within
the body—for example, the position of the heart on
the left side and most of the liver on the right side.
(Rare human individuals have a condition termed
“situs inversus,” in which the positions of the major
body organs are reversed.)

The relationship of chordates to other kinds of
animals is revealed by anatomical, biochemical, and

| Chordata | Ambulacraria

embryonic characters as well as by the fossil record.
Figure 2-1 shows the relationships of animal phyla. Ver-
tebrates superficially resemble other active animals,
such as insects, in having a distinct head end, jointed
legs, and bilateral symmetry. However, and perhaps
surprisingly, developmental and molecular data show
that the phylum Chordata is closely related to the
phylum Echinodermata (starfishes, sea urchins, and
the like), which are marine forms without distinct
heads and with pentaradial (fivefold and circular)
symmetry as adults.

Characteristics of Deuterostomes

The chordates, echinoderms, and two other phyla
(hemichordates and xenoturbellids) are linked as
deuterostomes (Greek deutero = second and stoma =
mouth) by several unique embryonic features, such as
the way in which their eggs cleave into daughter cells
after fertilization, their larval form, and some other
features discussed later. Hemichordates are a small,
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Figure 2-1 A simplified phylogeny of the animal kingdom (metazoans). There are at least
30 phyla today (Chordata, Echinodermata, Annelida, etc. are phyla). Possibly as many as
15 additional phyla are known from the early Paleozoic era; they became extinct at the end of

the Cambrian period.
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poorly known phylum of marine animals contain-
ing the earthwormlike acorn worms and the fernlike
pterobranchs. Xenoturbellids are small marine worm-
like forms (only two species are known), which have
recently been identified as deuterostomes by molecu-
lar analysis.

Hemichordates were long considered the sister
group of chordates because both groups have pharyn-
geal slits, and hemichordates also have features of the
pharynx that can be interpreted as the precursor to
an endostyle. However, we now consider these to be
primitive features of the larger group (deuterostomes)
in which hemichordates and chordates are placed.

Although modern echinoderms lack pharyngeal
slits, some extinct echinoderms appear to have had
them. (The diversity of extinct echinoderms is much
greater than that of the living forms.) Furthermore,
early echinoderms were bilaterally symmetrical, mean-
ing that the fivefold symmetry of modern echino-
derms is probably a derived character of that lineage.
Molecular characteristics currently unite echinoderms
and hemichordates as the Ambulacraria, and xenotur-
bellids are more closely related to these phyla than to
the chordates.

Relationships of Deuterostomes

To consider how deuterostomes are related to other
animals, we will start at the bottom of the tree and
work upward (see Figure 2-1). All animals (metazoans)
are multicellular and share some features of reproduc-
tion and embryonic development: they have motile
sperm with whiplike tails, the embryo initially forms
as a hollow ball of cells (the blastula), and sex cells
form in special organs. All metazoans also have the
structural protein collagen, which in humans forms
the matrix of many of our tissues and organs, including
the nose and ears.

Animals more derived than sponges have a nervous
system, and their bodies are made of distinct layers of
cells, or germ layers, that are laid down early in devel-
opment at a stage called gastrulation. Gastrulation oc-
curs when the hollow ball of cells forming the blastula
folds in on itself, producing two distinct layers of cells
and a gut with an opening to the outside at one end.
The outer layer of cells is the ectoderm (Greek ecto =
outside and derm = skin), and the inner layer forms the
endoderm (Greek endo = within).

Jellyfishes and related animals have only these two
layers of body tissue, making them diploblastic (Greek
diplo = two and blast = a bud or sprout). Animals more
derived than jellyfishes and their kin add an addi-
tional, middle cell layer of mesoderm (Greek mesos =
middle), making them triploblastic (Greek triplo = three).

Triploblasts have a gut that opens at both ends (i.e.,
with a mouth and an anus) and are bilaterally sym-
metrical with a distinct anterior (head) end at some
point in their life. The mesoderm forms the body’s
muscles, and only animals with a mesoderm are able
to be motile as adults. (Larval forms do not need
muscles because they are small enough to be pow-
ered by hairlike cilia on the body surface.) The coelom,
an inner body cavity that forms as a split within the
mesoderm, is another derived character of most, but
not all, triploblastic animals.

Coelomate animals (i.e., animals with a coelom) are
split into two groups on the basis of how the mouth and
anus form. When the blastula folds in on itself to form
a gastrula, it leaves an opening to the outside called the
blastopore (Latin porus = a small opening). During the
embryonic development of coelomates, a second open-
ing develops. In the lineage called protostomes (Greek
proto = first and stome = mouth), the blastopore (which
was the first opening in the embryo) becomes the
mouth, whereas in deuterostomes the second opening
becomes the mouth and the blastopore becomes the
anus. Chordates, hemichordates, and echinodems are
deuterostomes, whereas mollusks (snails, clams, and
squid), arthropods (insects, crustaceans, and spiders),
annelids (earthworms), and many other phyla are pro-
tostomes (see Figure 2-1).

Extant Nonvertebrate Chordates

The two groups of extant nonvertebrate chordates are
small marine animals. More types of nonvertebrate
chordates may have existed in the past, but such soft-
bodied animals are rarely preserved as fossils. Some
possible Early Cambrian chordates are described at the
end of this section.

Urochordates Present-day tunicates (subphylum Uro-
chordata) are marine animals that filter particles of food
from the water with a basketlike perforated pharynx.
There are about 3000 living species, and all but 100 or
so are sedentary as adults, attaching themselves to the
substrate either singly or in colonies.

Adult tunicates (also known as sea squirts, or ascide-
ans) bear little apparent similarity to cephalochordates
and vertebrates. Most tunicate species have a brief free-
swimming larval period lasting a few minutes to a few
days, after which the larvae metamorphose into sed-
entary adults attached to the substrate, although some
species remain motile as adults. Tunicate larvae have a
notochord, a dorsal hollow nerve cord, and a muscular
postanal tail that moves in a fishlike swimming pat-
tern (Figure 2-2). It was long believed that the earliest
chordates would have been sessile as adults (like most
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other deuterostomes) and that cephalochordates and
vertebrates evolved from an ancestor that resembled a
tunicate larva. However, it now seems more likely that
a sessile adult stage (Figure 2-2b) is a derived character
for tunicates and that the living species that remain
free-swimming as adults most resemble the ancestral
chordate. The ancestral chordate (and indeed, the an-
cestral deuterostome) was probably a free-swimming
wormlike creature that used gill slits for filter feeding.

Cephalochordates The subphylum Cephalochordata con-
tains about 27 species, all of which are small, superficially
fishlike marine animals usually less than 5 centimeters
long. The best-known cephalochordate is the lancelet
(Branchiostoma lanceolatum), more commonly known
as amphioxus (Greek amphi = both and oxy = sharp).
Amphioxus means “sharp at both ends,” an appropriate
term for an animal in which the front and rear ends are
nearly the same shape because it lacks a distinct head.
Lancelets are widely distributed in marine waters of
the continental shelves and are usually burrowing,
sedentary animals as adults, although the adults of a
few species retain an active, free-swimming behavior.

A notable characteristic of amphioxus is its fishlike
locomotion produced by myomeres—blocks of striated
muscle fibers arranged along both sides of the body
and separated by sheets of connective tissue. Sequen-
tial contraction of the myomeres bends the body from
side to side, resulting in forward or backward propul-
sion. The notochord acts as an incompressible elastic
rod, extending the full length of the body and prevent-
ing the body from shortening when the myomeres con-
tract. While the notochord of vertebrates ends midway
through the head region, the notochord of amphioxus
extends from the tip of the snout to the end of the tail,
projecting well beyond the region of the myomeres at
both ends. This anterior elongation of the notochord
apparently is a specialization that aids in burrowing.

Figure 2-2c shows some details of the internal struc-
ture of amphioxus. Amphioxus and vertebrates differ
in the use of the pharyngeal slits. Amphioxus has no
gill tissue associated with these slits; its body is small
enough for oxygen uptake and carbon dioxide loss to
occur by diffusion over the body surface, and the gill
slits are used for filter feeding. Water is moved over the
gill slits by cilia on the gill bars between the slits, aided
by the features of the buccal (mouth region, Latin bucc =
cheek) cirri and the wheel organ, while the velum is a
flap helping to control the one-way flow of water.

In addition to the internal body cavity, or coelom, am-
phioxus has an external body cavity called the atrium,
which is also seen in tunicates and hemichordates—and
thus is probably an ancestral deuterostome feature—

but is absent from vertebrates. (This atrium is not the
same as the atrium of the vertebrate heart; the word
atrium [plural atria] comes from the Latin term for
an open space.) The atrium of amphioxus is formed
by outgrowths of the body wall (metapleural folds),
which enclose the body ventrally. (Imagine yourself
wearing a cape and then extending your arms until
there is a space between the cape and your body—
that space would represent the position of the atrium
in amphioxus.) The atrium opens to the outside world
via the atriopore, an opening in front of the anus. The
atrium appears to work in combination with the beat-
ing of the cilia on the gill bars and the wheel organ
in the head to control passage of substances through
the pharynx and is probably functionally associated
with the ancestral chordate character of using the gill
slits for filter feeding.

Cephalochordates have several anatomical features
that are shared with vertebrates but absent from tuni-
cates. In addition to the myomeres, amphioxus has a
vertebrate-like tail fin, a circulatory system similar to
that of vertebrates, with a dorsal aorta and a ventral
heartlike structure that forces blood through the gills,
and specialized excretory cells called podocytes.

Olfactores—Tunicates Plus Vertebrates Cephalochordates
were long considered to be the sister group of verte-
brates on the basis of the shared anatomical characters
described above. However, some (but not all) molecu-
lar analyses have placed tunicates as the sister group of
vertebrates. (The group that includes vertebrates plus
tunicates is the Olfactores.) If tunicates are the sister
group of vertebrates, the sessile nature of most adult
tunicates must be a derived character of the lineage,
and both ancestral tunicates and ancestral chordates
likely were mobile.

A sister-group relationship of vertebrates and
tunicates is now generally accepted, as we show in
Figure 2-1. Morphology still strongly supports a
vertebrate/cephalochordate association, however, and
the features that cephalochordates share with vertebrates
may simply be ancestral chordate features.

Cambrian Chordates

The best-known early chordatelike animal is Pikaia, which
looks a little like an amphioxus. About 100 specimens
of this animal are known from the Middle Cambrian
Burgess Shale in British Columbia. Pikaia is probably
not a true cephalochordate: although it has an obvious
notochord, the myomeres are straight rather than
V-shaped and there is no evidence of gills.

Recently spectacular fossils of soft-bodied animals
have been found in the Early Cambrian Chengjiang
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Figure 2-3 The yunnanozoan Haikouella, from the Early Cambrian Chenjiang Fauna of

southern China, an early chordate or chordate relative.

formation in southern China. This 522-million-year-old
deposit is at least 17 million years older than the Bur-
gess Shale. The Chengjiang deposit includes the earliest-
known true vertebrates (described in Chapter 3) and
some intriguing fossils that may be early chordates. (The
flattened “road kill-like” nature of the Chengjiang speci-
mens makes it difficult to interpret their structure.)

The most vertebrate-like member of the Chengjiang
Fauna is Haikouella, which is known from more than
300 individuals (Figure 2-3). Haikouella has the chordate
features of myomeres, a notochord, and a pharynx
apparently enclosed in an atrium, as well as derived
features that suggest that it is the sister group to ver-
tebrates. These features include a large brain, clearly
defined eyes, thickened branchial bars (that appear to
be made of a type of cartilage similar to that of lamprey
larvae), and an upper lip like that of larval lampreys.
The endostyle and tentacles surrounding the mouth
suggest that this animal was a suspension feeder, like
amphioxus.

Haikouella appears to have developed a vertebrate-
like muscular pharynx. The thickened branchial bars
appear stout enough to support both gill tissue and
pharyngeal muscles, suggesting that the gills were
used for respiration as well as for feeding.

2.2 Definition of a Vertebrate

The term vertebrate is derived from the vertebrae that
are serially arranged to make up the spinal column, or
backbone, of vertebrate animals. In ourselves, as in
other land vertebrates, the vertebrae form around the
notochord during development and also encircle the
nerve cord. The bony vertebral column replaces the orig-
inal notochord after the embryonic period. In many
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fishes the vertebrae are made of cartilage rather
than bone.

All vertebrates have the uniquely derived feature of
a cranium, or skull, which is a bony, cartilaginous, or
fibrous structure surrounding the brain. Vertebrates
also have a prominent head containing complex sense
organs. Although many of the genes that determine
head development in vertebrates are present in amphi-
oxus, the anterior portion of the vertebrate head does
seem to be a new feature of vertebrates.

Hagfish have been considered to lack vertebrae, but
new developmental evidence suggests homologs to the
ventral portion of the vertebrae in the tail of jawed
fishes. The structures corresponding to vertebrae in
lampreys are segmental cartilaginous rudiments (arcua-
lia) flanking the nerve cord. Fully formed vertebrae, with
a centrum (plural centra) surrounding the notochord,
are found only in gnathostomes (jawed vertebrates—
see Chapter 3), and many jawed fishes retain a func-
tional notochord as adults.

Because of the apparent lack of vertebrae in hag-
fishes, some people have preferred the term Craniata
to Vertebrata for the subphylum. However, we con-
tinue to use the familiar term vertebrate in this book,
and the term Craniata is redundant if hagfishes are
indeed the sister group of lampreys (see Chapter 3).

Unique Embryonic Features
of Vertebrates

Several embryonic features may account for many of
the differences between vertebrates and other chor-
dates. The two primary ones are duplication of the Hox
gene complex (homeobox genes) and the appearance
of a new embryonic tissue, the neural crest.



Hox Genes Hox genes regulate the expression of a hi-
erarchical network of other genes that control the pro-
cess of development from front to back along the body.
Vertebrates have more Hox genes than other groups of
animals: Jellyfishes (and possibly also sponges) have
one or two Hox genes, the common ancestor of pro-
tostomes and deuterostomes probably had seven, and
more derived metazoans have up to thirteen. However,
vertebrates are unique in having undergone duplica-
tions of the entire Hox complex.

The first duplication event seems to have occurred
at the start of vertebrate evolution because amphioxus
and tunicates have a single Hox cluster, whereas the
living jawless vertebrates have two. A second duplica-
tion event had taken place by the evolution of gna-
thostomes, because all jawed vertebrates have at least
four clusters. Finally, an additional duplication event
occurred in both teleost fishes (derived bony fishes)
and frogs.

Interactions among genes modify the effects of those
genes, and more genes allow more interactions that
probably produce more complex structures. The dou-
bling and redoubling of the Hox gene sequence during
vertebrate evolution is believed to have made the struc-
tural complexity of vertebrates possible.

Neural Crest Neural crest is a new tissue in embryo-
logical development that forms many novel structures
in vertebrates, especially in the head region (a more
detailed description is given in section 2.3). The
evolution of the neural crest is the most impor-
tant innovation in the origin of the vertebrate body
plan. Neural-crest tissue is a fourth germ layer that is
unique to vertebrates and is on a par with ectoderm,
endoderm, and mesoderm. Neural-crest cells originate
at the lateral boundary of the neural plate, the embry-
onic structure that makes the nerve cord, and migrate
throughout the body to form a variety of structures,
including pigment cells.

A similar population of cells, with a similar genetic
expression, can be found in amphioxus, but here the
cells do not migrate and do not change into different
cell types. Recently cells resembling migratory neural-
crest cells have been identified in the larval stage of
one tunicate species, where they differentiate into
pigment cells. These cells in tunicates may represent a
precursor to the vertebrate neural crest. (This appears
to be one morphological feature that tunicates share
with vertebrates, but it is not seen in cephalochor-
dates.) If the Cambrian chordate Haikouella has been
correctly interpreted as having eyes and a muscular
pharynx, these features would imply the presence of
neural crest in this animal.

Placodes Another new type of embryonic tissue in
vertebrates, which is similar to neural crest but prob-
ably has a different origin, forms the epidermal thick-
enings (placodes) that give rise to the complex sen-
sory organs of vertebrates, including the nose, eyes,
and inner ear. Some placode cells migrate caudally to
contribute, along with the neural-crest cells, to the
lateral line system and to the cranial nerves that in-
nervate it.

MicroRNAs The appearance of many microRNAs is a
genetic innovation in vertebrates that may contribute
to their anatomical complexity. MicroRNAs are non-
coding RNA sequences 22 bases long that have been
added to the genomes of metazoans throughout their
evolutionary history. MicroRNAs regulate the syn-
thesis of proteins by binding to complementary base
sequences of messenger RNAs. The phylum Chordata
is characterized by the addition of two new micro-
RNAs, another three are shared by vertebrates and
tunicates, and all vertebrates possess an additional
41 unique microRNAs. (All vertebrate lineages have
independently acquired yet more microRNAs of their
own, and mammals in particular have a great number
of novel microRNAs.) MicroRNAs are involved in regu-
lating the development of some derived vertebrate
structures, including the liver and the kidney.

Brains

The brains of vertebrates are larger than the brains of
primitive chordates, and they have three parts—the
forebrain, midbrain, and hindbrain. The brain of am-
phioxus appears simple, but genetic studies show that
amphioxus has all the genes that code for the vertebrate
brain with the exception of those directing formation of
the front part of the vertebrate forebrain, the telenceph-
alon (the portion of the brain that contains the cerebral
cortex, the area of higher processing in vertebrates). The
presence of the genes in amphioxus combined with the
absence of a complex brain reinforces the growing belief
that the differences in how genes are expressed in dif-
ferent animals are as important as differences in what
genes are present. Other unique vertebrate features in-
clude a multilayered epidermis and blood vessels that are
lined by endothelium.

2.3 Basic Vertebrate Structure

This section serves as an introduction to vertebrate
anatomical structure and function. The heart of this
section is in Table 2-1 and Figure 2-4, which contrast the
basic vertebrate condition with that of a nonvertebrate
chordate such as amphioxus. These same systems will
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be further discussed for more derived vertebrates in
later chapters; our aim here is to provide a general intro-
duction to the basics of vertebrate anatomy. More detail
can be found in books listed at the end of the chapter.
At the whole-animal level, an increase in body size
and increased activity distinguish vertebrates from
nonvertebrate chordates. Early vertebrates generally
had body lengths of 10 centimeters or more, which
is about an order of magnitude larger than the bod-
ies of nonvertebrate chordates. Because of their rela-
tively large size, vertebrates need specialized systems
to carry out processes that are accomplished by diffu-
sion or ciliary action in smaller animals. Vertebrates
are also more active animals than other chordates, so
they need organ systems that can carry out physiologi-
cal processes at a greater rate. The transition from non-
vertebrate chordate to vertebrate was probably related
to the adoption of a more actively predaceous mode of
life, as evidenced by the features of the vertebrate head
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(muscularized)

(largely derived from neural-crest tissue) that would
enable suction feeding with a muscular pharynx, and a
bigger brain and more complex sensory organs for per-
ceiving the environment.

Vertebrates are characterized by mobility, and the
ability to move requires muscles and a skeleton. Mobil-
ity brings vertebrates into contact with a wide range
of environments and objects in those environments,
and a vertebrate’s external protective covering must be
tough but flexible. Bone and other mineralized tissues
that we consider characteristic of vertebrates had their
origins in this protective integument.

Embryonic Development

Studying embryos can show how systems develop and
how the form of the adult is related to functional and
historical constraints during development. Scientists
no longer adhere to the biogenetic law that “ontogeny
recapitulates phylogeny” (i.e., the idea that the embryo



Table 2-1 Comparison of features in nonvertebrate chordates and ancestral vertebrates

Generalized Nonvertebrate Chordate
(based on features of the living cephalochordate amphioxus)

Brain and Head End
Notochord extends to tip of head (may be derived condition).

No cranium (skull).

Simple brain (= cerebral vesicle), no specialized sense organs
(except photoreceptive frontal organ, probably homologous
with the vertebrate eye).

Poor distance sensation (although the skin is sensitive).

No electroreception.

Pharynx and Respiration

Gill arches used for filter feeding (respiration is by diffusion over
the body surface).

Numerous gill slits (up to 100 on each side).

Pharynx not muscularized (except in wall of atrium, or external
body cavity).

Water moved through pharynx and over gills by ciliary action.
Gill arches made of collagen-like material

Feeding and Digestion
Gut not muscularized: food passage by means of ciliary action.

Digestion of food is intracellular: individual food particles taken
into cells lining gut.

No discrete liver and pancreas: structure called the midgut
cecum or diverticulum is probably homologous to both.

Heart and Circulation

Ventral pumping structure (no true heart, just contracting
regions of vessels; = sinus venosus of vertebrates). Also
accessory pumping regions elsewhere in the system.

No neural control of the heart to regulate pumping.

Circulatory system open: large blood sinuses; capillary system
not extensive.

Blood not specifically involved in the transport of respiratory
gases (O, and CO, mainly transported via diffusion). No red
blood cells or respiratory pigment.

Ancestral Vertebrate
(based on features of the living jawless vertebrates—hagfishes
and lampreys)

Head extends beyond tip of notochord.

Cranium—skeletal supports around brain, consisting of capsules
surrounding the main parts of the brain and their sensory
components plus underlying supports.

Tripartite brain and multicellular sense organs (eye, nose, inner ear).

Improved distance sensation: in addition to the eyes and nose, also
have a lateral line system along the head and body that can
detect water movements (poorly developed lateral line system
on the head is found only in hadfishes).

Electroreception may be an ancestral vertebrate feature (but absent
in hadfishes, possibly lost).

Gill arches (= pharyngeal arches) support gills that are used primarily
for respiration.

Fewer gill slits (6 to 10 on each side), individual gills with highly
complex internal structure (gill filaments).

Pharynx with specialized (branchiomeric) musculature.

Water moved through pharynx and over gills by active muscular
pumping.

Gill arches made of cartilage (allows for elastic recoil—aids in
pumping).

Gut muscularized: food passage by means of muscular peristalsis.

Digestion of food is extracellular: enzymes poured onto food in gut
lumen, then breakdown products absorbed by cells lining gut.

Discrete liver and pancreatic tissue.

Ventral pumping heart only (but accessory pumping regions retained
in hadfishes). Three-chambered heart (listed in order of blood
flow): sinus venosus, atrium, and ventricle.

Neural control of the heart (except in hagfishes).

Circulatory system closed: without blood sinuses (some remain in
hagdfishes and lampreys); extensive capillary system.

Blood specifically involved in the transport of respiratory gases.
Red blood cells containing the respiratory pigment hemoglobin
(binds with O, and CO, and aids in their transport).

(continued)
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Table 2-1 Comparison of features in nonvertebrate chordates and ancestral vertebrates (Continued)

Generalized Nonvertebrate Chordate

Excretion and Osmoregulation

No specialized kidney. Coelom filtered by solenocytes (flame
cells) that work by creating negative pressure within cell. Cells
empty into the atrium (false body cavity) and then to the
outside via the atriopore.

Body fluids same concentration and ionic composition as
seawater. No need for volume control or ionic regulation.

Support and Locomotion

Notochord provides main support for body muscles.

Myomeres with simple V shape.

No lateral fins; no median fins besides tail fin.

Ancestral Vertebrate

Specialized glomerular kidneys: segmental structures along dorsal
body wall; works by ultrafiltration of blood. Empty to the outside
via the archinephric ducts leading to the cloaca.

Body fluids more dilute than seawater (except for hagdfishes).
Kidney important in volume regulation, especially in freshwater
environment. Monovalent ions regulated by the gills (also the
site of nitrogen excretion), divalent ions regulated by the kidney.

Notochord provides main support for body muscles, vertebral
elements around nerve cord at least in all vertebrates except
hagfishes.

Myomeres with more complex W shape.

Initially no lateral fins. Caudal (tail) fin has dermal fin rays. Dorsal fins
present in all except hagfishes.

faithfully passes through its ancestral evolutionary
stages in the course of its development) proposed by the
nineteenth-century embryologist Haeckel. Neverthe-
less, embryology can provide clues about the ancestral
condition and about homologies between structures in
different animals.

The development of vertebrates from a single fertil-
ized cell (the zygote) to the adult condition will be sum-
marized only briefly. This is important background
information for many studies, but a detailed treatment
is beyond the scope of this book. Note, however, that
there is an important distinction in development be-
tween vertebrates and invertebrates: invertebrates
develop from cell lineages whose fate is predetermined,
but vertebrates are much more flexible in their develop-
ment and use inductive interactions between develop-
ing structures to determine the formation of different
cell types and tissues.

We saw earlier that all animals with the excep-
tion of sponges are formed of distinct tissue layers, or
germ layers. The fates of germ layers have been very
conservative throughout vertebrate evolution. The
outermost germ layer, the ectoderm, forms the adult
superficial layers of skin (the epidermis); the linings
of the most anterior and most posterior parts of the
digestive tract; and the nervous system, including
most of the sense organs (such as the eye and the ear).
The innermost layer, the endoderm, forms the rest
of the digestive tract’s lining as well as the lining of
glands associated with the gut—including the liver
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and the pancreas—and most respiratory surfaces of
vertebrate gills and lungs. Endoderm also forms the
taste buds and the thyroid, parathyroid, and thymus
glands.

The middle layer, the mesoderm, is the last of the
three layers to appear in development, perhaps re-
flecting the fact that it is the last layer to appear in
animal evolution. It forms everything else: muscles,
skeleton (including the notochord), connective tis-
sues, and circulatory and urogenital systems. A lit-
tle later in development, there is a split within the
originally solid mesoderm layer, forming a coelom or
body cavity. The coelom is the cavity containing the
internal organs. In mammals it is divided into the
pleural cavity (around the lungs), the peritoneal
cavity (around the viscera), and the pericardial cav-
ity (around the heart). In other animals, which either
lack lungs entirely or lack a diaphragm separating the
pleural cavity from the peritoneal cavity, these two
cavities are united into the pleuroperitoneal cavity.
These coelomic cavities are lined by thin sheets of
mesoderm—the peritoneum (around the pleural or
peritoneal cavity) and the pericardium (around the
heart). The gut is suspended in the peritoneal cavity
by sheets of peritoneum called mesenteries.

Neural crest forms many of the structures in the an-
terior head region, including some bones and muscles
that were previously thought to be formed by meso-
derm. Neural crest also forms almost all of the pe-
ripheral nervous system (i.e., that part of the nervous
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Figure 2-5 Three-dimensional view of a portion of a generalized vertebrate embryo at
the developmental stage (called the pharyngula) when the developing gill pouches
appear. The ectoderm is stripped off the left side, showing segmentation of the mesoderm in

the trunk region and pharyngeal development. The stomadeum is the developing mouth.

system outside of the brain and the spinal cord) and
contributes to portions of the brain. Some structures
in the body that are new features of vertebrates are
also formed from neural crest. These include the adre-
nal glands, pigment cells in the skin, secretory cells of
the gut, and smooth muscle tissue lining the aorta.
Figure 2-5 shows a stage in early embryonic develop-
ment in which the ancestral chordate feature of pha-
ryngeal pouches in the head region makes at least
a fleeting appearance in all vertebrate embryos. In
fishes the grooves between the pouches (the pharyn-
geal clefts) perforate to become the gill slits, whereas in
land vertebrates these clefts disappear in later develop-
ment. The linings of the pharyngeal pouches give rise
to half a dozen or more glandular structures often asso-
ciated with the lymphatic system, including the thymus
gland, parathyroid glands, carotid bodies, and tonsils.
The dorsal hollow nerve cord typical of vertebrates
and other chordates is formed by the infolding and
subsequent pinching off and isolation of a long ridge of
ectoderm running dorsal to the developing notochord.
The notochord itself appears to contain the develop-
mental instructions for this critical embryonic event,
which is probably why the notochord is retained in
the embryos of vertebrates (such as us) that no longer
have the complete structure in the adult. The cells that

will form the neural crest arise next to the developing
nerve cord (the neural tube) at this stage. Slightly later
in development, these neural-crest cells disperse later-
ally and ventrally, ultimately settling and differentiat-
ing throughout the embryo.

Embryonic mesoderm becomes divided into three
distinct portions, as shown in Figure 2-5, with the
result that adult vertebrates are a strange mixture of
segmented and unsegmented components. The dor-
sal (upper) part of the mesoderm, lying above the gut
and next to the nerve cord, forms an epimere, a series
of thick-walled segmental buds (somites), which ex-
tends from the head end to the tail end. The ventral
(lower) part of the mesoderm, surrounding the gut
and containing the coelom, is thin-walled and unseg-
mented and is called the lateral plate mesoderm (or
hypomere). Small segmental buds linking the somites
and the lateral plate are called nephrotomes (the meso-
mere or the intermediate mesoderm). The nervous sys-
tem also follows this segmented versus unsegmented
pattern, as will be discussed later.

The segmental somites will eventually form the der-
mis of the skin, the striated muscles of the body that
are used in locomotion, and portions of the skeleton
(the vertebral column, ribs, and portions of the back
of the skull). Some of these segmental muscles later
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migrate ventrally from their originally dorsal (epaxial)
position to form the layer of striated muscles on the
underside of the body (the hypaxial muscles), and
from there they form the muscles of the limbs in tet-
rapods (four-footed land vertebrates). The lateral plate
forms all the internal, nonsegmented portions of the
body, such as the connective tissue, the blood vascular
system, the mesenteries, the peritoneal and pericardial
linings of the coelomic cavities, and the reproductive
system. It also forms the smooth muscle of the gut and
the cardiac (heart) muscle. The nephrotomes form the
kidneys (which are elongated segmental structures in
the ancestral vertebrate condition), the kidney drain-
age ducts (the archinephric ducts), and the gonads.

Some exceptions exist to this segmented versus non-
segmented division of the vertebrate body. The locomo-
tory muscles, both axial (within the trunk region) and
appendicular (within the limbs), and the axial skeleton
are derived from the somites. Curiously, however, the
limb bones are mostly derived from the lateral plate,
as are the tendons and ligaments of the appendicular
muscles, even though they essentially form part of the
segmented portion of the animal. The explanation for
this apparent anomaly may lie in the fact that limbs
are add-ons to the basic limbless vertebrate body plan,
as seen in the living jawless vertebrates. The boundary
of the complex interaction between the somite-derived
muscles and structures derived from the outer layer of
the lateral plate in the embryo is known as the lateral
somitic frontier. This area is involved in the switching
on and off of regulatory genes and is thus of prime im-
portance in evolutionary change.

Other peculiarities are found in the expanded front
end of the head of vertebrates, which has a complex
pattern of development and does not follow the sim-
ple segmentation of the body. The head mesoderm
contains only somites (no lateral plate), which give
rise to the striated eye muscles and branchiomeric
muscles powering the pharyngeal arches (gills and
jaws). Within the brain, the anteriormost part of the
forebrain (the front of the telencephalon) and the mid-
brain are not segmented, but the hindbrain shows seg-
mental divisions during development (thombomeres).

Adult Tissue Types

There are several kinds of tissue in vertebrates: epithe-
lial, connective, vascular (i.e., blood), muscular, and
nervous. These tissues are combined to form larger
units called organs, which often contain most or all of
the five basic tissue types.

Connective Tissue A fundamental component of most
animal tissues is the fibrous protein collagen. Collagen

30

is primarily a mesodermal tissue: in addition to the
softer tissues of organs, it forms the organic matrix
of bone and the tough tissue of tendons and liga-
ments. Vertebrates have a unique type of fibrillar col-
lagen that may be responsible for their ability to form
an internal skeleton. Collagen is stiff and does not
stretch easily. In some tissues, collagen is combined
with the protein elastin, which can stretch and recoil.
Another important fibrous protein, seen only in ver-
tebrates, is keratin. While collagen forms structures
within the mesoderm, keratin is primarily an ectoder-
mal tissue. Keratin is mainly found in the epidermis
(outer skin) of tetrapods, making structures such as
hair, scales, feathers, claws, horns, and beaks; it also
forms the horny toothlike structures of the living jaw-
less vertebrates.

The Integument The external covering of vertebrates,
the integument, is a single organ, making up 15 to
20 percent of the body weight of many vertebrates and
much more in armored forms. It includes the skin and
its derivatives, such as glands, scales, dermal armor,
and hair. The skin protects the body and receives infor-
mation from the outside world. The major divisions of
the vertebrate skin are the epidermis (the superficial
cell layer derived from embryonic ectoderm) and the
unique vertebrate dermis (the deeper cell layer of me-
sodermal and neural-crest origin). The dermis extends
deeper into a subcutaneous tissue (hypodermis) that
is derived from mesoderm and overlies the muscles
and bones.

The epidermis forms the boundary between a verte-
brate and its environment and is of paramount impor-
tance in protection, exchange, and sensation. It often
contains secretory glands and may play a significant
role in osmotic and volume regulation. The dermis,
the main structural layer of the skin, includes many
collagen fibers that help to maintain its strength and
shape. The dermis contains blood vessels, and blood
flow within these vessels is under neural and hormonal
control (e.g., as in human blushing, when the vessels
are dilated and blood rushes to the skin).

The dermis also houses melanocytes (melanin-
containing pigment cells that are derived from the
neural crest) and smooth muscle fibers, such as the
ones in mammals that produce skin wrinkling around
the nipples. In tetrapods, the dermis houses most of
the sensory structures and nerves associated with
sensations of temperature, pressure, and pain.

The hypodermis, or subcutaneous tissue layer, lies
between the dermis and the fascia overlying the mus-
cles. This region contains collagenous and elastic fibers
and is the area in which subcutaneous fat is stored by



birds and mammals. The subcutaneous striated muscles
of mammals, such as those that enable them to flick
the skin to get rid of a fly, are found in this area.

Mineralized Tissues Vertebrates have a unique type of
mineral called hydroxyapatite, a complex compound
of calcium and phosphorus. Hydroxyapatite is more
resistant to acid than is calcite (calcium carbonate),
which forms the shells of mollusks. The evolution of
this unique calcium compound in vertebrates may be
related to the fact that vertebrates rely on anaerobic
metabolism during activity, producing lactic acid that
lowers blood pH. A skeleton made of hydroxyapatite
may be more resistant to acidification of the blood
during anaerobic metabolism than is the calcite that
forms the shells of mollusks.

Vertebrate mineralized tissues are composed of a
complex matrix of collagenous fibers, cells that secrete
a proteinaceous tissue matrix, and crystals of hydroxy-
apatite. The hydroxyapatite crystals are aligned on the
matrix of collagenous fibers in layers with alternating
directions, much like the structure of plywood. This
combination of cells, fibers, and minerals gives bone
its complex latticework appearance that combines
strength with relative lightness and helps to prevent
cracks from spreading.

Six types of tissues can become mineralized in ver-
tebrates, and each is formed from a different cell lin-
eage in development.

e Mineralized cartilage. Cartilage is an important
structural tissue in vertebrates and many inverte-
brates but is not usually mineralized. Mineralized
cartilage occurs naturally only in jawed vertebrates,
where it forms the main mineralized internal skele-
tal tissue of sharks. (Sharks and other cartilaginous
fishes appear to have secondarily lost true bone.)
Some fossil jawless vertebrates also had internal
calcified cartilage, probably evolved independently
from the condition in sharks.

e Bone. The internal skeleton of bony fishes and
tetrapods is formed by bone. Bone may replace
cartilage in development, as it does in our own
skeletons, but bone is not simply cartilage to which
minerals have been added. Rather, it is composed of
different types of cells—osteocytes (Greek osteo =
bone and cyte = cell), which are called osteoblasts
(Greek blasto = a bud) while they are actually mak-
ing the bone; in contrast, chondrocytes form car-
tilage. The cells that form bone and cartilage are
derived from the mesoderm, except in the region in
the front of the head, where they are derived from
neural-crest tissue. Bone and mineralized cartilage
are both about 70 percent mineralized.

¢ Enamel and dentine. The other types of mineral-
ized tissues are found in the teeth and in the mineral-
ized exoskeleton of ancestral vertebrates. The enamel
and dentine that form our teeth are the most min-
eralized of the tissues—enamel is about 96 percent
mineralized, and dentine is about 90 percent min-
eralized. This high degree of mineralization explains
why teeth are more likely to be found as fossils than
are bones. The cells that form dentine (odontoblasts)
are derived from neural-crest tissue, and those that
form enamel (amyloblasts) are derived from the
ectoderm.

¢ Enameloid. Enameloid resembles enamel in its
degree of hardness and its position on the outer
layer of teeth or dermal scales, but it is produced
by mesodermal cells. Enameloid is the enamel-like
tissue that was present in ancestral vertebrates and
is found today in cartilaginous fishes. Both enamel
and enameloid may have evolved independently on
a number of occasions.

¢ Cementum. Cementumisabonelike substance that
fastens the teethin their socketsin some vertebrates,
including mammals, and may grow to become part
of the tooth structure itself.

Bone

Bone remains highly vascularized even when it is miner-
alized (ossified). This vascularization allows bone to re-
model itself. Old bone is eaten away by specialized blood
cells (osteoclasts, from the Greek clast = broken), which
are derived from the same cell lines as the macrophage
white blood cells that engulf foreign bacteria in the body.
Osteoblasts enter behind the osteoclasts and deposit
new bone. In this way, a broken bone can mend itself
and bones can change their shape to suit the mechanical
stresses imposed on an animal. This is why exercise builds
up bone and why astronauts lose bone in the zero gravity
of space. Mineralized cartilage is unable to remodel itself
because it does not contain blood vessels.

There are two main types of bone in vertebrates:
dermal bone, which, as its name suggests, is formed
in the skin without a cartilaginous precursor; and en-
dochondral bone, which is formed in cartilage. Der-
mal bone (Figure 2-6) is the earliest type of vertebrate
bone first seen in the fossil jawless vertebrates called
ostracoderms, which are described in Chapter 3. Only
in the bony fishes and tetrapods is the endoskeleton
composed primarily of bone. In these vertebrates, the
endoskeleton is initially laid down in cartilage and is
replaced by bone later in development.

Dermal bone originally was formed around the
outside of the body, like a suit of armor (ostracoderm
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Figure 2-6 Organization of vertebrate mineralized tissues.
(a) Three-dimensional block diagram of dermal bone from
an extinct jawless vertebrate (heterostracan ostracoderm).
(b) Section through a developing tooth (shark scales are similar).

means “shell-skinned”), forming a type of exoskel-
eton. We think of vertebrates as possessing only an
endoskeleton, but most of our skull bones are dermal
bones, and they form a shell around our brains. The en-
doskeletal structure of vertebrates initially consisted
of only the braincase and was originally formed from
cartilage. Thus, the condition in many early verte-
brates was a bony exoskeleton and a cartilaginous en-
doskeleton (Figure 2-7).

Teeth

Teeth form from a type of structure called a dermal pa-
pilla, so they form only in the skin, usually over der-
mal bones. When the tooth is fully formed, it erupts
through the gum line. Replacement teeth may start to
develop to one side of the main tooth even before its
eruption. The basic structure of the teeth of jawed ver-
tebrates is like the structure of odontodes, which were
the original toothlike components of the original
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vertebrate dermal armor, and odontodes are homolo-
gous with teeth and the dermal denticles of cartilagi-
nous fishes.

Teeth are composed of an inner layer of dentine and
an outer layer of enamel or enameloid around a central
pulp cavity (Figure 2-6). Shark scales (dermal denticles)
have a similar structure. There has been considerable
controversy about whether dental tissues are always
derived from the ectoderm, or whether they can form
from the endoderm, as seen in pharyngeal teeth in
some fishes. Recent experimental studies have shown
that the critical issue in tooth development is the
neural-crest precursor that forms the dentine, and
that either ectoderm or endoderm may be co-opted to
form the outer layers.

The Skeletomuscular System

The basic endoskeletal structural features of chordates
are the notochord, acting as a dorsal stiffening rod
running along the length of the body, and some sort of
gill skeleton that keeps the gill slits open. The cranium
surrounding the brain was the first part of the verte-
brate skeleton to evolve. Next the dermal skeleton of
external plates and the axial skeleton (vertebrae, ribs,
and median fin supports) were added, and still later
the appendicular skeleton (bones of the limb skeleton
and limb girdles) evolved.

The Cranial Skeleton The skull, or cranium, is formed by
three basic components: the chondrocranium (Greek
chondr = cartilage [literally “gristle”] and cran = skull)
surrounding the brain; the splanchnocranium (Greek
splanchn = viscera) forming the gill supports; and the
dermatocranium (Greek derm = skin) forming in the
skin as an outer cover that was not present in the earli-
est vertebrates.

The splanchnocranial components of the vertebrate
skeleton are known by a confusing variety of names.
In general they can be called gill arches because they
support the gill tissue and muscles. The anterior ele-
ments of the splanchnocranium are specialized into
nongill-bearing structures in all extant vertebrates,
such as the jaws of gnathostomes. Other names for
these structures are pharyngeal arches (because they
form in the pharynx region) and branchial arches
(which is just a fancy way of saying gill arches be-
cause the Greek word branchi means gill). Yet another
name for these structures is visceral arches, because
the splanchnocranium is also known as the visceral
skeleton. (Still another name associated with the
pharyngeal region, aortic arches, refers not to the gill
skeleton but to the segmental arteries that supply the
gill arches.)
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We will call these structures pharyngeal arches when
we are discussing the embryonic elements of their de-
velopment, and gill arches in adults, especially for those
arches that actually do bear gill tissue (i.e., arches 3-7).

The vertebrate chondrocranium and splanchnocra-
nium are formed primarily from neural-crest tissue,
although a splanchnocranium-equivalent formed by
endodermal tissue is present in cephalochordates and
hemichordates. Thus, a structure with the same func-
tion as the vertebrate splanchnocranium preceded the
origin of vertebrates and of neural-crest tissue, although
only vertebrates have a true splanchnocranium (i.e., one
that is derived from neural-crest tissue).

The chondrocranium and splanchnocranium are
formed from cartilage in the ancestral vertebrate con-
dition, but they are made of endochondral bone in the
adults of some bony fishes and most tetrapods. The der-
matocranium is made from dermal bone, which is formed
in a membrane rather than in a cartilaginous precursor.
(Because it forms in a membrane it is sometimes called
membrane bone.) The dermatocranium is cartilaginous
only as a secondary condition in some fishes, such as
sturgeons, where ossification of the dermatocranium has
been lost. Figure 2-8 shows a diagrammatic representation

Figure 2-7 Vertebrate skeletons.

(a) the originally dermal bone exoskeleton
and (b) the originally cartilaginous bone
endoskeleton. (The animal depicted is an
extinct bony fish.)

of the structure and early evolution of the vertebrate cra-
nium, and Figure 2-9 (see page 36) illustrates three vertebrate
crania in more detail.

The Cranial Muscles There are two main types of stri-
ated muscles in the head of vertebrates: the extrinsic
eye muscles and the branchiomeric muscles. Six mus-
cles in each eye rotate the eyeball in all vertebrates ex-
cept hagfishes, in which their absence may represent
secondary loss. Like the striated muscles of the body,
these muscles are innervated by somatic motor nerves.
The branchiomeric muscles are associated with the
splanchnocranium and are used to suck water into the
mouth during feeding and respiration. Branchiomeric
muscles are innervated by cranial nerves that exit
from the dorsal part of the spinal cord (unlike striated
muscles, which are innervated by motor nerves that
exit from the ventral part of the spinal cord). The rea-
son for this difference is not clear, but it emphasizes
the extent to which the vertebrate head differs in its
structure and development from the rest of the body.

The Axial Skeleton and Musculature The notochord is
the original “backbone” of all chordates, although it is
never actually made of bone. The notochord has a core
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Figure 2-8 Diagrammatic view of the form and early evolution of the cranium of verte-
brates. The ancestral condition (a) was to have a chondrocranium formed from the paired sensory
capsules, one pair for each part of the tripartite brain, with the underlying support provided by
paired anterior trabeculae (at least in jawed vertebrates) and parachordals flanking the notochord
posteriorly. The splanchnocranium was probably ancestrally made up of seven pairs of pharyngeal
arches supporting six gill openings, without any anterior specializations. In the lamprey (b), the
mandibular (second segment arch, but termed arch 1 because there is no arch in the first segment)
pharyngeal arch becomes the velum and other supporting structures in the head, and the remain-
der of the splanchnocranium forms a complex branchial basket on the outside of the gills (possibly

in association with the unique mode of tidal gill ventilation). Above the level of the lamprey, the
chondrocranium and splanchnocranium are surrounded with a dermatocranium of dermal bone,
as first seen in ostracoderms (c). In gnathostomes (d,e) the pharyngeal arches of the mandibular
(second) and hyoid (third) head segments become modified to form the jaws and jaw supports. The
dermatocranium is lost in chondrichthyans (d). In osteichthyans (e) the dermatocranium forms in
a characteristic pattern, including a bony operculum covering the gills and aiding in ventilation in

bony fishes. The basics of this pattern are still seen in us.

of large, closely spaced cells packed with incompress-
ible fluid-filled vacuoles wrapped in a complex fibrous
sheath that is the site of attachment for segmental
muscles and connective tissues. The notochord ends
anteriorly just posterior to the pituitary gland and
continues posteriorly to the tip of the fleshy portion
of the tail. The original form of the notochord is lost in
adult tetrapods, but portions remain as components of
the intervertebral discs between the vertebrae.

The axial muscles are composed of myomeres that
are complexly folded in three dimensions so that each
one extends anteriorly and posteriorly over several
body segments (Figure 2-10 on page 37). Sequential mus-
cle blocks overlap and produce undulation of the body
when they contract. In amphioxus, myomeres have a
simple V shape, whereas in vertebrates they have a W
shape. The myomeres of jawed vertebrates are divided
into epaxial (dorsal) and hypaxial (ventral) portions by
a sheet of fibrous tissue called the horizontal septum.

The segmental pattern of the axial muscles is clearly
visible in fishes. It is easily seen in a piece of raw or
cooked fish where the flesh flakes apart in zigzag blocks,
each block representing a myomere. (This pattern is
similar to the fabric pattern of interlocking V shapes
known as herringbone, although “herring muscle”
would be a more accurate description.) In tetrapods, the
pattern is less obvious, but the segmental pattern can
be observed on the six-pack stomach of body builders,
where each ridge represents a segment of the rectus
abdominis muscle (a hypaxial muscle of tetrapods).

Locomotion Many small aquatic animals, especially lar-
vae, move by using cilia to beat against the water. How-
ever, ciliary propulsion works only at very small body
sizes. Adult chordates use the serial contraction of seg-
mental muscle bands in the trunk and tail for locomo-

tion, a feature that possibly first appeared as a startle
response in larvae. The notochord stiffens the body
so it bends from side to side as the muscles contract.
(Without the notochord, contraction of these muscles
would merely compress the body like an accordion.)
Most fishes still use this basic type of locomotion. The
paired fins of jawed fishes are generally used for steering,
braking, and providing lift-not for propulsion except in
some specialized fishes such as skates and rays that have
winglike pectoral fins and in some derived bony fishes
(teleosts) such as seahorses and coral reef fishes.

Energy Acquisition and Support
of Metabolism

Food must be processed by the digestive system into
molecules small enough to pass through the walls of the
intestine, then transported by the circulatory system to
the body tissues. Oxygen is required for this process; the
respiratory and the circulatory systems are closely inter-
twined with those of the digestive system.

Feeding and Digestion Feeding includes getting food
into the mouth, mechanical processing (“chewing” in
the broad sense—although today only mammals truly
chew their food), and swallowing. Digestion includes
the breakdown of complex compounds into small mol-
ecules that are absorbed across the wall of the gut and
transported to the tissues.

Vertebrate ancestors probably filtered small par-
ticles of food from the water, as amphioxus and lar-
val lampreys still do. Most vertebrates are particulate
feeders; that is, they take in their food as bite-sized
pieces rather than as tiny particles. Vertebrates move
the food through the gut by rhythmical muscular con-
tractions (peristalsis), and digest it by secreting diges-
tive enzymes produced by the liver and the pancreas
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bony fish.
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Figure2-10 Chordate body muscles (myomeres). (a) amphioxus (nonvertebrate chordate),
(b) lamprey (jawless vertebrate), and jawed vertebrates, (c) shark, and (d) bony fish.

into the gut. The pancreas also secretes the hormones
insulin and glucagon, which are involved in the regula-
tion of glucose metabolism and blood-sugar levels.

In the primitive vertebrate condition, there is no
stomach, no division of the intestine into small and
large portions, and no distinct rectum. The intestine
empties to the cloaca, which is the shared exit for the
urinary, reproductive, and digestive systems in all ver-
tebrates except therian mammals.

Respiration and Ventilation Ancestral chordates prob-
ably relied on oxygen absorption and carbon dioxide
loss by diffusion across a thin skin (cutaneous respi-
ration). This is the mode of respiration of amphioxus,
which is small and sluggish.

Cutaneous respiration is important for many ver-
tebrates (especially modern amphibians), but the

combination of large body size and high levels of
activity make specialized gas-exchange structures
essential for most vertebrates. Gills are effective in
water, whereas lungs work better in air. Both gills and
lungs have large surface areas that allow oxygen to
diffuse from the surrounding medium (water or air)
into the blood.

Cardiovascular System Blood carries oxygen and nutrients
through the vessels to the cells of the body, removes car-
bon dioxide and other metabolic waste products, and
stabilizes the internal environment. Blood also carries
hormones from their sites of release to their target tissues.

Blood is a fluid tissue composed of liquid plasma,
red blood cells (erythrocytes) that contain the iron-
rich protein hemoglobin, and several different types
of white blood cells (leukocytes) that are part of the
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on the left and right sides of the body except for the midline ventral aorta and dorsal aorta. Note
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rior cardinals) or the dorsal aorta (posterior cardinals).

immune system. Cells specialized to promote clotting
of blood (called platelets or thrombocytes) are present

in

all vertebrates except mammals, in which they are

replaced by noncellular platelets.

is,

Vertebrates have closed circulatory systems; that
the arteries and veins are connected by capillaries.

Arteries carry blood away from the heart, and veins
return blood to the heart (Figure 2-11). Blood pressure
is higher in the arterial system than in the venous sys-
tem, and the walls of arteries have a layer of smooth
muscle that is absent from veins. The following fea-
tures are typical of vertebrate circulatory systems:
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Capillary beds. Interposed between the smallest
arteries (arterioles) and the smallest veins (venules)
are the capillaries, which are the sites of exchange
between blood and tissues. Their walls are only one
cell layer thick; so diffusion is rapid, and capillaries
pass close to every cell. Collectively the capillaries
provide an enormous surface area for the exchange
of gases, nutrients, and waste products. Arteriove-
nous anastomoses connect some arterioles directly
to venules, allowing blood to bypass a capillary bed,
and normally only a fraction of the capillaries in a
tissue have blood flowing through them.

Portal vessels. Blood vessels that lie between two
capillary beds are called portal vessels. The hepatic

portal vein, seen in all vertebrates, lies between the
capillarybeds of the gutand theliver (see Figure 2-11).
Substances absorbed from the gut are transported di-
rectly to the liver, where toxins are rendered harmless
and some nutrients are processed or removed for
storage. Most vertebrates also have a renal portal
vein between the veins returning from the tail and
posterior trunk and the kidneys (see Figure 2-11).
The renal portal system is not well developed in jaw-
less vertebrates and has been lost in mammals.

The heart. The vertebrate heart is a muscular tube
folded on itself and is constricted into three sequen-
tial chambers: the sinus venosus, the atrium, and
the ventricle. Our so-called four-chambered heart
lacks a distinct sinus venosus, and the original
atrium and ventricle have been divided into left and
right chambers.

The sinus venosus is a thin-walled sac with few
cardiac muscle fibers. Suction produced by muscular
contraction draws blood anteriorly into the atrium,
which has valves at each end that prevent back-
flow. The ventricle is thick-walled, and the muscular
walls have an intrinsic pulsatile rhythm, which can
be speeded up or slowed down by the nervous sys-
tem. Contraction of the ventricle forces the blood
into the ventral aorta. Mammals no longer have a
distinct structure identifiable as the sinus venosus;



rather, it is incorporated into the wall of the right
atrium as the sinoatrial node, which controls the
basic pulse of the heartbeat.

* The aorta. The basic vertebrate circulatory plan
consists of a heart that pumps blood into the single
midline ventral aorta. Paired sets of aortic arches
(originally six pairs) branch from the ventral aorta
(Figure 2-12). One member of each pair supplies the
left side and the other the right side. In the original
vertebrate circulatory pattern, which is retained in
fishes, the aortic arches lead to the gills, where the
blood is oxygenated and returns to the dorsal aorta.
The dorsal aorta is paired above the gills, and the
vessels from the most anterior arch run forward to
the head as the carotid arteries. Behind the gill re-
gion, the two vessels unite into a single dorsal aorta
that carries blood posteriorly.

The dorsal aorta is flanked by paired cardinal veins
that return blood to the heart (see Figure 2-11). Anterior
cardinal veins (the jugular veins) draining the head and
posterior cardinal veins draining the body unite on each
side in a common cardinal vein that enters the atrium
of the heart. In lungfishes and tetrapods, the posterior
cardinal veins are essentially replaced by a single midline
vessel, the posterior vena cava. Blood is also returned
separately to the heart from the gut and liver via the
hepatic portal system.

Excretory and Reproductive Systems Although the func-
tions of the excretory and reproductive systems are
entirely different, both systems are formed from the
nephrotome or intermediate mesoderm, which forms
the embryonic nephric ridge (Figure 2-13 on page 41).
The kidneys are segmental, whereas the gonads (ovaries
in females and testes in males) are unsegmented.

The Kidneys The kidneys dispose of waste products, pri-
marily nitrogenous waste from protein metabolism,
and regulate the body’s water and minerals—especially
sodium, chloride, calcium, magnesium, potassium, bicar-
bonate, and phosphate. In tetrapods the kidneys are re-
sponsible for almost all these functions, but in fishes and
amphibians the gills and skin also play important roles
(see Chapter 4).

The kidney of fishes is a long, segmental structure
extending the entire length of the dorsal body wall. In
all vertebrate embryos, the kidney is composed of three
portions: pronephros, mesonephros, and metanephros
(see Figure 2-13). The pronephros is functional only in
the embryos of living vertebrates and possibly in adult
hagfishes. The kidney of adult fishes and amphibians
includes the mesonephric and metanephric portions and

is known as an opisthonephric kidney. The compact
bean-shaped kidney seen in adult amniotes (the meta-
nephric kidney) includes only the metanephros, drained
by a new tube, the ureter, derived from the basal portion
of the archinephric duct.

The basic units of the kidney are microscopic struc-
tures called nephrons. Vertebrate kidneys work by ul-
trafiltration: high blood pressure forces water, ions, and
small molecules through tiny gaps in the capillary walls.
Nonvertebrate chordates lack true kidneys. Amphioxus
has excretory cells called solenocytes associated with the
pharyngeal blood vessels that empty individually into
the false body cavity (the atrium). The effluent is dis-
charged to the outside via the atriopore. The solenocytes
of amphioxus are thought to be homologous with the
podocytes of the vertebrate nephron, which are the cells
that form the wall of the renal capsule.

The Gonads—Ovaries and Testes Although the gonads
are derived from the mesoderm, the gametes (eggs
and sperm) are formed in the endoderm and then
migrate up through the dorsal mesentery (see Figure
2-5) to enter the gonads. The archinephric duct drains
urine from the kidney to the cloaca and from there to
the outside world. In jawed vertebrates, this duct is
also used for the release of sperm by the testes.

Reproduction is the means by which gametes are
produced, released, and combined with gametes from
a member of the opposite sex to produce a fertilized
zygote. Vertebrates usually have two sexes, and sexual
reproduction is the norm—although unisexual species
occur among fishes, amphibians, and lizards.

The gonads are paired in jawed vertebrates but are
single in the jawless ones: it is not clear which represents
the ancestral vertebrate condition. The gonads usually lie
on the posterior body wall behind the peritoneum (the
lining of the body cavity); it is only among mammals that
the testes are found outside the body in a scrotum. The
gonads (ovaries in females, testes in males) also produce
hormones, such as estrogen and testosterone.

In living jawless vertebrates, which probably repre-
sent the ancestral vertebrate condition, there is no spe-
cial tube or duct for the passage of the gametes. Rather,
the sperm or eggs erupt from the gonad and move
through the coelom to pores that open to the base
of the archinephric ducts. In jawed vertebrates, how-
ever, the gametes are always transported to the clo-
aca via specialized paired ducts (one for each gonad).
In males, sperm are released directly into the archi-
nephric ducts that drain the kidneys in non-amniotes
and embryonic amniotes. In females, the egg is still
released into the coelom but is then transported via
a new structure, the oviduct. The oviducts produce
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Figure 2-12 Diagrammatic view of the form and early evolution of the heart and aortic
arches of vertebrates. The view is from the ventral side of the animal. In the protovertebrate

() and the earliest vertebrate condition (b), there were probably six pairs of aortic arches, just as are
seen in the embryos of all living vertebrates, although arch 1 is never seen in the adults. Protoverte-
brates used these arches for feeding, not for respiration, so the blood is not shown as picking up oxygen
in this illustration. In lampreys (c), additional aortic arches are added posteriorly to accommodate
more gill openings. In gnathostomes (d), the subclavian and iliac arteries are added to the main circula-
tory system, supplying the forelimbs and hindlimbs, respectively. A fourth chamber is also added to
the heart, the conus arteriosus, which damps out the pulsatile component of the blood flow.

substances associated with the egg, such as the yolk or
the shell. The oviducts can become enlarged and fused
in various ways to form a single uterus or paired uteri
in which eggs are stored and young develop.

Vertebrates may deposit eggs that develop outside
the body or retain the eggs within the mother’s body
until embryonic development is complete. Shelled eggs
must be fertilized in the oviduct before the shell and
albumen are deposited. Many viviparous vertebrates
and vertebrates that lay shelled eggs have some sort
of intromittent organ—such as the pelvic claspers of
sharks and the penis of amniotes—by which sperm are
inserted into the female’s reproductive tract.

Coordination and Integration

The nervous and endocrine systems respond to condi-
tions inside and outside an animal, and together they
control the actions of organs and muscles, coordinat-
ing them so they work in concert.

General Features of the Nervous System Individual cells
called neurons are the basic units of the nervous system.

In jawed vertebrates, elongated portions of the neurons,
the axons, are encased in a fatty insulating coat, the my-
elin sheath, that increases the conduction velocity of
the nerve impulse. The axons are generally collected like
wires in a cable, forming a nerve. Information enters the
neuron via short processes called dendrites. The brain
and spinal cord are known as the central nervous sys-
tem (CNS), and the nerves running between the CNS
and the body are known as the peripheral nervous sys-
tem (PNS).

The Spinal Cord The nerves of the PNS are segmentally
arranged, exiting from either side of the spinal cord be-
tween the vertebrae. The spinal cord receives sensory
inputs, integrates them with other portions of the CNS,
and sends impulses that cause muscles to contract and
glands to alter their secretion. The spinal cord has con-
siderable autonomy in many vertebrates. Even complex
movements such as swimming are controlled by the
spinal cord rather than the brain, and fishes continue
coordinated swimming movements when the brain is
severed from the spinal cord. Our familiar knee-jerk
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Figure 2-13 Kidney development in a generalized vertebrate embryo, showing the neph-

rotome regions.
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reaction is produced by the spinal cord as a reflex arc.
Development of more complex connections within the
spinal cord and between the spinal cord and the brain
has been a trend in vertebrate evolution.

The Somatic and Visceral Nervous Systems Vertebrates
are unique in having a dual type of nervous system:
the somatic nervous system (known as the voluntary
nervous system) and the visceral nervous system
(called the involuntary nervous system). This dual ner-
vous system mimics the dual pattern of development
of the mesoderm. The somatic nervous system inner-
vates the structures derived from the segmented por-
tion (the somites), including the striated muscles that
we can move consciously (e.g., the limb muscles), and
relays information from sensation that we are usually
aware of (e.g., from temperature and pain receptors in
the skin). The visceral nervous system innervates the
smooth and cardiac muscles that we usually cannot
move consciously (e.g., the gut and heart muscles) and
relays information from sensations that we are not
usually aware of, such as the receptors monitoring the
levels of carbon dioxide in the blood.

Each spinal nerve complex is made up of four types
of fibers: somatic sensory fibers coming from the body
wall, somatic motor fibers running to the body, visceral
sensory fibers coming from the gut wall and blood ves-
sels, and visceral motor fibers running to the muscles
and glands of the gut and to the blood vessels of both
the gut and peripheral structures like the skin. The
motor portion of the visceral nervous system is known
as the autonomic nervous system. In more derived
vertebrates, such as mammals, this system becomes
divided into two portions: the sympathetic nervous
system (usually acting to speed things up) and the
parasympathetic nervous system (usually acting to
slow things down).

Cranial Nerves Vertebrates also have nerves that
emerge directly from the brain; these cranial nerves
(10 pairs in the ancestral vertebrate condition, 12 in
amniotes) are identified by Roman numerals. Some
of these nerves, such as the ones supplying the nose
(the olfactory nerve, I) or the eyes (the optic nerve, II),
are not really nerves at all, but tracts—that is, parts of
the CNS. Somatic motor fibers in cranial nerves inner-
vate the muscles that move the eyeballs and the bran-
chiomeric muscles that power the jaws and gill arches,
and sensory nerves convey information from the head,
including the sense of taste. The special sensory nerves
that supply the lateral line in fishes are also derived
from the cranial nerves.

The vagus nerve (cranial nerve X) ramifies through
all but the most posterior part of the trunk, carrying
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the visceral motor nerve supply to various organs.
People who break their necks may be paralyzed from
the neck down (i.e., lose the function of their skeletal
muscles) but still may retain their visceral functions
(workings of the gut, heart, etc.) because the vagus

nerve is independent of the spinal cord and exits above
the break.

Brain Anatomy and Evolution All chordates have some
form of a brain, as a thickening of the front end of
the notochord. The brain of all vertebrates is a tripartite
(three-part) structure (Figure2-14), and the telencephalon
(front part of the forebrain) and the olfactory receptors
are probably true new features in vertebrates. In the
ancestral condition, the forebrain is associated with the
sense of smell, the midbrain with vision, and the hind-
brain with balance and detection of vibrations (hear-
ing, in the broad sense). These portions of the brain are
associated with the nasal, optic, and otic capsules of the
chondrocranium, respectively (see Figure 2-8).

The vertebrate brain has three parts: the forebrain,
midbrain, and hindbrain.

The Forebrain The forebrain has two parts:

e The anterior region of the adult forebrain, the telen-
cephalon, develops in association with the olfactory
capsules and coordinates inputs from other sensory
modalities. The telencephalon becomes enlarged in
different vertebrate groups and is known as the
cerebrum or cerebral hemispheres.

Tetrapods developed an area in the cerebrum
called the neocortex or neopallium, which is the pri-
mary seat of sensory integration and nervous con-
trol. Bony fishes also evolved a larger, more complex
telencephalon, but by a completely different mecha-
nism. Sharks and, perhaps surprisingly, hagfishes
independently evolved relatively large forebrains,
although a large cerebrum is primarily a feature of
birds and mammals.

e The posterior region of the forebrain is the dien-
cephalon, which contains structures that act as a
major relay station between sensory areas and
the higher brain centers. The pituitary gland, an
important endocrine organ, is a ventral outgrowth
of the diencephalon. The floor of the diencephalon
(the hypothalamus) and the pituitary gland form
the primary center for neural-hormonal coordina-
tion and integration. Another endocrine gland, the
pineal organ, is a median dorsal outgrowth of the
diencephalon that is a photoreceptor. Many early
tetrapods had a hole in the skull over the pineal
gland to admit light, and this condition persists in
some reptiles (e.g., the tuatara and many lizards).
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Figure 2-14 The generalized vertebrate brain.

The Midbrain The midbrain develops in conjunction
with the eyes and receives input from the optic nerve,
although in mammals the forebrain has taken over
much of the task of vision.

The Hindbrain The hindbrain has two portions:

e The posterior portion, the myelencephalon, or me-
dulla oblongata, controls functions such as respi-
ration and acts as a relay station for receptor cells
from the inner ear.

e The anterior portion of the hindbrain, the meten-
cephalon, develops an important dorsal outgrowth,
the cerebellum—present as a distinct structure
only in jawed vertebrates among living forms. The
cerebellum coordinates and regulates motor ac-
tivities whether they are reflexive (such as main-
tenance of posture) or directed (such as escape
movements).

The Sense Organs We think of vertebrates as having
five senses—taste, touch, sight, smell, and hearing—
but this list does not reflect the ancestral condition,
nor does it include all the senses of living vertebrates.
Complex, multicellular sense organs that are formed
from epidermal placodes and tuned to the sensory
worlds of the species that possess them are derived
features of many vertebrate lineages.

Cerebellum

Pituitary gland

Tectum |
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Chemosensation: Smell and Taste The senses of smell and
taste both involve the detection of dissolved molecules
by specialized receptors. We think of these two senses
as being closely interlinked; for example, our sense of
taste is poorer if our sense of smell is blocked because
we have a cold. However, the two senses are actually
very different in their innervation. Smell is a somatic
sensory system—sensing items at a distance, with the
sensations being received in the forebrain. Taste is a
visceral sensory system—sensing items on direct con-
tact, with the sensations being received initially in the

hindbrain.

Vision The receptor field of the vertebrate eye is arrayed
in a hemispherical sheet, the retina, which originates
as an outgrowth of the brain. The retina contains two
types of light-sensitive cells, cones and rods, which are
distinguished from each other by morphology, photo-
chemistry, and neural connections.

Electroreception The capacity to perceive electrical im-
pulses generated by the muscles of other organisms is
also a form of distance reception, but one that works only
in water. Electroreception was probably an important
feature of early vertebrates and is seen today primarily
in fishes and monotreme mammals. Many extant fishes
produce electrical discharge for communication with
other individuals or for protection from predators.
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Balance and Orientation Originally the structures in
the inner ear (the vestibular apparatus) detected an
animal’s position in space, and these structures retain
that function today in both aquatic and terrestrial ver-
tebrates. The basic sensory cell in the inner ear is the
hair cell, which detects the movement of fluid result-
ing from a change of position or the impact of sound
waves. The vestibular apparatus (one on either side of
the animal) is enclosed within the otic capsule of the
skull and consists of a series of sacs and tubules con-
taining a fluid called endolymph. The lower parts of the
vestibular apparatus, the sacculus and utriculus, house
sensory organs called maculae, which contain tiny
crystals of calcium carbonate resting on hair cells. Sen-
sations from the maculae tell the animal which way is
up and detect linear acceleration. The upper part of the
vestibular apparatus contains the semicircular canals.
Sensory areas located in swellings at the end of each
canal (ampullae) detect angular acceleration through
cristae, hair cells embedded in a jellylike substance,
by monitoring the displacement of endolymph dur-
ing motion. Jawed vertebrates have three semicircular
canals on each side of the head, hagfishes have one,
and lampreys and fossil jawless vertebrates have two
(Figure 2-15).

We often fail to realize the importance of our own
vestibular senses because we usually depend on vision to
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Figure 2-15 Anatomy of the vestibular apparatus in
fishes. The lamprey (a) has two semicircular canals (SSC),
whereas gnathostomes (represented by a shark, b) have three
semicircular canals.
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determine our position. We can sometimes be fooled,
however, as when sitting in a stationary train or car
and thinking that we are moving, only to realize from
the lack of input from our vestibular system that it is
the vehicle next to us that is moving.

Detection of Water Vibration Fishes and aquatic amphib-
ians have a structure running along the body on either
side, called the lateral line. Within this system, hair
cells are aggregated into neuromast organs, which de-
tect the movement of water around the body, and in-
formation is then fed back to the vestibular apparatus
for integration (see Chapter 4).

Hearing The inner ear is also used for hearing (recep-
tion of sound waves) by tetrapods and by a few derived
fishes. In tetrapods only, the inner ear contains the
cochlea (organ of hearing, also known as the lagena in
nonmammalian tetrapods). The cochlea and vestibu-
lar apparatus together are known as the membranous
labyrinth. Sound waves are transmitted to the cochlea,
where they create waves of compression that pass
through the endolymph. These waves stimulate the
auditory sensory cells, which are variants of the basic
hair cell.

The Endocrine System The endocrine system transfers
information from one part of the body to another via
the release of a chemical messenger (hormone) that
produces a response in the target cells. The time re-
quired for an endocrine response ranges from seconds
to hours. Hormones are produced in discrete endocrine
glands, whose primary function is hormone produc-
tion and excretion (e.g., the pituitary, thyroid, thymus,
and adrenals), and by organs with other major bodily
functions—such as the gonads, kidneys, and gastroin-
testinal tract. Endocrine secretions are predominantly
involved in controlling and regulating energy use,
storage, and release, as well as in allocating energy
to special functions at critical times. The trend in the
evolution of vertebrate endocrine glands has been
consolidation from scattered clusters of cells or small
organs in fishes to larger, better-defined organs in
amniotes.

The Immune System

Vertebrates have adaptive immunity, a type of immune
system different from that of invertebrates. While all
animals have innate, specifically genetically encoded
responses to pathogens that are fixed and unchang-
ing, vertebrates additionally have evolved lymphocytes
(a type of white blood cell), which provide a system of
adjustable antigen recognition. The adaptive immune
systems of jawless and jawed vertebrates are somewhat



different. While gnathostomes generate lymphocyte
receptors via immunoglobulin gene segments, lampreys
and hagfishes employ leucine-rich repeat molecules. In
addition, lampreys and hagfishes lack a thymus gland,

Summary

which produces lymphocytes in gnathostomes. The ag-
nathan condition is probably the ancestral condition for
vertebrates, as it more closely resembles the mode of
antipathogen responses in invertebrates.

Vertebrates are large, active members of the phylum
Chordata, a group of animals whose other members,
tunicates and cephalochordates (amphioxus), are small
and sluggish or entirely sessile as adults. Chordates
share with many other derived animal phyla the fea-
tures of being bilaterally symmetrical, with a distinct
head and tail end. Both embryological and molecular
evidence show that chordates are related to other ses-
sile marine animals, such as echinoderms.

Chordates are distinguished from other animals
by the presence of a notochord, a dorsal hollow nerve
chord, a muscular postanal tail, and an endostyle
(which is homologous to the vertebrate thyroid gland).
Vertebrates appear to be most closely related to tuni-
cates among nonvertebrate chordates, and most of the
differences in structure and physiology between ver-
tebrates and other chordates reflect an evolutionary
change to larger body sizes, greater levels of activity,
and predation rather than filter feeding.

Vertebrates have the unique features of an expanded
head with multicellular sense organs and a cranium
housing an enlarged, tripartite brain. The features that
distinguish vertebrates from other chordates appear to

Di ion Questi

be related to two critical embryonic innovations: a dou-
bling of the Hox gene complex and the development
of neural-crest tissue. The diverse activities of verte-
brates are supported by a complex morphology. Study
of embryology can throw light on the genetic basis and
developmental pathways underlying these structures.
In particular, neural-crest cells, which are unique to
vertebrates, are responsible for many of their derived
characters, especially those of the new anterior portion
of the head.

An adult vertebrate can be viewed as a group of
interacting anatomical and physiological systems
involved in protection, support and movement, acqui-
sition of energy, excretion, reproduction, coordination,
and integration. These systems underwent profound
changes in function and structure at several key points
in vertebrate evolution. The most important transition
was from the prevertebrate condition—as represented
today by the cephalochordate amphioxus—to the ver-
tebrate condition, shown by hagfishes and lampreys.
Other important transitions, to be considered in later
chapters, include the shift from jawless to jawed verte-
brates and from fish to tetrapod.

1. Suppose new molecular data showed that tunicates
and vertebrates are sister taxa. What difference
would this make to our assumptions about the
form of the original chordate animal? What addi-
tional features might this animal have possessed?

2. We noted that many features typical of vertebrates,
such as a distinct head and limbs of some sort for
locomotion, are seen in invertebrates such as insects
and crustaceans, and even in cephalopods (squid and
octopuses). What characteristic do these animals
share with vertebrates that might have led to the
independent evolution of such structures?

3. Why would evidence of sense organs in the head of
a fossil animal (such as Haikouella) suggest a close
relationship with vertebrates—that is, which criti-
cal vertebrate feature would have to be present?

4. Vertebrates have been thought of as “dual animals,”
consisting of both segmented and unsegmented
portions. How is this duality reflected in their
embryonic development and the structure of the
nervous system?

5. Among the extant vertebrates, only the bony fishes
(Osteichthyes) possess bone. (a) Why, then, do we
make the assumption that the ancestors of carti-
laginous fishes must have had bone that was sub-
sequently lost? (b) Why don’t we think this is true
for the lampreys and hagfishes?

6. Amphioxus obtains its oxygen by diffusion over
the body surface. Why aren’t vertebrates generally
able to do this—that is, why do most aquatic verte-
brates rely on gills for gas exchange?
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CHAPTER3

Early Vertebrates: Jawless
Vertebrates and the Origin of

Jawed Vertebrates

—|_he earliest vertebrates represented
an important advance over the nonvertebrate chordate
filter feeders. The most conspicuous new feature of
these early vertebrates was a distinct head end, con-
taining a tripartite brain enclosed by a cartilaginous
cranium (skull) and complex sense organs. They used
the newly acquired pharyngeal musculature that pow-
ered the gill skeleton to draw water into the mouth
and over the gills, which were now used for respira-
tion rather than for filter feeding. Early vertebrates
were active predators rather than sessile filter feeders.
Many of them also had external armor made of bone
and other mineralized tissues. We know a remarkable
amount about the anatomy of some of these early ver-
tebrates because the internal structure of their bony
armor reveals much of their soft anatomy.

Gnathostomes represent an advance in the verte-
brate body plan for high levels of activity and predation.
Jaws themselves are homologous with the structures
that form the gill arches and probably first evolved
as devices to improve the strength and effectiveness
of gill ventilation. Later the jaws were modified for
seizing and holding prey. In this chapter we trace the
earliest steps in the radiation of vertebrates, beginning
more than 500 million years ago, and discuss the
biology of both the Paleozoic agnathans
(the ostracoderms) and the extant
forms (hagfishes and lam-
preys). We also consider
the transition from the
jawless condition to the
jawed one and the biol-
ogy of some of the early
types of jawed fishes that did not
survive the Paleozoic era (placoderms and
acanthodians).

3.1 Reconstructing the Biology
of the Earliest Vertebrates

The Earliest Evidence of Vertebrates

Until very recently our oldest evidence of vertebrates
consisted of fragments of the dermal armor of the
jawless vertebrates colloquially known as ostraco-
derms. These animals were very different from any
vertebrate alive today. They were essentially fishes
encased in bony armor (Greek ostrac = shell and derm
= skin), quite unlike the living jawless vertebrates that
lack bone completely. Bone fragments that can be
assigned definitively to vertebrates are known from
the Ordovician period, some 480 million years ago,
although there are some pieces of mineralized material
that are tentatively believed to represent vertebrates
from the Late Cambrian period, around 500 million
years ago. This was about 80 million years before
whole-body vertebrate fossils became abundant, in the
Late Silurian period.
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Early Cambrian Vertebrates

Recent finds of early soft-bodied vertebrates from
the Early Cambrian of China extend the fossil record
back by another 40 million years or so, to around 520
million years ago. Two Early Cambrian vertebrates,
Myllokunmingia and Haikouichthys (although they may
be the same species), are found in the Chengjiang
Fauna, the fossil deposit that also yielded the pos-
sible vertebrate relative Haikouella (see Chapter 2).
These specimens are small, fish-shaped, and about
3 centimeters long (Figure 3-1a), and Haikouichthys is
now known from hundreds of well-preserved individu-
als. A third type of early vertebrate, Zhongjianichthys,
from the same deposit has a more eel-like body form.
Evidence of a notochord and myomeres marks these
animals as chordates, and the presence of a cranium
(nasal capsules and possibly otic capsules) and paired
sensory structures (probably representing eyes) at the
head end marks them as vertebrates because these

Ventral fin

(a)

Head shield

Mouth

(b)

structures are formed from neural-crest tissue (see
Chapter 2). These animals also have additional verte-
brate features: a dorsal fin and a ribbonlike ventral fin
(but without the fin rays seen in other vertebrates);
six to seven gill pouches with evidence of filamentous
gills and a branchial skeleton; myomeres that are prob-
ably W-shaped rather than V-shaped; and segmental
structures flanking the notochord that may represent
lampreylike arcualia. However, unlike ostracoderms,
the Early Cambrian vertebrates lack any evidence of
bone or mineralized scales. Additionally, evidence for
serial segmental gonads, as in amphioxus, emphasizes
their ancestral condition—in derived vertebrates the
gonads are nonsegmental.

Ordovician Vertebrates

The next good evidence of early vertebrates is from
the Early Ordovician. Several sites have yielded bone
fragments, suggesting that by this time vertebrates

Dorsal fin

> Bony trunk scales

Gill openings

Figure3-1 Some of the earliest vertebrates. (a) The Early Cambrian Myllokunmingia from
China. (b) The Ordovician pteraspid ostracoderm Astraspis from North America.
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had diversified and had a worldwide distribution. The
earliest complete fossils of vertebrates are from the
Late Ordovician of Bolivia, Australia, North America,
and Arabia. These were torpedo-shaped jawless fishes,
ranging from 12 to 35 centimeters in length, with a
bony external armor. The head and gill region were
encased by many small, close-fitting, polygonal bony
plates, and the body was covered by overlapping bony
scales. The bony head shield shows the presence of
sensory canals, special protection around the eye,
and—in the reconstruction of the North American
Astraspis (Figure 3-1b)—as many as eight gill openings
on each side of the head.

The Ordovician was also a time for great radiation
and diversification among marine invertebrates, fol-
lowing the extinctions at the end of the Cambrian. The
early radiation of vertebrates involved both jawed and
jawless groups, although the first evidence of jawed
fishes is in the Middle Ordovician, a little later than the
first ostracoderms. By the Late Silurian (about 400 mil-
lion years ago) both complete fossils of ostracoderms
and fragmentary fossils of gnathostomes are known
from diverse fossil assemblages worldwide.

The Origin of Bone and Other
Mineralized Tissues

Mineralized tissues composed of hydroxyapatite
are a major new feature of vertebrates. Enamel (or
enameloid) and dentine, which occur primarily in the
teeth among living vertebrates, are at least as old as
bone and were originally found in intimate associa-
tion with bone in the dermal armor of ostracoderms.
However, mineralized tissues did not appear at the
start of vertebrate evolution and are lacking in the
extant jawless vertebrates.

The Earliest Mineralized Tissues The origin of vertebrate
mineralized tissues remains a puzzle: the earliest-
known tissues were no less complex in structure than
the mineralized tissues of living vertebrates. The basic
units of mineralized tissue appear to be odontodes, lit-
tle toothlike elements formed in the skin. They consist
of projections of dentine, covered in some cases with
an outer layer of enameloid, with a base of bone. Our
own teeth are very similar to these structures (see Fig-
ure 2-6 in Chapter 2).

Odontode-like structures are seen today as the tiny
sharp denticles in the skin of sharks—and the larger
scales, plates, and shields on the heads of many ostra-
coderms and early bony fishes are interpreted as aggre-
gations of odontodes. Note that these bony elements
would not have been external to the skin like a snail’s

shell. Rather, they were formed within the dermis of
the skin and overlain by a layer of epidermis, as with
our own skull bones. The original condition for verte-
brate bone is to lack cells in the adult form; this type of
acellular bone is also known as aspidin. Cellular bone is
found only in gnathostomes and in some derived ostra-
coderms (osteostracans).

What could have been the original selective advan-
tage of mineralized tissues in vertebrates? The detailed
structure of the tissues forming the bony armor points
to a function more complex than mere protection.
Suggestions about the function of mineralized tissues
include storage and/or regulation of minerals such as
calcium and phosphorus, and insulation around elec-
troreceptive organs (like those of living sharks) that
enhanced detection of prey. A rigid bony head shield
might also have served a hydrodynamic function in the
earlier, finless vertebrates, providing stability while
swimming in the open water. Although we think of a
skeleton as primarily supportive or protective, our own
bone also serves as a store of calcium and phosphorus.
These hypotheses about the initial advantage of bone
and other mineralized tissues—protection, electrore-
ception, and mineral storage—are not mutually exclu-
sive. All of them may have been involved in the evolu-
tionary origin of these complex tissues.

The Problem of Conodonts

Curious microfossils known as conodont elements are
widespread and abundant in marine deposits from the
Late Cambrian to the Late Triassic periods. Conodont
elements are small (generally less than 1 millimeter
long) spinelike or comblike structures composed of
apatite (the particular mineralized calcium compound
that is characteristic of vertebrate hard tissues). They
originally were considered to be the partial remains of
marine invertebrates, but recent studies of conodont
mineralized tissues have shown that they are similar
in their microstructure to dentine, which is a uniquely
vertebrate tissue. Thus, conodont elements are now
considered to be the toothlike elements of true ver-
tebrates. This interpretation has been confirmed by
the discovery of impressions of complete conodont
animals with vertebrate features (such as a noto-
chord, a cranium, myomeres, and large eyes) and with
conodont elements arranged within the pharynx in a
complex apparatus (Figure 3-2).

The paleontological community is still debating
how conodont teeth fit into the evolutionary picture,
although the general consensus is that they represent
true vertebrates. However, some workers argue that
various features of conodonts are not vertebrate-like;
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Figure3-2 Conodonts. (a) Clydagnathus. (b) Close-up of
the feeding apparatus (conodont elements) inside the head of
Idiognathodus. The anterior S elements appear to be modified
for grasping, and the posterior P elements for crushing.

for example, conodont myomeres have the V shape of
nonvertebrate chordates. The ability to form mineralized
tissues in the skin is a feature of all vertebrates from
ostracoderms onward, but the production of teeth, or
toothlike structures, as seen in conodonts, may have
evolved independently several different times among
vertebrates, as discussed later in the chapter.

Accepting conodonts as vertebrates has changed our
ideas about early vertebrate interrelationships, partic-
ularly the importance—in the vertebrate phylogeny—
of having mineralized tissues. The toothlike structures
of conodonts and the bony dermal skeletons of ostra-
coderms are now thought to make these animals more
derived vertebrates than the soft-bodied, jawless fishes
living today (Figure 3-3).

The Environment of Early
Vertebrate Evolution

By the Late Silurian, ostracoderms and early jawed
fishes were abundant in both freshwater and marine
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environments. Under what conditions did the first
vertebrates evolve? The vertebrate kidney is very good
at excreting excess water while retaining biologically
important molecules and ions. That is what a fresh-
water fish must do, because its body fluids are con-
tinuously being diluted by the osmotic inflow of water
and it must excrete that water to regulate its internal
concentration (see Chapter 4). Thus, the properties of
the vertebrate kidney suggest that vertebrates evolved
in freshwater.

Despite the logic of that inference, however, a
marine origin of vertebrates is now widely accepted.
Osmoregulation is complex and fishes use cells in the
gills as well as the kidney to control their internal fluid
concentration. Probably the structure of the kidney is
merely fortuitously suited to freshwater.

Two lines of evidence support the hypothesis of a
marine origin of vertebrates:

e The earliest vertebrate fossils are found in marine
sediments.

e All nonvertebrate chordates and deuterostome
invertebrate phyla are exclusively marine forms, and
they have body fluids with approximately the same
osmolal concentration as their surroundings. Hag-
fishes also have concentrated body fluids, and these
high body-fluid concentrations probably represent
the original vertebrate condition.

3.2 Extant Jawless Fishes

The extant jawless vertebrates—hagfishes and
lampreys—once were placed with the ostracoderms in
the class “Agnatha” because they lack the gnathostome
features of jaws and two sets of paired fins. They also
have other ancestral features, such as lack of specialized
reproductive ducts, and neither has mineralized tissues.
However, it is now clear that the “Agnatha” is a para-
phyletic assemblage, and that ostracoderms are actually
more closely related to gnathostomes than are living jaw-
less vertebrates. Hagfishes and lampreys have often been
linked as cyclostomes because they have round, jawless
mouths, but this grouping may also be paraphyletic, since
lampreys and gnathostomes share derived features that
hagfishes lack (see Figure 3-3 and Figure 3-4 on page 52).
Because both hagfishes and lampreys appear to be
more distantly related to gnathostomes than were the
armored ostracoderms of the Paleozoic, we will look at
them before considering the extinct agnathans. The
fossil record of the extant jawless vertebrates is sparse.
Lampreys are known from the Late Devonian period—
Priscomyzon, a short-bodied form, from South Africa;



Recento N
T T T 1
(I
201.5—— ——
Q
[7]
=
251 o |
w
= =
-g g; “Ostracoderms” Z
5 ok | | a5
2 E = “Cephalaspida” =1 I «
5 8 E | 2l £ 5
— 2992 z —5 9 a >
= =] = = w
g = o 9 — o> al & i
o E. o 3 1 I 3 o
2 a" o ! o o
c 1 [
: s 4 3
= 1 (2]
3 " .
QL 1359 ! z =
g \ ! : g
N o 1 >
2 ! \ 2 el < £ © E = Bl
3|8 \——=c) < B} 3] 3! 2 = gf &
< |8 \ 1 5F 2 8 El o cpf _F © 3 o
a|c \ 1 o a n [ s o = (]
Q \ 1 gl & of < £' @) EN o z Z
g rowl <0 S wl 2 Qf wl 2 <l F
A HEE HEEE gl @
= Iz Fyoof 7 8 8
° a o o g ;
—1416- X —
5 s 3 o af o
= < Z o (7]
2 3 : 2
%—444—.&’ < £ 7
8 T 2 112, 7 %15, -H16. Osteichthyes
Q ~ \
3 '% v 14. Chondrichthyes 2
2 £ N + 13. Eugnathostomata
© E L +11. Gnathostomata
488 5§ 1) F10.
S x |\ -|-9.
5 S -_-I-B.
= §' : \\ -+ 6. Pteraspida 7. Myopterygii
3 1\ +5.
542 o 5 +4
T 2. '
1.
Millions
of years
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Figure 3-4 Simplified cladogram of vertebrates. Only living taxa and major extinct groups
are shown. Quotation marks indicate paraphyletic groups. An asterisk indicates possibly

paraphyletic groups. A dagger indicates extinct groups.

the Late Carboniferous period—Hardistiella from
Montana and Mayomyzon from Illinois; and the Early
Cretaceous period—Mesomyzon from southern China,
the first known freshwater form. All these fossil lam-
preys appear to have been specialized parasites similar
to the living forms. Myxinikela (an undisputed hagfish)
and a second possible hagfish relative, Gilpichthys, have
been found in the same Carboniferous deposits as
Mayomyzon.

Hagfishes—Myxiniformes

There are about 75 species of hagfishes in two
major genera (Eptatretus and Myxine). Adult hagfishes
(Figure 3-5) are elongated, scaleless, pinkish to purple in
color, and about half a meter in length. Hagfishes are
entirely marine, with a nearly worldwide distribution
except for the polar regions. They are primarily deep-
sea, cold-water inhabitants. They are the major scaven-
gers of the deep-sea floor, drawn in large numbers by
their sense of smell to carcasses.

Structural Characteristics Large mucous glands that
open through the body wall to the outside are a unique
feature of hagfishes. These so-called slime glands
secrete enormous quantities of mucus and tightly
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coiled proteinaceous threads. The threads straighten
on contact with seawater to entrap the slimy mucus
close to the hagfish’s body. An adult hagfish can pro-
duce enough slime within a few minutes to turn a
bucket of water into a gelatinous mess. This obnoxious
behavior is apparently a deterrent to predators. When
danger has passed, the hagfish makes a knot in its
body and scrapes off the mass of mucus, then sneezes
sharply to blow its nasal passage clear.

Hagfishes lack any trace of vertebrae, and their
internal anatomy shows many additional unspecial-
ized features. For example, the kidneys are simple, and
there is only one semicircular canal on each side of the
head. Hagfishes have a single terminal nasal opening
that connects with the pharynx via a broad tube, and
the number of gill openings on each side (1 to 15) var-
ies with the species. The eyes are degenerate or rudi-
mentary and covered with a thick skin.

The mouth is surrounded by six tentacles that can
be spread and swept to and fro by movements of the
head when the hagfish is searching for food. Two horny
plates in the mouth bear sharp toothlike structures
made of keratin rather than mineralized tissue. These
tooth plates lie to each side of a protrusible tongue and
spread apart when the tongue is protruded. When the
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Figure 3-5 Hagfishes.

tongue is retracted, the plates fold together and the
teeth interdigitate in a pincerlike action.

Hagfishes have large blood sinuses and very low
blood pressure. In contrast to all other vertebrates,
hagfishes have accessory hearts in the liver and tail
regions in addition to the true heart near the gills.
These hearts are aneural, meaning that their pump-
ing rhythm is intrinsic to the hearts themselves
rather than coordinated via the central nervous sys-
tem. In all these features, hagfishes resemble the
condition seen in amphioxus—although, like other
vertebrates, their blood does have red blood cells
containing hemoglobin, and the true heart has three
chambers.

Feeding Hagfishes attack dead or dying vertebrate
prey. Once attached to the flesh, they can tie a knot in
their tail and pass it forward along their body until they
are braced against their prey and can tear off the flesh
in their pinching grasp. They often begin by eating only
enough outer flesh to enter the prey’s coelomic cavity,
where they dine on soft parts. Some recent, but contro-
versial, research suggests that hagfishes can actually
absorb dissolved organic nutrients through their skin
and gill tissues.

Tongue
muscle

pouch

Internal openings
to branchial pouches

Reproduction In most species, female hagfishes out-
number males by a hundred to one; the reason for
this strange sex ratio is unknown. Examination of the
gonads suggests that at least some species are her-
maphroditic, but nothing is known of mating. The yolky
eggs, which are oval and more than a centimeter long,
are encased in a tough, clear covering that is secured
to the sea bottom by hooks. The eggs are believed to
hatch into small, completely formed hagfishes, bypass-
ing a larval stage. Unfortunately, almost nothing is
known of the embryology or early life history of any
hagfish because few eggs have been available for study.
However, some hagfish embryos have recently been
examined, and it has been determined that hagfishes
possess neural crests like other vertebrates.

Hagfishes and Humans We still know very little about
hagfish ecology: we do not know how long hagfishes
live; how old they are when they first begin to repro-
duce; exactly how, when, or where they breed; where
the youngest juveniles live; what the diets and energy
requirements of free-living hagfishes are; or virtually any
of the other information needed for good management
of commercially exploited populations of hagfishes.
And, strangely enough, hagfishes do have an economic
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importance for humans. Almost all so-called eel-skin
leather products are made from hagfish skin. Worldwide
demand for this leather has eradicated economically
harvestable hagfish populations in Asian waters and in
some sites along the West Coast of North America.

Lampreys—Petromyzontiformes

There are around 40 species of lampreys in two major
genera (Petromyzon and Lampetra); the adults of differ-
ent species range in size from around 10 centimeters
up to 1 meter.

Structural Characteristics Although lampreys are similar
to hagfishes in size and shape (Figure 3-6), they have
many features that are lacking in hagfishes but shared
with gnathostomes. Traditionally it has been assumed
that only lampreys had structures homologous with
the vertebrae of jawed vertebrates: minute cartilagi-
nous elements called arcualia, homologous with the
neural arches of vertebrae. However, recent work has
shown that hagfishes also have vertebral rudiments
in the ventral portion of their tails (homologs of the
hemal arches).

Lampreys are unique among living vertebrates in
having a single nasal opening situated on the top of the
head, combined with a duct leading to the hypophysis
(pituitary) and known as a nasohypophysial opening.
Development of this structure involves distortion of
the front of the head, and its function is not known.
Several groups of ostracoderms had an apparently sim-
ilar structure, which evidently evolved convergently in
those groups. The eyes of lampreys are large and well
developed, as is the pineal body, which lies under a
pale spot just posterior to the nasal opening. In con-
trast to hagfishes, lampreys have two semicircular
canals on each side of the head—a condition shared
with the extinct ostracoderms as well as in gnathos-
tomes. In addition, the heart is innervated by the
parasympathetic nervous system (the vagus nerve, X),
as in gnathostomes, but not in hagfishes. Chloride-
transporting cells in the gills and well-developed kid-
neys regulate ions, water, and nitrogenous wastes, as
well as overall concentration of body fluids, allowing
lampreys to exist in a variety of salinities.

Lampreys have seven pairs of gill pouches that open
to the outside just behind the head. In most other fishes
and in larval lampreys, water is drawn into the mouth
and then pumped out over the gills in continuous or
flow-through ventilation. Adult lampreys spend much
of their time with their suckerlike mouths affixed to the
bodies of other fishes, and during this time they cannot
ventilate the gills in a flow-through fashion. Instead,
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they use a form of tidal ventilation by which water is
both drawn in and expelled through the gill slits. A flap
called the velum prevents water from flowing out of the
respiratory tube into the mouth. The lampreys’ mode
of ventilation is not very efficient at oxygen extraction,
but it is a necessary compromise given their specialized
mode of feeding.

Feeding Most adult lampreys are parasitic on other
fishes, although some small, freshwater species have
nonfeeding adults. The parasitic species attach to the
body of another vertebrate (usually a bony fish that is
larger than the lamprey) by suction and rasp a shallow,
seeping wound through the integument of the host.
The round mouth is located at the bottom of a large
fleshy funnel (the oral hood), the inner surface of which
is studded with keratinized conical spines. The oral
hood, which appears to be a hypertrophied upper lip, is
aunique derived structure in lampreys. The protrusible
tonguelike structure is also covered with spines, and
together these structures allow tight attachment and
rapid abrasion of the host’s integument. This tongue
is not homologous with the tongue of gnathostomes
because the tongue muscle is innervated by a different
cranial nerve (the trigeminal nerve, V, rather than the
hypoglossal nerve, XII).

An oral gland secretes an anticoagulant that pre-
vents the victim’s blood from clotting. Feeding is prob-
ably continuous when a lamprey is attached to its host.
The bulk of an adult lamprey’s diet consists of body flu-
ids of fishes. The digestive tract is straight and simple,
as one would expect for an animal with a diet as rich
and easily digested as blood and tissue fluids. Lampreys
generally do not kill their hosts, but they do leave a
weakened animal with an open wound. At sea, lampreys
feed on several species of whales and porpoises in
addition to fishes. Swimmers in the Great Lakes, after
having been in the water long enough for their skin
temperature to drop, have reported initial attempts by
lampreys to attach to their bodies.

Reproduction Lampreys are primarily found in north-
ern latitude temperate regions, although a few species
are known from southern temperate latitudes. Nearly
all lampreys are anadromous; that is, they live as adults
in oceans or big lakes and ascend rivers and streams to
breed. Some of the most specialized species live only
in freshwater and do all of their feeding as larvae, with
the adults acting solely as a reproductive stage in the
life history of the species. Little is known of the habits
of adult lampreys because they are generally observed
only during reproductive activities or when captured
with their host.
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Female lampreys produce hundreds to thousands
of eggs, about a millimeter in diameter and devoid of
any specialized covering such as that found in hag-
fishes. Male and female lampreys construct a nest by
attaching themselves by their mouths to large rocks
and thrashing about violently. Smaller rocks are dis-
lodged and carried away by the current. The nest is
complete when a pit is rimmed upstream by large
stones, downstream by a mound of smaller stones and
sand that produces eddies. Water in the nest is oxy-
genated by this turbulence but does not flow strongly
in a single direction. The female attaches to one of
the upstream rocks, laying eggs, and the male wraps
around her, fertilizing the eggs as they are extruded,
a process that may take two days. Adult lampreys die
after breeding once.

The larvae hatch in about two weeks. The larvae
are radically different from their parents and were
originally described as a distinct genus, Ammocoetes
(see Figure 3-6¢). This name has been retained as a
vernacular name for the larval form. A week to ten
days after hatching, the tiny 6- to 10-millimeter-long
ammocoetes leave the nest. They are wormlike organ-
isms with a large, fleshy oral hood and nonfunctional
eyes hidden deep beneath the skin. Currents carry
the ammocoetes downstream to backwaters and
quiet banks, where they burrow into the soft mud or
sand and spend three to seven years as sedentary fil-
ter feeders. The protruding oral hood funnels water
through the muscular pharynx, where food particles
are trapped in mucus and carried to the esophagus.
An ammocoete may spend its entire larval life in the
same bed of sediment, with no major morphological
or behavioral change until it is 10 centimeters or
longer and several years old. Adult life is usually no
more than two years, and many lampreys return to
spawn after one year.

Lampreys and Humans During the past hundred years,
humans and lampreys have increasingly been at
odds. Although the sea lamprey, Petromyzon marinus,
seems to have been indigenous to Lake Ontario, it
was unknown from the other Great Lakes of North
America before 1921. From the 1920s to the 1950s,
lampreys expanded rapidly across the entire Great
Lakes basin, and by 1946 they inhabited all the Great
Lakes. Lampreys were able to expand unchecked until
sporting and commercial interests became alarmed
at the reduction of economically important fish spe-
cies, such as lake trout, burbot, and lake whitefish.
Chemical lampricides as well as electrical barriers and
mechanical weirs at the mouths of spawning streams
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have been employed to bring the Great Lakes lamprey
populations down to their present level.

3.3 The Importance of
Extant Jawless Vertebrates
in Understanding Ancient
Vertebrates

The fossil record of the first vertebrates reveals little
about their pre-Silurian evolution, and it yields no
undisputed clues about the evolution of vertebrate
structure from the condition in nonvertebrate chor-
dates. Hagfishes and lampreys may provide examples
of the early agnathous radiation, but do hagfishes
really represent a less derived type of vertebrate than
the lamprey? This question is important for under-
standing the biology of the first vertebrates: Were the
first vertebrates as lacking in derived characters as
living hagfishes appear to be, or were they somewhat
more complex animals?

Anatomical Evidence

On balance, anatomical features of hagfishes appear
to represent a more ancestral condition than those
in lampreys, but the interpretation of many of these
features is controversial.

e Some aspects of the anatomy of hagfishes, notably
aspects of the brain and neuroanatomy, do appear to
be truly ancestral.

e Other apparently basal features, such as the rudi-
mentary eyes, may represent a secondary loss of
more derived characters.

e Some characters, such as the very simple kidney, the
lack of innervation of the heart (and the presence
of amphioxus-like accessory hearts), and the body
fluids that are the same concentration as seawater,
are simply hard to interpret.

Molecular Evidence

The majority of molecular studies link hagfishes and
lampreys as sister taxa, but we cannot get molecules
from early nonvertebrate chordates (such as the
Cambrian Haikouella) or from early vertebrates (such
as the Cambrian vertebrate Haikouichthys and the huge
diversity of ostracoderms) for comparison. Missing
data of this sort can bias the computer programs that
create phylogenies by introducing a statistical artifact
known as “long branch attraction” that does not rep-
resent the true phylogenetic relationship. We do not



claim here that the molecular findings in the case of
lampreys and hagfishes are artifacts, but the difference
in the results obtained from morphological data versus
molecular data is troubling.

Recent molecular studies have focused on small por-
tions of the genome called microRNAs, which are par-
ticularly prominent in vertebrates, and which appear to
have been accumulating in vertebrate genomes over
time (see Chapter 2). Studies of hagfishes and lampreys
show that these two types of cyclostomes have four
unique families of microRNAs, suggesting that they
are in fact closely related. However, microRNAs appar-
ently may be lost over time, so the debate is likely to
continue.

34 The Radiation of Paleozoic
Jawless Vertebrates—
“Ostracoderms”

“Ostracoderms” is a paraphyletic assemblage because
some more derived types of ostracoderms are clearly
more closely related to the gnathostomes (jawed ver-
tebrates) than others (see Figure 3-3). Our interpreta-
tion of exactly how different lineages of ostracoderms
are related to one another and to living vertebrates
has changed considerably since the latter part of the
twentieth century.

Ostracoderms are clearly more derived than extant
agnathans: Ostracoderms had dermal bone, and
impressions on the underside of the dorsal head shield
suggest that they had derived (i.e., gnathostome-like)
features—a cerebellum in the hindbrain and an olfactory
tract connecting the olfactory bulb with the forebrain.
(Living agnathans lack a distinct cerebellum, and
their olfactory bulbs are incorporated within the rest
of the forebrain rather than placed more anteriorly
and linked to the head via the olfactory tract [cranial
nerve I].)

Characters of Ostracoderms

Most ostracoderms are characterized by the pres-
ence of a covering of dermal bone, usually in the
form of an extensive armored shell, or carapace, but
sometimes in the form of smaller plates or scales
(e.g., anaspids), and some are relatively naked (e.g.,
thelodonts). Ostracoderms ranged in length from
about 10 centimeters to more than 50 centimeters.
Although they lacked jaws, some apparently had
various types of movable mouth plates that have
no analogues in any living vertebrates. These plates

were arranged around a small, circular mouth that
appears to have been located farther forward in the
head than the larger, more gaping mouth of jawed
vertebrates. Most species of ostracoderms probably
ate small, soft-bodied prey.

Most ostracoderms had some sort of midline dorsal
fin, and although many heterostracans and anaspids
had some sort of anterior, paired, finlike projections,
only the more derived osteostracans had true pectoral
fins, with an accompanying pectoral girdle and endo-
skeletal fin supports. As in living jawless vertebrates,
the notochord must have been the main axial support
throughout adult life. Figure 3-7 depicts some typical
ostracoderms.

Agnathans and Gnathostomes

During the Late Silurian and the Devonian, most
major known groups of extinct agnathans coexisted
with early gnathostomes, and it is highly unlikely
that ostracoderms were pushed into extinction by
the radiation of gnathostomes after 50 million years
of coexistence. Jawless and jawed vertebrates appear
to represent two different basic types of animals that
probably exploited different types of resources. The
initial reduction of ostracoderm diversity at the end
of the Early Devonian may be related to a lowering
of global sea levels, with the resulting loss of coastal
marine habitats. The extinction of the ostracoderms in
the Late Devonian occurred at the same time as mass
extinctions among many marine invertebrates, which
suggests that their demise was not due to gnathos-
tome competition. Gnathostomes also suffered in the
Late Devonian mass extinctions, and the placoderm
lineage that dominated the Devonian period became
extinct at its end.

3.5 The Basic Gnathostome
Body Plan

Gnathostomes are considerably more derived than
agnathans, not only in their possession of jaws but
also in many other ways. Jaws allow a variety of
new feeding behaviors, including the ability to grasp
objects firmly, and along with teeth enable the animal
to cut food to pieces small enough to swallow or to
grind hard foods. New food resources became avail-
able when vertebrates evolved jaws: Herbivory was
now possible, as was taking bite-sized pieces from large
prey items, and many gnathostomes became larger
than contemporary jawless vertebrates. A grasping,
movable jaw also permits manipulation of objects:
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jaws are used to dig holes, to carry pebbles and vegeta-
tion to build nests, and to grasp mates during courtship
and juveniles during parental care. However, it seems
that the likely origin of jaws was for more efficient gill
ventilation rather than predation, as will be discussed
later.

Gnathostome Biology

Gnathostomes are first known with certainty from
the Early Silurian, but isolated sharklike scales sug-
gest that they date back to the Middle Ordovician.
The difference between gnathostomes and agnathans
is traditionally described as the presence of jaws that
bear teeth and two sets of paired fins or limbs (pectoral
and pelvic). However, the gnathostome body plan
(Figure 3-8) reveals that they are characterized by many
other features, implying that gnathostomes represent
a basic step up in level of activity and complexity from
the jawless vertebrates. Interestingly, the form of the
gnathostome lower jaw seems to be most variable in

the Silurian, when jawed fishes were not very common.
By the Devonian, when the major radiation of jawed
vertebrates commenced, the variety of jaw forms had
stabilized.

These derived features include improvements in loco-
motor and predatory abilities and in the sensory and
circulatory systems. Just as jawless vertebrates show a
duplication of the Hox gene complex in comparison to
nonvertebrate chordates (see Chapter 2), living jawed
vertebrates show evidence of a second Hox duplication
event. Gene duplication would have resulted in a greater
amount of genetic information, perhaps necessary for
building a more complex type of animal. However, as can
be seen in Figure 3-3, a number of extinct ostracoderm
taxa lie between living agnathans and gnathostomes, and
many features seen today only in gnathostomes might
have been acquired in a steplike fashion throughout
ostracoderm evolution. Paired pectoral fins, for example,
are usually considered to be a gnathostome character, but
some osteostracans had evolved paired fins.

9 Segmental
5 Nerve cord Dorsal fin _, axial muscles Neural arch
Notochord < g
& Ay
SHHUED - - - - - x%
133 Hemal arch Caudal
) fin
8 Anal fin
7 Pelvic fins

Pectoral fins

Figure 3-8 Generalized jawed vertebrate (gnathostome) showing derived features
compared to the jawless vertebrate (agnathan) condition. Legend: 1. Jaws (containing
teeth) formed from the mandibular gill arch. 2. Gill skeleton consists of jointed branchial arches
and contains internal gill rakers that stop particulate food from entering the gills. Gill muscula-
ture is also more robust. 3. Hypobranchial musculature allows strong suction in inhalation and
suction feeding. 4. Two distinct olfactory tracts, leading to two distinct nostrils. 5. Original first
gill slit squeezed to form the spiracle, situated between the mandibular and hyoid arches. 6. Three
semicircular canals in the inner ear (addition of horizontal canal). 7. Addition of a conus arteriosus
to the heart, between the ventricle and the ventral aorta. (Note that the position of the heart is
actually more anterior than shown here, right behind the most posterior gill arch.) 8. Horizontal
septum divides the trunk muscle into epaxial (dorsal) and hypaxial (ventral) portions. It also
marks the position of the lateral line canal, containing the neuromast sensory organs. 9. Vertebrae
now have centra (elements surrounding the notochord) and ribs, but note that the earliest gnathos-
tomes have only neural and hemal arches, as shown in the posterior trunk.

59



JawsandTeeth Extant gnathostomes have teeth on their
jaws, but teeth must have evolved after the jaws were in
place because early members of the most basal group of
jawed fishes—the placoderms—appear to have lacked
true teeth (see section 3.6). Another reason to dissoci-
ate the evolution of jaws from the evolution of teeth is
the presence of pharyngeal toothlike structures in vari-
ous jawless vertebrates. These are most notable in the
conodonts previously discussed (see Figure 3-2) but
also have been reported in thelodonts, which are poorly
known ostracoderms that lack a well-mineralized skel-
eton. Developmental studies support the notion that
the first teeth were not oral structures but were located
in the pharynx.

Bony fishes and tetrapods have teeth embedded in
the jawbones (Figure 3-9). However, because teeth form
from a dermal papilla, they can be embedded only in
dermal bones, and cartilaginous fishes such as sharks
and rays lack dermal bone. The teeth of cartilaginous
fishes form within the skin, resulting in a tooth whorl
that rests on the jawbone but is not actually embed-
ded in it. This condition is probably the ancestral one
for all gnathostomes more derived than placoderms
because it is also seen in the extinct acanthodians
(see section 3.6).

Adding jaws and hypobranchial muscles (which
are innervated by spinal nerves) to the existing bran-
chiomeric muscles (innervated by cranial nerves)
allowed vertebrates to add powerful suction to their
feeding mechanisms (Figure 3-10a). The cranium of
gnathostomes has also been elongated both ante-
riorly and posteriorly compared with the agnathan
condition.

Vertebrate and Ribs Progressively more complex ver-
tebrae are another gnathostome feature. Gnathos-
tome vertebrae initially consisted of arches flanking
the nerve cord dorsally (the neural arches, which
are homologous with the arcualia of lampreys) with
matching arches below the notochord (the hemal
arches, which may be present in the tail only—see
the posterior portion of the trunk in Figure 3-8).
More derived gnathostomes had a vertebral centrum
or central elements with attached ribs (Figure 3-10b).
Still more complete vertebrae support the noto-
chord and eventually replace it as a supporting rod
for the axial muscles used for locomotion (mainly
in tetrapods). Well-developed centra were not a fea-
ture of the earliest jawed fishes and are unknown in
the two extinct groups of fishes—placoderms and
acanthodians.

Ribs are another new feature in gnathostomes.
They lie in the connective tissue between successive
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segmental muscles, providing increased anchorage
for axial muscles. There is now a clear distinction
between the epaxial and hypaxial blocks of the axial
muscles, which are divided by a horizontal septum
made of thin fibrous tissue that runs the length of
the animal. The lateral line canal—containing the
organs that sense vibrations in the surrounding
water—lies in the plane of this septum, perhaps
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Figure3-9 Gnathostome teeth. (a) Tooth whorl of a chon-
drichthyan. (b—d) Teeth embedded in the dermal bones of the
jaw as seen in osteichthyan fishes and tetrapods. (b) Pleurodont,
the basal condition: teeth set in a shelf on the inner side of the
jawbone, seen in some bony fishes and in modern amphibians
and some lizards. (c) Acrodont condition: teeth fused to the
jawbone, seen in most bony fishes and in some reptiles (derived
independently). (d) Thecodont condition: teeth set in sockets
and held in place by peridontal ligaments, seen in archosaurian
reptiles and mammals (derived independently).
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Figure3-10 Some gnathostome specializations. (a) Ventral view of a dogfish, showing both
branchiomeric muscles and the new, spinally innervated, hypobranchial muscles. (b) View of
generalized gnathostome vertebral form, showing central elements and ribs.

reflecting improved integration between locomotion
and sensory feedback. In the inner ear there is a third
(horizontal) semicircular canal, which may reflect
an improved ability to navigate and orient in three
dimensions.

What About Soft Tissues? Features such as jaws and ribs
can be observed in fossils, so we know that they are
unique to gnathostomes. However, we cannot know
for sure whether other new features within the soft
anatomy characterize gnathostomes alone or whether
they were adopted somewhere within the ostracoderm
lineage.

e We can surmise that some features of the nervous
system that are seen only in gnathostomes among
living vertebrates were acquired by the earliest ostra-
coderms. For example, impressions on the inner sur-
face of the dermal head shield reveal the presence of a
cerebellum in the brain and olfactory tracts.

e We can see that no ostracoderm possessed a third
semicircular canal.

e Anew feature of the nervous system in gnathostomes
is the insulating sheaths of myelin on the nerve fibers,
which increase the speed of nerve impulses.

e The heart of gnathostomes has an additional
small chamber in front of the pumping ventricle,
the conus arteriosus, which acts as an elastic

reservoir that smoothes out the pulsatile nature
of the flow of blood produced by contractions of a
more powerful heart. (Some workers consider that
lampreys, but not hagfishes, have a small conus
arteriosus despite their weak hearts and low blood
pressures.)

e Living agnathans lack a stomach, but some derived
ostracoderms mayhave had a stomach. Gnathostomes
also have a type of cartilage different from the
cartilage seen in the hagfishes and lampreys. (See
Chapter 2 and thelegend to Figure 3-3 in the Appendix
for additional gnathostome characters.)

e One particularly important gnathostome feature is
in the reproductive system, where the gonads now
have their own specialized ducts leading to the clo-
aca (see Chapter 2).

The Origin of Fins

Guidance of a body in three-dimensional space is
complicated. Fins act as hydrofoils, applying pressure
to the surrounding water. Because water is practically
incompressible, force applied by a fin in one direction
against the water produces a thrust in the opposite
direction. A tail fin increases the area of the tail, giv-
ing more thrust during propulsion, and allows the fin
to exert the force needed for rapid acceleration. Rapid
adjustments of the body position in the water may be
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Yaw

Figure 3-11 An early jawed fish (the acanthodian, Climatius). Views from the side and front
illustrate pitch, yaw, and roll and the fins that counteract these movements.

especially important for active, predatory fishes such
as the early gnathostomes, and the unpaired fins in the
midline of the body (the dorsal and anal fins) control
the tendency of a fish to roll (rotate around the body
axis) or yaw (swing to the right or left) (Figure3-11). The
paired fins (pectoral and pelvic fins) can control the
pitch (tilt the fish up or down) and act as brakes, and
they are occasionally specialized to provide thrust dur-
ing swimming, like the enlarged pectoral fins of skates
and rays.

The basic form of the pectoral and pelvic fins, as
seen today in chondrichthyans and basal bony fishes,
is for a tribasal condition. This means that three main
elements within the fin articulate with the limb girdle
within the body, and molecular studies back up the ana-
tomical ones in showing that this type of fin represents
the ancestral gnathostome condition. The paired fins
of gnathostomes also share patterns of development,
involving particular Hox genes, with the median fins of
lampreys.

Fins have non-locomotor functions as well. Spiny
fins are used in defense, and they may become systems
to inject poison when combined with glandular secre-
tions. Colorful fins are used to send visual signals to
potential mates, rivals, and predators. Even before the
gnathostomes appeared, fishes had structures that
served the same purpose as fins. Many ostracoderms
had spines or enlarged scales derived from dermal
armor that acted like immobile fins. Some anaspids had
long finlike sheets of tissue running along the flanks,
and osteostracans had pectoral fins.

62

3.6 The Transition from Jawless
to Jawed Vertebrates

In Chapter 2 we saw that the branchial arches were a
fundamental feature of the vertebrate cranium, pro-
viding support for the gills. It has long been known
that vertebrate jaws are made of the same mate-
rial as the skeletal elements that support the gills
(cartilage derived from the neural crest), and they
clearly develop from the first (mandibular) arch of
this series in vertebrates. (Note that while the word
“mandible” commonly refers to the lower jaw only,
the term “mandibular arch” includes both upper and
lower jaws.)

It is helpful at this stage to envisage the vertebrate
head as a segmented structure, with each branchial
arch corresponding to a segment (Figure 3-12). The
mandibular arch that forms the gnathostome jaw is
formed within the second head segment; jaw sup-
ports are formed from the hyoid arch of the third head
segment; and the more posterior branchial arches
that form the gill supports (arches 3 through 7) are
formed in head segments 4 through 8. The branchial
arch numbering does not match the numbering of
the head segments because no evidence exists for a
branchial arch functioning as a gill support structure
in the first (premandibular) segment at any point in
vertebrate history.

No living vertebrate has a pair of gill-supporting
branchial arches in such an anterior position as the
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jaws as shown in Figure 3-12(a). However, all ver-
tebrates have some structure in this position (i.e.,
in the second head segment) that appears to repre-
sent the modification of an anterior pair of pharyn-
geal arches; these are the jaws in gnathostomes and
velar cartilages (i.e., the structures that support the
velum) in lampreys and hagfishes. Thus it has been
proposed that the common ancestor of living verte-
brates had an unmodified pair of branchial arches
in this position, with a fully functional gill slit lying
between the first and second arches, and that living
jawless and jawed vertebrates are both divergently
specialized from this condition. There is no trace of a
gill slit between arches 1 and 2 in living jawless ver-
tebrates; but, in many living cartilaginous fishes, and
in a few bony fishes, there is a small hole called the
spiracle in this position, which is now used for water
intake. Figure 3-12 summarizes the differences in
the gill arches between jawed vertebrates and their
presumed jawless ancestor and illustrates the major
components of the hinged gnathostome gill arches
(as seen in arches 3 through 7).

Evolution of Gills of Early Vertebrates

Because ostracoderms are now viewed as “stem
gnathostomes,” any understanding of the origin
of gnathostomes must encompass the view that at
some point a jawless vertebrate was transformed into
a jawed one. However, for much of the last century,
researchers considered jawless and jawed vertebrates
as two separate evolutionary radiations. This was
because of the apparent nonhomology of their bran-
chial arches: at least in living jawless vertebrates (the
situation is less clear for the fossil ones), the gill arches
lie lateral to (that is, external to) the gill structures,
whereas in jawed vertebrates they lie medially (inter-
nal to the gills). Additionally, extant jawless vertebrates
have pouched gills with small, circular openings that
are different from the flatter, more lens-shaped open-
ings between the gills of gnathostomes. However, in
the early twenty-first century a veritable explosion
of studies on vertebrate head development (especially
studies of lampreys) showed that this difference in gill
arch position may be produced simply by a switch in
developmental timing.
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In addition, hagfishes and lampreys both have some
evidence of internal branchial elements in the form of
velar cartilages, and some living sharks have evidence
of small external branchial cartilages. That observation
raises the possibility that the earliest vertebrates may
have had both internal and external gill arches, and
that is a condition from which both the cyclostome and
gnathostome conditions could be derived.

The external branchial basket of lampreys, which
squeezes the pharyngeal area from the outside, may be
essential for the specialized tidal ventilation of adult
lampreys. In contrast, the strengthened (and jointed)
internal branchial arches in gnathostomes may be
related to the more powerful mode of gill ventilation
used by these vertebrates. In any event, the difference
in gill skeletons that was once thought to be an insur-
mountable problem for evolving jawed vertebrates
from jawless ones is now inconsequential.

However, there is one aspect of the agnathan
anatomy that did need to change before jaws could
develop: the nasohypophyseal duct (see Figure 3-6b)
that connects to the pituitary in the brain. In lampreys
this duct obstructs the lateral growth of the neural-
crest tissue that forms the gnathostome jaw, so this
connection had to be broken before jaws could evolve.
In gnathostomes the paired olfactory sacs are widely
separated and no longer connect to the hypophyseal
pouch. This separation has now been identified in
a derived ostracoderm, one of the galeaspids. Thus,
the rearrangement of cranial anatomy necessary for
jaw evolution was acquired in jawless fishes closely
related to gnathostomes.

Stages in the Origin of Jaws

In recent years, molecular developmental biology has
provided fresh insights into the issue of the origin of
jaws. It is worth noting that some of the controversies
described above relate to a couple of misconceptions
about the probable processes of evolution:

e First, we should consider that evolutionary trans-
formation does not involve changing one adult
structure into another adult structure; instead,
morphology is altered via modifications of gene
expression and shifts in developmental timing.

e Second, the fact that the lamprey lies below the posi-
tion of gnathostomes on the cladogram does not mean
that it represents a basal vertebrate condition. On the
contrary, lampreys, with their bizarrely hypertrophied
upper lip, are highly derived in their own right.

The same genes are expressed in the mandibular seg-
ments of lampreys and gnathostomes, indicating that
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the structures in this position are likely to be homolo-
gous. The lamprey velum and velar cartilages, composed
of mandibular segment tissue, are highly specialized
structures, and the lamprey upper lip is a strange mix-
ture of material from the mandibular (second) segment
and the premandibular (first) segment. Thus, lam-
preys clearly do not represent a generalized ancestral
condition from which gnathostomes might have been
derived.

Why Evolve Jaws? Although the complex evolutionary
hypotheses about the roles of internal and external bran-
chial arches described above may be valid, a relatively
simple change in the direction of the streams of neural-
crest tissue that form the arches could also account for
the difference in position of jaws in the adult. What is
perhaps of more interest to evolutionary morphologists
than how such a shift in branchial arch position could
have occurred is the reason why jaws evolved at all.

The notion that derived predatory vertebrates
should convert gill arches into toothed jaws has
been more or less unquestioned for decades. It is a
common assumption that jaws are superior devices
for feeding, and thus more derived vertebrates were
somehow bound to obtain them. However, this sim-
plistic approach does not address the issue of how
the evolutionary event might actually have taken
place: What use would a protojaw be prior to its full
transformation?

And even if early vertebrates needed some sort
of superior mouth anatomy, why modify a branchial
gill-supporting arch, which initially was located some
distance behind the mouth opening? Why not just
modify the existing cartilages and plates surrounding
the mouth? There is nothing about those structures
that prevents them from being modified. Quite the
contrary, in fact—the living agnathans have specialized
oral cartilages, and various ostracoderms apparently
had oral plates. Additionally, as we noted earlier, gna-
thostome teeth must have evolved after jaws evolved,
so the first jaws were toothless; and of what use could a
toothless jaw be? (A movie entitled Gums wouldn’t sell
out a theater.)

Jon Mallatt has proposed a novel explanation of the
origin of jaws based on the hypothesis that jaws were ini-
tially important for gill ventilation rather than predation.
Living gnathostomes are more active than jawless verte-
brates and have greater metabolic demands, and features
of the earliest known ones suggest that this was the con-
dition from the start of their evolutionary history. One
derived gnathostome feature associated with such high
activity is the powerful mechanism for pumping water
over the gills. Gnathostomes have a characteristic series
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of internal branchial muscles (with cranial nerve innova-
tion) as well as the new, external hypobranchials (with
spinal nerve innervation). These muscles not only push
water through the pharynx in exhalation but also suck
water into the pharynx during inhalation. Gnathostome
fishes can generate much stronger suction than agna-
thans, and powerful suction is also a way to draw food into
the mouth. Living agnathans derive a certain amount of
suction from their pumping velum, but this pump mostly
pushes (rather than sucks) water, and its action is weak.

Mallatt proposed that the mandibular branchial arch
enlarged into protojaws because it played an essential role
in forceful ventilation—rapidly closing and opening the
entrance to the mouth (Figure 3-13). During strong exhala-
tion, as the pharynx squeezed water back across the gills,
water was kept from exiting via the mouth by bending
the mandibular arch sharply shut. Next, during forceful
inspiration, the mandibular arch was rapidly straightened
to reopen the mouth and allow water to enter. To accom-
modate the forces of the powerful muscles that bent

65



the arch (the adductor mandibulae, modified branchial
muscles) and straightened it (the hypobranchial muscles),
the mandibular arch enlarged and became more robust.

The advantage of using the mandibular arch would be
that the muscles controlling it are of the same functional
series as the other ventilatory muscles, and their com-
mon origin would ensure that all of the muscles were
controlled by the same nerve circuits. In contrast, the
muscles of the more anterior oral cartilages would not
have been coupled with the musculature of the pharyn-
geal arches. Probably that would not have mattered if
feeding had been the original function of jaws, whereas
it would matter if the jaws had to coordinate their move-
ments with the pharyngeal arches that were responsible
for ventilation. This line of reasoning may explain why
the mandibular arch, rather than the more anterior oral
cartilages, became the jaws of gnathostomes.

3.7 Extinct Paleozoic
Jawed Fishes

With jaws that can grasp prey, muscles that produce
powerful suction, and other features indicative of
higher levels of activity, gnathostomes were able to
enter ecological niches unavailable to agnathan verte-
brates. We have numerous fossils of the entire bodies
of gnathostomes (rather than fragments such as teeth
and scales) from Devonian sediments. At this point,
gnathostomes can be divided into four distinctive
clades: two extinct groups—placoderms and acantho-
dians, and two groups that survive today—chondrich-
thyans (cartilaginous fishes) and osteichthyans (bony
vertebrates):

e Placoderms were highly specialized, armored fishes
that appear to be basal to other gnathostomes.

e The acanthodians, or “spiny sharks,” were small,
more generalized fishes. Although acanthodians have
been traditionally grouped with the bony fishes, new
studies suggest that the different species occupied a
diversity of positions in the vertebrate phylogeny.

e The cartilaginous fishes, which include sharks, rays,
and ratfishes, evolved distinctive specializations of
small dermal scales, internal calcification, jaw and
fin mobility, and reproduction.

e Bony fishes evolved endochondral bone in their
internal skeleton, a distinctive dermal head skeleton
that included an operculum covering the gills, and
an internal air sac forming a lung or a swim bladder.

The bony fishes include the ray-finned fishes (acti-
nopterygians), which comprise the majority of living
fishes, and the lobe-finned fishes (sarcopterygians).
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Only a few lobe-finned fishes survive today (lungfishes
and coelacanths), but they were more diverse in the
Paleozoic. (Furthermore, sarcopterygian fishes are the
group that gave rise to the tetrapods, and from this
perspective there are as many extant species of sarcop-
terygians as of actinopterygians.) If we take another
step back, Osteichthyes includes tetrapods, and we are
ourselves highly modified fishes. Bony fishes by them-
selves constitute a paraphyletic group because their
common ancestor is also the ancestor of tetrapods, and
the same is true of the lobe-finned fishes.

Before studying the extant groups of jawed fishes,
we turn to the placoderms and acanthodians to exam-
ine the variety of early gnathostomes. Figures 3-3 and
3-4 show the interrelationships of gnathostome fishes.
Living and extinct groups of chondrichthyans are dis-
cussed in Chapter 5, and osteichthyans are discussed
in Chapter 6.

Placoderms—The Armored Fishes

As the name placoderm (Greek placo = plate and derm =
skin) implies, placoderms were covered with a thick
bony shield over the anterior one-third to one-half of
their bodies. Unlike the ostracoderms, the bony shield
of placoderms was divided into separate head and
trunk portions, linked by a mobile joint that allowed
the head to be lifted up during feeding (Figure 3-14a).
The endoskeleton was mineralized by perichondral
bone ossification around the rim of the bone (peri-
chondral bone). (Ossification throughout the entire
bone [endochondral bone] appears to be limited to
osteichthyans.) Many (though not all) researchers con-
sider that placoderms are not a distinctive clade, but
rather represent a paraphyletic assemblage at the stem
of gnathostome evolution. This would mean that some
placoderm species were more closely related to the liv-
ing groups of gnathostomes than were others.

History of Placoderms Placoderms are known from the
Early Silurian to the end of the Devonian and were the
most diverse vertebrates of their time in terms of num-
ber of species, types of morphological specializations,
and body sizes, with the largest reaching a length of
8 meters, the size of a great white shark. Like the ostra-
coderms, they suffered massive losses in the Late Devo-
nian extinctions; but, unlike any ostracoderm group, a
few placoderm lineages continued for another 5 million
years, until the very end of the period. Ancestral placo-
derms were primarily marine, but a great many lineages
became adapted to freshwater and estuarine habitats.

Biology of Placoderms Placoderms have no modern
analogues, and their massive external armor makes
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Figure 3-14 Extinct Paleozoic fishes: placoderms and acanthodians.

interpreting their lifestyle difficult, although they were
apparently primarily inhabitants of deep water. Most
placoderms lacked true teeth; their toothlike struc-
tures (tooth plates, see Figure 3-14a) were actually
projections of the dermal jawbones that were subject
to wear and breakage without replacement. However,
some later placoderms did possess true teeth, possi-
bly evolved convergently with teeth of other gnathos-
tomes. It is impossible to know whether placoderms
had many of the soft-anatomy characters of living

gnathostomes, but it has been determined that, like
their extant relatives, they had myelinated nerve
sheaths. Structures preserved in one placoderm were
initially interpreted as being lungs, but this notion has
now been disproved: these supposed “lungs” appear to
be portions of the digestive tract that were filled with
sediment after death.

More than half of the known placoderms, nearly
200 genera, belonged to the predatory arthrodires
(Greek arthros = a joint and dira = the neck). As their
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name suggests, they had specializations of the joint
between the head shield and the trunk shield, allow-
ing an enormous head-up gape, probably increasing
both predatory and respiratory efficiency. There was a
large diversity of placoderms, many of them flattened,
bottom-dwelling forms, some even resembling modern-
day skates and rays. The antiarchs, such as Bothriolepis,
looked rather like armored catfishes (Figure 3—14b). Their
pectoral fins were also encased in the bony shield, so that
their front fins looked more like those of a crab. Perhaps
the best-known placoderm is Dunkleosteus, a voracious,
8-meter-long predatory arthrodire (Figure 3-14c); bio-
mechanical studies have shown that this fish had an
extraordinarily powerful bite and rapid gape expansion
for suction of prey items.

A recent study of placoderms from the Late Devonian
of Australia that preserve some soft-tissue structure has
provided much more information about these fishes. For
example, one way in which they are less derived than
other gnathostomes is that their segmental muscles
(myomeres) resemble those of lampreys in being only
weakly W-shaped and not distinctly separated into epax-
ial and hypaxial portions. Perhaps the most interesting
finding was evidence in one form, appropriately named
Materpiscis (Latin mater = mother and piscis = fish), that
had embryos and a structure interpreted as an umbili-
cal cord preserved within the body cavity. This evidence
of viviparity in at least some placoderms matches the
observation that some placoderms also have claspers on
their pelvic fins, resembling the pelvic claspers in male
modern cartilaginous fishes that are used for internal
fertilization (see Chapter 5). We can infer from this that
the placoderms, like living chondrichthyans, had internal
fertilization and probably complex courtship behaviors.

Acanthodians

Acanthodians are so named because of the stout spines
(Greek acantha = spine) anterior to their well-developed
dorsal, anal, and paired fins. Most researchers now con-
sider these fishes to be an array of early forms, some
of which were more closely related to the Osteichthyes,
others to the Chondrichthyes, and still others perhaps
less derived than any extant gnathostome. A recent
analysis of Acanthodes indicates that the form of the
chondrichthyan braincase is basal for gnathostomes.

History of Acanthodians Acanthodians lived from the
Late Ordovician through the Early Permian periods,
with their major diversity in the Early Devonian. The
earliest forms were marine, but by the Devonian they
were predominantly a freshwater group. Acanthodi-
ans had a basic fusiform fish shape with a heterocercal
tail fin (i.e., with the upper lobe larger than the lower
lobe; Figure 3-14d). This tail shape in modern fishes is
associated with living in the water column, rather than
being bottom-dwelling like the placoderms.

Biology of Acanthodians Acanthodians were usually not
more than 20 centimeters long, although some species
reached lengths of 2 meters. They had paired fins, lots of
them—some species had as many as six pairs of ventro-
lateral fins in addition to the pectoral and pelvic fins that
gnathostomes have (see Figure 3-14d). Most acanthodi-
ans had large heads with wide-gaping mouths, and the
teeth (in the species that had teeth—some species were
toothless) formed a sharklike tooth whorl. The acantho-
dids, the only group to survive into the Permian, were
elongate, toothless, and with long gill rakers. They were
probably plankton-eating filter feeders.

Summary

Fossil evidence indicates that vertebrates evolved in
a marine environment. Jawless vertebrates are first
known from the Early Cambrian, and there is evi-
dence that the first jawed vertebrates (gnathostomes)
evolved as long ago as the Middle Ordovician. The first
vertebrates would have been more active than their
ancestors, with a switch from filter feeding to more
active predation and with a muscular pharyngeal pump
for gill ventilation. The first mineralized tissues were
seen in the teeth of conodonts, enigmatic animals that
have only recently been considered true vertebrates.
Bone is a feature of many early vertebrates, although it
was absent from the Early Cambrian forms and is also
absent in the living jawless vertebrates—the hagfishes
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and lampreys. Bone is first found with accompany-
ing external layers of dentine and enamel-like tissue
in the dermal armor of early jawless fishes called the
ostracoderms. Current explanations for the original
evolutionary use of bone include protection, a store for
calcium and phosphorus, and housing for electrorecep-
tive sense organs.

Among the living jawless fishes, hagfishes are appar-
ently less derived in their anatomy than the lampreys
and all other known vertebrates, but molecular data
now suggest that they form a clade with lampreys,
which would mean that the apparently ancestral ana-
tomical features represent secondary loss of derived
characters.



Lampreys, in turn, are less derived than the extinct
armored ostracoderms. Ostracoderms are widely known
from the Silurian and Early Devonian, and none sur-
vived past the end of the Devonian. Ostracoderms were
not a unified evolutionary group: some forms (Cepha-
laspida) were more closely related to gnathostomes than
were other forms, sharing with gnathostomes the fea-
ture of a pectoral fin. Ostracoderms and gnathostomes
flourished together for 50 million years; thus there is
little evidence to support the idea that jawed vertebrates
outcompeted and replaced jawless ones.

Justas the evolution of vertebrates from nonvertebrate
chordates represented an advance in basic anatomy and
physiology, so did the evolution of jawed vertebrates from
jawless ones. Jaws may have evolved initially to improve
gill ventilation rather than to bite prey. In addition to
jaws, gnathostomes have a number of derived anatomical
features (such as true vertebrae, ribs, and a complete lat-
eral line sensory system), suggesting a sophisticated and
powerful mode of locomotion and sensory feedback.

Di ion Questi

The early radiation of jawed fishes, first known
in detail from the fossil record of the Late Silurian,
included four major groups. Two groups, the chon-
drichthyans (cartilaginous fishes) and osteichthyans
(bony fishes), survive today. Osteichthyans were the
forms that gave rise to tetrapods in the Late Devo-
nian. The other two groups, placoderms and acantho-
dians, are now extinct. Placoderms did not survive
past the Devonian, but acanthodians survived almost
until the end of the Paleozoic. Placoderms were
armored fishes, superficially like the ostracoderms in
their appearance. They were the most diverse fishes
of the Devonian and included large predatory forms.
Placoderms are considered to be basal to all other
gnathostomes, perhaps forming a paraphyletic stem
group. Acanthodians are more generalized fishes than
the placoderms were. Acanthodians were originally
considered to be the sister group to the bony fishes,
but are now considered to be a generalized basal gna-
thostome assemblage.

1. Did jawed vertebrates outcompete the jawless
ones? Does the fossil record provide any evidence?

2. How did the realization that conodont animals
were vertebrates change our ideas about the pat-
tern of vertebrate evolution?

3. How is the body-fluid composition of hagfishes
different from that of other vertebrates? How does
this difference figure in the debate about whether
vertebrates arose in fresh or salt water?

4. Ventilating the gills by taking water in through the
gill openings, as well as using the gill openings for

Additional Inf ion

water ejection, is not a very efficient way of doing
things. Why, then, do adult lampreys ventilate their
gills this way?

5. We usually think of jaws as structures that evolved
for biting. What might have been a different origi-
nal use, and what is the evidence for this?

6. Recent fossil evidence shows a placoderm with a
developing embryo inside her body. How might we
have been able to speculate that placoderms were
viviparous in the absence of such evidence?
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V ertebrates originated in the sea,

and more than half of the species of living vertebrates

are the products of evolutionary lineages that have never
left an aquatic environment. Water now covers 73 percent of
Earth’s surface (the percentage has been both higher and lower in
the past) and provides habitats extending from deep oceans, lakes,
and mighty rivers to fast-flowing streams and tiny pools in deserts. Fishes
have adapted to all these habitats, and there are more than 37,000 species
of extant cartilaginous and bony fishes.

Life in water poses challenges for vertebrates but offers many opportunities.
Aquatic habitats are some of the most ecologically productive on Earth, and
energy is plentifully available in many of them. Some aquatic habitats (coral reefs
are an example) have enormous structural complexity, whereas others (like the
open ocean) have virtually none. The diversity of fishes reflects specializations for

this variety of habitats.
The diversity of fishes and the habitats in which they live has offered unparalleled
scope for variations in life history. Some fishes produce millions of eggs that are
released into the water to drift and develop on their own, other species of fishes produce
a few eggs and guard both the eggs and the young, and numerous fishes give birth to
young that require no parental care. Males of some species of fishes are larger than
females; in others the reverse is true. Some species have no males at all, and a few species
of fishes change sex partway through life. Feeding mechanisms have been a central
element in the evolution of fishes, and the specializations of modern fishes range
from species that swallow prey longer than their own bodies to species that rapidly
extend their jaws like a tube to suck up minute invertebrates from tiny crevices. In
the Devonian period, vertebrates entered a new world as fishlike forms emerged
onto the land and occupied terrestrial environments. In this part of the book, we

consider the evolution of this extraordinary array of vertebrates.
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Living in Water

Although life evolved in water and
the earliest vertebrates were aquatic, the physical proper-
ties of water create some difficulties for aquatic animals.
To live successfully in open water, a vertebrate must ad-
just its buoyancy to remain at a selected depth and force
its way through a dense medium to pursue prey or to
escape its own predators. Heat flows rapidly between an
animal and the water around it, and it is difficult for an
aquatic vertebrate to maintain a body temperature that is
different from the water’s temperature. (That phenome-
non was dramatically illustrated when the Titanic sank—
in the cold water of the North Atlantic, most of the vic-
tims died from hypothermia rather than by drowning.)

Ions and water molecules move readily between
the external environment and an animal’s internal
body fluids, so maintaining a stable internal environ-
ment can be difficult. On the plus side, ammonia is
extremely soluble in water so disposal of nitrogenous
waste products is easier in aquatic environments than
on land. The concentration of oxygen in water is lower
than it is in air, however, and the density of water im-
poses limits on the kinds of gas-exchange structures
that can be effective.

Despite these challenges, many vertebrates are en-
tirely aquatic. Fishes, and especially the bony fishes, have
diversified into an enormous array of sizes and ways of
life. In this chapter we will examine some of the chal-
lenges of living in water and the ways aquatic verte-
brates have responded to them.

4.1 The Aquatic
Environment

Seventy-three percent of the surface of
Earth is covered by freshwater or salt water. Most
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of this water is held in the ocean basins, which are pop-
ulated everywhere by vertebrates. Freshwater lakes
and rivers hold a negligible amount of the water on
Earth—about 0.01 percent. This is much less than
the amount of water tied up in the atmosphere, ice,
and groundwater, but freshwater habitats are ex-
ceedingly rich biologically, and nearly 40 percent of
all bony fishes live in freshwater.

Water and air are both fluids at biologically relevant
temperatures and pressures, but they have different
physical properties that make them drastically differ-
ent environments for vertebrates to live in (Table 4-1).
In air, for example, gravity is an important force acting
on an animal, but fluid resistance to movement (air re-
sistance) is trivial for all but the fastest birds. In water,
the opposite relationship holds—gravity is negligible,
but fluid resistance to movement is a major factor with
which aquatic vertebrates must contend and most fishes
are streamlined. Although each major clade of aquatic
vertebrates solved environmental challenges in some-
what different ways, the basic
specializations needed by all
aquatic vertebrates are the
same.



Table 4-1 The physical properties of freshwater and air at 20°C. Most of these properties change with temperature and
atmospheric pressure, and some are affected by the presence of solutes as well.

Property Freshwater Air

Density 1 kg - liter! 0.0012 kg - liter
Dynamic viscosity 1mPa-s 0.018 mPa-s
Oxygen content 6.8 ml - liter” 209 ml - liter

Heat capacity 418k)-kg'-°K! 0.0012 kJ - kg™ - °K
Heat conductivity 0.58W-m™. K" 0.024W-m™. K"

Comparison

Water is about 800 times as dense as air.
Water is about 55 times as viscous as air.

The oxygen content of freshwater decreases from about
15 ml - liter" at 0°C to about 5 ml - liter " at 40°C. Seawater
contains less oxygen than freshwater—5.2 ml - liter”

at 20°C.

The heat capacity of water is about 3500 times that of air.

Water conducts heat about 24 times as fast as air.

Obtaining Oxygen in Water—Gills

Most aquatic vertebrates have gills, which are spe-
cialized structures where oxygen and carbon diox-
ide are exchanged. Teleosts are derived ray-finned
fishes, and this group includes the majority of spe-
cies of extant freshwater and marine fishes. The gills
of teleosts are enclosed in pharyngeal pockets called
the opercular cavities (Figure 4-1). The flow of water
is usually unidirectional—in through the mouth and
out through the gills. Flaps just inside the mouth and
flaps at the margins of the gill covers (opercula, sin-
gular operculum) of bony fishes act as valves to pre-
vent backflow. The respiratory surfaces of the gills
are delicate projections from the lateral side of each
gill arch. Two columns of gill filaments extend from
each gill arch. The tips of the filaments from adja-
cent arches meet when the filaments are extended.
As water leaves the buccal cavity, it passes over the
filaments. Gas exchange takes place at the numerous
microscopic projections from the filaments called
secondary lamellae.

The pumping action of the mouth and opercular
cavities (buccal pumping) creates a positive pressure
across the gills so that the respiratory current is only
slightly interrupted during each pumping cycle. Some
filter-feeding fishes and many pelagic fishes—such as
mackerel, certain sharks, tunas, and swordfishes—
have reduced or even lost the ability to pump water
across the gills. These fishes create a respiratory cur-
rent by swimming with their mouths open, a method
known as ram ventilation, and they must swim con-
tinuously. Many other fishes rely on buccal pumping
when they are at rest and switch to ram ventilation
when they are swimming.

The arrangement of blood vessels in the gills maxi-
mizes oxygen exchange. Each gill filament has two

arteries, an afferent vessel running from the gill arch
to the filament tip and an efferent vessel returning
blood to the arch. Each secondary lamella is a blood
space connecting the afferent and efferent vessels
(Figure 4-2 on page 75). The direction of blood flow
through the lamellae is opposite to the direction of
water flow across the gill. This arrangement, known
as countercurrent exchange, assures that as much
oxygen as possible diffuses into the blood. Pelagic
fishes such as tunas, which sustain high levels of ac-
tivity for long periods, have skeletal tissue reinforcing
the gill filaments, large gill exchange areas, and a high
oxygen-carrying capacity per milliliter of blood com-
pared with sluggish bottom-dwelling fishes, such as
toadfishes and flat fishes (Table 4-2 on page 76).

Obtaining Oxygen from Air—Lungs and
Other Respiratory Structures

Although the vast majority of fishes depend on gills to
extract dissolved oxygen from water, fishes that live
in water with low oxygen levels cannot obtain enough
oxygen via gills alone. These fishes supplement the
oxygen they get from their gills with additional oxygen
obtained from the air via lungs or accessory air respira-
tory structures.

The accessory surfaces used to take up oxygen from
air include enlarged lips that are extended just above
the water surface and a variety of internal structures
into which air is gulped. The anabantid fishes of tropi-
cal Asia (including the bettas and gouramies seen in
pet stores) have vascularized chambers in the rear
of the head, called labyrinths. Air is sucked into the
mouth and transferred to the labyrinth, where gas ex-
change takes place. Many of these fishes are facultative
air breathers; that is, they switch oxygen uptake from
their gills to accessory respiratory structures when the
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Figure 4-1 Anatomy of bony fish gills. (a) Position of gills in head and general flow of water;
(b) countercurrent flow of water (colored arrows) and blood (black arrows) through the gills.

level of oxygen in the water becomes low. Others, like
the electric eel and some of the snakeheads, are oblig-
atory air breathers. The gills alone cannot meet the
respiratory needs of these fishes, even if the water is
saturated with oxygen, and they drown if they cannot
reach the surface to breathe air.

We think of lungs as being the respiratory struc-
tures used by terrestrial vertebrates, as indeed they
are, but lungs first appeared in fishes and preceded the
evolution of tetrapods by millions of years. Lungs de-
velop embryonically as outpocketings (evaginations)
of the pharyngeal region of the digestive tract, origi-
nating from its ventral or dorsal surface. The lungs of
bichirs (a group of air-breathing fishes from Africa),
lungfishes, and tetrapods originate from the ventral
surface of the gut, whereas the lungs of gars (a group
of primitive bony fishes) and the lungs of the derived
bony fishes known as teleosts originate embryonically
from its dorsal surface.
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Lungs used for gas exchange need a large surface
area, which is provided by ridges or pockets in the wall.
This structure is known as an alveolar lung, and it is
found in gars, lungfishes, and tetrapods. Increasing
the volume of the lung by adding a second lobe is an-
other way to increase the surface area, and the lungs
of lungfishes and tetrapods consist of two symmetrical
lobes. (Bichirs have non-alveolar lungs with two lobes,
but one lobe is much smaller than the other; gars have
single-lobed alveolar lungs.)

Adjusting Buoyancy

Holding a bubble of air inside the body changes the
buoyancy of an aquatic vertebrate, and bichirs and te-
leost fishes use the lungs and swim bladders to regu-
late their position in the water. Air-breathing aquatic
vertebrates (whales, dolphins, seals, and penguins,
for example) can adjust their buoyancy by altering the
volume of air in their lungs when they dive.
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Figure 4-2 Countercurrent exchange in the gills of bony
fishes. (a) The direction of water flow across the gill opposes
the flow of blood through the secondary lamellae. Blood cells
are separated from oxygen-rich water only by the thin epithe-
lial cells of the capillary wall, as shown in the cross section

of a secondary lamella. (b) Countercurrent flow maintains a
difference in oxygen concentration (a diffusion gradient) be-
tween blood and water for the full length of the lamella and
results in a high oxygen concentration in the blood leaving the
gills. (c) If water and blood flowed in the same direction, the
difference in oxygen concentration and the diffusion gradient
would be high initially, but would drop to zero as the concen-
tration of oxygen equalized. No further exchange of oxygen
would occur, and the blood leaving the gills would have a low
oxygen concentration.

Bony Fishes Many bony fishes are neutrally buoyant
(i.e., have the same density as water). These fishes do
not have to swim to maintain their vertical position

in the water column. The only movement they make
when at rest is backpedaling of the pectoral fins to
counteract the forward thrust produced by water as it
is ejected from the gills and a gentle undulation of the
tail fin to keep them level in the water. Fishes capable
of hovering in the water like this usually have well-
developed swim bladders.

The swim bladder is located between the peritoneal
cavity and the vertebral column (Figure 4-3). The blad-
der occupies about 5 percent of the body volume of
marine teleosts and 7 percent of the volume of freshwa-
ter teleosts. The difference in volume corresponds to the
difference in density of salt water and freshwater—salt
water is denser, so a smaller swim bladder is sufficient.
The swim bladder wall, which has smooth walls com-
posed of interwoven collagen fibers without blood ves-
sels, is virtually impermeable to gas.

Neutral buoyancy produced by a swim bladder works
aslong as a fish remains at one depth, but if a fish swims
vertically up or down, the hydrostatic pressure that
the surrounding water exerts on the bladder changes,
which in turn changes the volume of the bladder. For
example, when a fish swims deeper, the additional
pressure of the water column above it compresses the
gas in its swim bladder, making the bladder smaller
and reducing the buoyancy of the fish. When the fish
swims toward the surface, water pressure decreases,
the swim bladder expands, and the fish becomes more
buoyant. To maintain neutral buoyancy, a fish must
adjust the volume of gas in its swim bladder as it
changes depth.

A bony fish regulates the volume of its swim blad-
der by secreting gas into the bladder to counteract the
increased external water pressure when it swims down
and removing gas when it swims up. Primitive teleosts—
such as bony tongues, eels, herrings, anchovies, salmon,
and minnows—retain a connection, the pneumatic duct,
between the gut and swim bladder (see Figure 4-3a).
These fishes are called physostomous (Greek phys =
bladder and stom = mouth), and goldfish are a familiar
example of this group. Because they have a connection
between the gut and the swim bladder, they can gulp
air at the surface to fill the bladder and can burp gas
out to reduce its volume.

The pneumatic duct is absent in adult teleosts from
more derived clades, a condition termed physoclistous
(Greek clist = closed). Physoclists regulate the volume
of the swim bladder by secreting gas from the blood
into the bladder. Both physostomes and physoclists
have a gas gland, which is located in the anterior ven-
tral floor of the swim bladder (see Figure 4-3b). Un-
derlying the gas gland is an area with many capillaries
arranged to give countercurrent flow of blood entering
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Table 4-2 Anatomical and physiological characteristics of three types of fishes

Oxygen Consumption

Gill Area (mm?- g Oxygen Capacity

Species of Fishes Activity (mlO,-g'-h™") body mass™) (ml O, - 100 ml blood™")
Mackerel (Scomber) High, swims continuously 0.73 1160 14.8
Porgy (Stenotomus) Intermediate 0.17 506 73
Toadfish (Opsanus) Sluggish, bottom dweller 0.11 197 6.2

and leaving the area. This structure, which is known as
a rete mirabile (“wonderful net,” plural retia mirabilia),
moves gas (especially oxygen) from the blood to the gas
bladder. It is remarkably effective at extracting oxygen
from the blood and releasing it into the swim bladder,
even when the pressure of oxygen in the bladder is many
times higher than its pressure in blood. Gas secretion
occurs in many deep-sea fishes despite the hundreds of
atmospheres of gas pressure within the bladder.

The gas gland secretes oxygen by releasing lactic
acid and carbon dioxide, which acidify the blood in
the rete mirabile. Acidification causes hemoglobin to
release oxygen into solution (the Bohr and Root effects).
Because of the anatomical relations of the rete mira-
bile, which folds back upon itself in a countercurrent
multiplier arrangement, oxygen released from the
hemoglobin accumulates and is retained within the
rete until its pressure exceeds the oxygen pressure in

Normal

Hemoglobin
saturation

Bohr effect

) _—
(a) Intestines (c) Oxygen pressure
Dorsal
aorta
To heart
Normal
£ ¢
88
2
R
@ »
T Root effect
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(b) Rete mirabile with parallel vessels dissected apart (d) Oxygen pressure

Figure 4-3 Swim bladder of bony fishes. (a) The swim bladder is in the coelomic cavity just
beneath the vertebral column. This is a physostomous fish, in which the swim bladder retains
its ancestral connection to the gut via the pneumatic duct. (b) The vascular connections of a
physoclistous swim bladder, which has lost its connection to the gut. (c) The Bohr effect is a
reduction in the affinity of hemoglobin for oxygen in the presence of acid. By creating a Bohr
effect, the gas gland causes hemoglobin to release oxygen (i.e., to bind less oxygen). (d) The Root
effect is a reduction in the maximum amount of oxygen that hemoglobin can bind. By creating
a Root effect, the gas gland prevents oxygen in the gland from binding to hemoglobin in the
blood. As a result, the oxygen pressure in the gas gland rises, and oxygen is released into the

swim bladder.
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the swim bladder. At this point oxygen diffuses into
the bladder, increasing its volume. The maximum
multiplication of gas pressure that can be achieved is
proportional to the length of the capillaries of the rete
mirabile, and deep-sea fishes have very long retia. A
large Root effect is characteristic only of the blood of
ray-finned fishes, and it is essential for the function of
the gas gland.

Physoclistous fishes have no connection between
the swim bladder and the gut, so they cannot burp
to release excess gas from the bladder. Instead, phy-
soclists open a muscular valve, called the ovale, lo-
cated in the posterior dorsal region of the bladder
adjacent to a capillary bed. The high internal pres-
sure of oxygen in the bladder causes it to diffuse
into the blood of this capillary bed when the ovale
sphincter is opened.

Cartilaginous Fishes Sharks, rays, and ratfishes do not
have swim bladders. Instead, these fishes use the
liver to create neutral buoyancy. The average tis-
sue densities of sharks with their livers removed are
heavier than water—1.06 to 1.09 grams per milliliter
compared to about 1.025 grams per milliliter for sea-
water. The liver of a shark, however, is well known for
its high oil content (shark-liver oil). Shark-liver tissue
has a density of only 0.95 gram per milliliter, which
is lighter than water, and the liver may contribute as
much as 25 percent of the body mass. A 4-meter tiger
shark (Galeocerdo cuvieri) weighing 460 kilograms on
land may weigh as little as 3.5 kilograms in the sea.
Not surprisingly, bottom-dwelling sharks, such as
nurse sharks, have livers with fewer and smaller oil
vacuoles in their cells, and these sharks are negatively
buoyant.

Nitrogen-containing compounds in the blood of
cartilaginous fishes also contribute to their buoyancy.
Urea and trimethylamine oxide in the blood and muscle
tissue provide positive buoyancy because they are less
dense than an equal volume of water. Chloride ions,
too, are lighter than water and provide positive buoy-
ancy, whereas sodium ions and protein molecules are
denser than water and are negatively buoyant. Overall
these solutes provide positive buoyancy.

Deep-Sea Fishes Many deep-sea fishes have deposits
of light oil or fat in the gas bladder, and others have
reduced or lost the gas bladder entirely and have lip-
ids distributed throughout the body. These lipids pro-
vide static lift, just like the oil in shark livers. Because a
smaller volume of the bladder contains gas, the amount
of secretion required for a given vertical descent is less.
Nevertheless, a long rete mirabile is needed to secrete

oxygen at high pressures, and the gas gland in deep-
sea fishes is very large. Fishes that migrate over large
vertical distances depend more on lipids such as wax
esters than on gas for buoyancy, whereas their close
relatives that do not undertake such extensive vertical
movements depend more on gas for buoyancy.

Air-Breathing Divers Air in the lungs of air-breathing
aquatic vertebrates reduces their density. Unlike most
fishes, air-breathing vertebrates must return to the
surface at intervals, so they do not hover at one depth
in the water column. Deep-diving animals, such as ele-
phant seals and some whales and porpoises, face a dif-
ferent problem, however. These animals dive to depths
of 1000 meters or more and are subjected to pressures
more than 100 times higher than at the surface. Under
those conditions, nitrogen would be forced from the air
in the lungs into solution in the blood and carried to
the tissues at high pressure. When the animal rose to-
ward the surface, the nitrogen would be released from
solution. If the animal moved upward too fast, the ni-
trogen would form bubbles in the tissues—this is what
happens when human deep-sea divers get “the bends”
(decompression sickness). Specialized diving mammals
avoid the problem by allowing the thoracic cavity to col-
lapse as external pressure rises. Air is forced out of the
lungs as they collapse, reducing the amount of nitrogen
that diffuses into the blood. Even these specialized div-
ers would have problems if they made repeated deep
dives, however; a deep dive is normally followed by a
period during which the animal remains near the surface
and makes only shallow dives until the nitrogen level in
its blood has equilibrated with the atmosphere. Despite
these specializations, the bones of sperm whales, which
dive to depths of 2000 m, contain areas of dead tissue
caused by the bends.

4.7 Water and the Sensory
World of Fishes

Water has properties that influence the behaviors
of fishes and other aquatic vertebrates. Light is ab-
sorbed by water molecules and scattered by suspended
particles. Objects become invisible at a distance of a
few hundred meters even in the very clearest water,
whereas distance vision is virtually unlimited in clear
air. Fishes supplement vision with other senses, some
of which can operate only in water. The most impor-
tant of these aquatic senses is mechanical and consists
of detecting water movement via the lateral line sys-
tem. Small currents of water can stimulate the sensory
organs of the lateral line because water is dense and
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viscous. Electrical sensitivity is another sensory mode
that depends on the properties of water and does not
operate in air. In this case it is the electrical conductiv-
ity of water that is the key. Even vision is different in
water and air because of the different refractive prop-
erties of the two media.

Vision

Vertebrates generally have well-developed eyes, but
the way an image is focused on the retina is different
in terrestrial and aquatic animals. Air has an index of
refraction of 1.00, and light rays bend as they pass
through a boundary between air and a medium with
a different refractive index. The amount of bending
is proportional to the difference in indices of refrac-
tion. Water has a refractive index of 1.33, and the
bending of light as it passes between air and water
causes underwater objects to appear closer to an
observer in air than they really are. The corneas of
the eyes of terrestrial and aquatic vertebrates have
an index of refraction of about 1.37, so light is bent
as it passes through the air-cornea interface. As a
result, the cornea of a terrestrial vertebrate plays a
substantial role in focusing an image on the retina.
This relationship does not hold in water, however,
because the refractive index of the cornea is too close
to that of water for the cornea to have much effect
in bending light. The lens plays the major role in fo-
cusing light on the retina of an aquatic vertebrate,
and fishes have spherical lenses with high refractive
indices. The entire lens is moved toward or away
from the retina to focus images of objects at differ-
ent distances from the fish. Terrestrial vertebrates
have flatter lenses, and muscles in the eye change the
shape of the lens to focus images. Aquatic mammals

such as whales and porpoises have spherical lenses
like those of fishes.

Chemosensation: Taste and Odor

Fishes have taste-bud organs in the mouth and around
the head and anterior fins. In addition, olfactory organs
on the snout detect soluble substances. Sharks and
salmon can detect odors at concentrations of less than
1 part per billion. Sharks, and perhaps bony fishes,
compare the time of arrival of an odor stimulus on the
left and right sides of the head to locate the source of
the odor. Homeward-migrating salmon are directed to
their stream of origin from astonishing distances by
a chemical signature from the home stream that was
permanently imprinted when they were juveniles.
Plugging the nasal olfactory organs of salmon destroys
their ability to home.
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Touch

Mechanical receptors detect touch, sound, pressure,
and motion. Like all vertebrates, fishes have an inter-
nal ear (the labyrinth organ, not to be confused with
the organ of the same name that assists in respiration
in anabantid fishes) that detects changes in speed and
direction of motion. Fishes also have gravity detec-
tors at the base of the semicircular canals that allow
them to distinguish up from down. Most terrestrial
vertebrates also have an auditory region of the inner
ear that is sensitive to sound-pressure waves. These
diverse functions of the labyrinth depend on basically
similar types of sense cells, the hair cells (Figure 4-4). In
fishes and aquatic amphibians, clusters of hair cells
and associated support cells form neuromast organs
that are dispersed over the surface of the head and
body. In jawed fishes, neuromast organs are often lo-
cated in a series of canals on the head, and one or more
canals pass along the sides of the body onto the tail.
This surface receptor system of fishes and aquatic am-
phibians is referred to as the lateral line system. Lat-
eral line systems are found only in aquatic vertebrates
because air is not dense enough to stimulate the neu-
romast organs. Amphibian larvae have lateral line sys-
tems, and permanently aquatic species of amphibians,
such as African clawed frogs and mudpuppies, retain
lateral lines throughout their lives. Terrestrial species
of amphibians lose their lateral lines when they meta-
morphose into adults, however, and terrestrial ver-
tebrates that have secondarily returned to the water,
such as whales and porpoises, do not have lateral line
systems.

Detecting Water Displacement

Neuromasts of the lateral line system are distributed
in two configurations—within tubular canals or ex-
posed in epidermal depressions. Many kinds of fishes
have both arrangements. Hair cells have a kinocilium
placed asymmetrically in a cluster of kinocilia. Hair
cells are arranged in pairs with the kinocilia positioned
on opposite sides of adjacent cells. A neuromast con-
tains many such hair-cell pairs. Each neuromast has
two afferent nerves: one transmits impulses from hair
cells with kinocilia in one orientation, and the other
carries impulses from cells with kinocilia positions
reversed by 180 degrees. This arrangement allows a
fish to determine the direction of displacement of the
kinocilia.

All kinocilia and microvilli are embedded in a ge-
latinous secretion, the cupula (Latin cupula = a small
tub). Displacement of the cupula causes the kinocilia
to bend. The resultant deformation either excites or
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Figure 4-4 Lateral line systems. (a) Semidiagrammatic representations of the two configu-
rations of lateral line organs in fishes. (b) Hair-cell deformations and their effect on hair-cell
transmembrane potential (receptor potential) and afferent nerve-cell discharge rates. Deflection
of the kinocilium (dark line) in one direction (the right in this diagram) depolarizes the cell and
increases the discharge rate (excitation). Deflection of the kinocilium in the opposite direction
(to the left in the diagram) hyperpolarizes the cell and reduces the discharge rate (inhibition).

inhibits the neuromast’s nerve discharge. Each hair-
cell pair, therefore, signals the direction of cupula
displacement. The excitatory output of each pair has
a maximum sensitivity to displacement along the line
joining the kinocilia, and falling off in other directions.
The net effect of cupula displacement is to increase the

firing rate in one afferent nerve and to decrease it in
the other nerve. These changes in lateral line nerve fir-
ing rates thus inform a fish of the direction of water
currents on different surfaces of its body.

Several surface-feeding fishes and African clawed
frogs provide vivid examples of how the lateral line
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organs act under natural conditions. These animals
find insects on the water surface by detecting sur-
face waves created by their prey’s movements. Each
neuromast group on the head of the killifish, Aplo-
cheilus lineatus, provides information about surface
waves coming from a different direction (Figure 4-5).
The groups of neuromasts have overlapping stimu-
lus fields, allowing the fish to determine the precise
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Figure 4-5 Distribution of the lateral line canal organs.
(a) The dorsal surface of the head of the killifish Fundulus
notatus. (b) The sensory fields of the head canal organs in a
different species of killifish, Aplocheilus lineatus. The wedge-
shaped areas indicate the fields of view for each group of canal
organs. Note that fields overlap on opposite sides as well as on
the same side of the body, allowing the lateral line system to
localize the source of a water movement.
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location of the insect. Removing a neuromast group
from one side of the head disturbs the directional re-
sponse to stimuli, showing that a fish combines in-
formation from groups on both sides of the head to
interpret water movements.

The large numbers of neuromasts on the heads of
some fishes might be important for sensing vortex
trails in the wakes of adjacent fishes in a school. Many
of the fishes that form extremely dense schools (her-
rings, atherinids, mullets) lack lateral line organs along
the flanks and retain canal organs only on the head.
These well-developed cephalic canal organs concentrate
sensitivity to water motion in the head region, where
it is needed to sense the turbulence into which the fish
is swimming, and the reduction of flank lateral line

elements would reduce noise from turbulence beside
the fish.

Electrical Discharge

Unlike air, water conducts electricity, and the torpedo
ray of the Mediterranean, the electric catfish from the
Nile River, and the electric eel of South America can
discharge enough electricity to stun prey animals and
deter predators. The weakly electric knifefishes (Gym-
notidae) of South America and the elephant fishes
(Mormyridae) of Africa use electrical signals for court-
ship and territorial defense.

All of these electric fishes use modified muscle
tissue to produce the electrical discharge. The cells
of such modified muscles, called electrocytes, are
muscle cells that have lost the capacity to contract
and are specialized for generating an ion current flow
(Figure 4-6). When at rest, the membranes of muscle
cells and nerve cells are electrically charged, with the
intracellular fluids about 84 millivolts more negative
than the extracellular fluids. The imbalance is primar-
ily due to sodium ion exclusion. When the cell is stim-
ulated, sodium ions flow rapidly across the smooth
surface, sending its potential to a positive 67 milli-
volts. Only the smooth surface depolarizes; the rough
surface remains at -84 millivolts, so the potential
difference across the cell is 151 millivolts (from -84
to +67 millivolts). Because electrocytes are arranged
in stacks like the batteries in a flashlight, the poten-
tials of many layers of cells combine to produce high
voltages. The South American electric eel has up to
10,000 layers of cells and can generate potentials in
excess of 600 volts.

Most electric fishes are found in tropical freshwaters
of Africaand South America. Few marine forms can gen-
erate specialized electrical discharges—among marine
cartilaginous fishes, only the torpedo ray (Torpedo), the
ray genus Narcine, and some skates are electric; and
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Figure 4-6 Weakly electric fishes. Some fishes use transmembrane potentials of modified
muscle cells to produce a discharge. In this diagram the smooth surface is on the left and the
rough surface on the right. Only the smooth surface is innervated. (a) At rest, K* (potassium
ion) is maintained at a high internal concentration and Na* (sodium ion) at a low internal
concentration by the action of a Na*/K" cell-membrane pump. Permeability of the membrane to
K" exceeds the permeability to Na™. As a result, K" diffuses outward faster than Na* diffuses in-
ward (arrow) and sets up the -84-mV resting potential. (b) When the smooth surface of the cell
is stimulated by the discharge of the nerve, Na® diffuses into the cell and K* diffuses out of the
smooth surface, changing the net potential to +67 mV. The rough surface does not depolarize
and retains a -84-mV potential, creating a potential difference of 151 mV across the cell. (c) A
weakly electric South American gymnotid, showing the location of electrocytes along the sides
of the body. (d) By arranging electrocytes in series so that the potentials of individual cells are
summed, some electric fishes can generate very high voltages. Electric eels, for example, have
10,000 electrocytes in series and produce potentials in excess of 600 volts.

among marine teleosts, only the stargazers (family
Uranoscopidae) produce specialized discharges.

Electroreception by Sharks and Rays The high conductiv-
ity of seawater makes it possible for sharks to detect the
electrical activity that accompanies muscle contractions
of their prey. Sharks have structures known as the am-
pullae of Lorenzini on their heads, and rays have them
on the pectoral fins as well. The ampullae are sensitive
electroreceptors (Figure 4-7). The canal connecting the
receptor to the surface pore is filled with an electrically
conductive gel, and the wall of the canal is nonconduc-
tive. Because the canal runs for some distance beneath
the epidermis, the sensory cell can detect a difference
in electrical potential between the tissue in which it
lies (which reflects the adjacent epidermis and environ-

ment) and the distant pore opening. Thus, it can detect
electric fields, which are changes in electrical potential
in space.

Electroreceptors of sharks respond to minute changes
in the electric field surrounding an animal. They act
like voltmeters, measuring differences in electrical
potentials across the body surface. Ampullary or-
gans are remarkably sensitive, with thresholds lower
than 0.01 microvolt per centimeter, a level of detection
achieved by only the best voltmeters.

Sharks use their electrical sensitivity to detect
prey. All muscle activity generates electrical potential:
motor nerve cells produce extremely brief changes in
electrical potential, and muscular contraction gener-
ates changes of longer duration. In addition, a steady
potential issues from an aquatic organism as a result of
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Figure 4-7 Ampullae of Lorenzini. (a) Distribution of the ampullae on
the head of a spiny dogfish, Squalus acanthias. Open circles represent
the surface pores; the black dots are positions of the sensory cells. (b) A
single ampullary organ consists of a sensory cell connected to the surface
by a pore filled with a substance that conducts electricity.

the chemical imbalance between the organism
and its surroundings. A shark can locate and
attack a hidden fish by relying only on this
electrical activity (Figure 4-8).

Sharks may use electroreception for navi-
gation as well as for locating prey. The elec-
tromagnetic field at Earth’s surface produces
tiny voltage gradients, and a swimming shark
could encounter gradients as large as 0.4 mil-

Figure 4-8 Electrolocation capacity of sharks.
(a) A shark can locate a live fish concealed from sight
beneath the sand. (b) The shark can still detect the
fish when it is covered by an agar shield that blocks
olfactory cues but allows the electrical signal to pass.
(c) The shark follows the olfactory cues (displaced
by the agar shield) when the live fish is replaced by
chopped bait that produces no electrical signal.

(d) The shark is unable to detect a live fish when it is
covered by a shield that blocks both olfactory cues
and the electrical signal. (e) The shark attacks elec-
trodes that give off an electrical signal duplicating

a live fish without producing olfactory cues. These
experiments indicate that when the shark was able
to detect an electrical signal, it used that to locate
the fish—and it was also capable of homing in on a
chemical signal when no electrical signal was pres-
ent. This dual system allows sharks to find both liv-
ing and dead food items.
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livolt per centimeter—well above the level
that can be detected by ampullary organs.
In addition, ocean currents generate electri-
cal gradients as large as 0.5 millivolt per cen-
timeter as they carry ions through Earth’s
magnetic field.

Electrolocation by Teleosts Unusual arrange-
ments of electrocytes are present in several
species of freshwater fishes that do not pro-
duce electric shocks. In these fishes—which
include the knifefishes (Gymnotidae) of South
America and the elephant fishes (Mormyri-
dae) of Africa—the discharge voltages are too
small to be of direct defensive or offensive
value. These weakly electric fishes are mostly
nocturnal and usually live in turbid waters
where vision is limited to short distances
even in daylight; they use their discharges for
electrolocation and social communications.
When a fish discharges its electric organ,
it creates an electric field in its immediate
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vicinity (Figure 4-9). Because of the high energy costs
of maintaining a continuous discharge, electric fishes
produce a pulsating discharge. Most weakly electric
teleost fishes pulse at rates between 50 and 300 cy-
cles per second, but the knifefishes of South Amer-
ica reach 1700 cycles per second, which is the most
rapid continuous firing rate known for any verte-
brate muscle or nerve.

The electric field from even weak discharges may ex-
tend outward for a considerable distance in freshwater
because electrical conductivity is relatively low. The
electric field the fish creates will be distorted by the
presence of electrically conductive and resistant ob-
jects. Rocks are highly resistive, whereas other fishes,

(c)

Figure 4-9 Weakly electric fishes. An electric field sur-
rounds a weakly electric fish. Electroreceptors in the skin
allow a fish to detect the presence of nearby objects by sensing
distortion of the lines of electrical force. (a) Nonconductive
objects, such as rocks, spread the field and diffuse potential
differences along the body surface. (b) Conductive objects,
such as another fish, concentrate the field on the skin of the
fish. (c) When two electric fish swim close enough to each
other to create interference between their electric fields, they
change the frequencies of their discharges.

invertebrates, and plants are conductive. Distortions
of the field cause a change in the distribution of elec-
trical potential across the fish’s body surface. An elec-
tric fish detects the presence, position, and movement
of objects by sensing where on its body maximum dis-
tortion of its electric field occurs.

The skin of weakly electric teleosts contains special
sensory receptors: ampullary organs and tuberous or-
gans. These organs detect tonic (steady) and phasic
(rapidly changing) discharges, respectively. Electrore-
ceptors of teleosts are modified lateral line neuromast
receptors. Like lateral line receptors, they have double
innervation—an afferent channel that sends impulses to
the brain and an efferent channel that causes inhibition
of the receptors. During each electric organ discharge,
an inhibitory command is sent to the electroreceptors,
and the fish is rendered insensitive to its own discharge.
Between pulses, electroreceptors report distortion in
the electric field or the presence of a foreign electric
field to the brain.

Electric organ discharges vary with habits and habi-
tat. Species that form groups or live in shallow, narrow
streams generally have discharges with high frequency
and short duration. These characteristics reduce the
chances of interference from the discharges of neigh-
bors. Territorial species, in contrast, have long electric
organ discharges. Electric organ discharges vary from
species to species. In fact, some species of electric
fishes were first identified by their electric organ dis-
charges, which were recorded by placing electrodes in
water that was too murky for any fishes to be visible.
During the breeding season, electric organ discharges
distinguish immature individuals, females with eggs,
and sexually active males.

Other Electroreceptive Vertebrates Electrogenesis and
electroreception are not restricted to a single group of
aquatic vertebrates, and monotremes (the platypus and
the echidna, early offshoots off the main mammalian
lineages that still lay eggs) use electroreception to detect
prey. Electrosensitivity was probably an early feature of
vertebrate evolution. The brain of the lamprey responds
to electric fields, and it seems likely that the earliest
vertebrates had electroreceptive capacity. All fishlike
vertebrates of lineages that evolved before the neop-
terygians have electroreceptor cells. These cells, which
have a prominent kinocilium, fire when the environ-
ment around the kinocilium is negative relative to the
cell. Their impulses pass to the midline region of the
posterior third of the brain.

Electrosensitivity was apparently lost in neopteryg-
ians, and teleosts have at least two separate new evolu-
tions of electroreceptors. Electrosensitivity of teleosts is
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distinct from that of other vertebrates: teleost electro-
receptors lack a kinocilium and fire when the environ-
ment is positive relative to the cell, and nerve impulses
are sent to the lateral portions of the brain rather than
to the midline.

43 The Internal Environment
of Vertebrates

Seventy to eighty percent of the body mass of most
vertebrates is water, and the chemical reactions that
release energy or synthesize new chemical compounds
take place in an aqueous environment. The body fluids
of vertebrates contain a complex mixture of ions and
other solutes. Some ions are cofactors that control the
rates of metabolic processes; others are involved in the
regulation of pH, the stability of cell membranes, or
the electrical activity of nerves. Metabolic substrates
and products must diffuse from sites of synthesis to
the sites of utilization. Almost everything that happens
in the body tissues of vertebrates involves water, and
maintaining the concentrations of water and solutes
within narrow limits is a vital activity. Water sounds like
an ideal place to live for an animal that itself consists
mostly of water, but in some ways an aquatic environ-
ment can be too much of a good thing. Freshwater
vertebrates—especially fishes and amphibians—
face the threat of being flooded with water that flows
into them from their environment, and saltwater ver-
tebrates must prevent the water in their bodies from
being sucked out into the sea.

Temperature, too, is a critical factor for living or-
ganisms because chemical reactions are temperature
sensitive. In general, the rates of chemical reactions
increase as temperature increases, but not all reac-
tions have the same sensitivity to temperature. A
metabolic pathway is a series of chemical reactions in
which the product of one reaction is the substrate for
the next, yet each of these reactions may have a differ-
ent sensitivity to temperature, so a change in temper-
ature can mean that too much or too little substrate is
produced to sustain the next reaction in the series. To
complicate the process of regulation of substrates and
products even more, the chemical reactions take place
in a cellular milieu that itself is changed by tempera-
ture because the viscosity of plasma membranes is
also temperature sensitive. Clearly, the smooth func-
tioning of metabolic pathways is greatly simplified if
an organism can limit the range of temperatures its
tissues experience.

Water temperature is more stable than air temper-
ature because water has a much higher heat capacity
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than air. The stability of water temperature simplifies
the task of maintaining a constant body temperature,
as long as the body temperature the animal needs to
maintain is the same as the temperature of the water
around it. An aquatic animal has a hard time maintain-
ing a body temperature different from water tempera-
ture, however, because water conducts heat so well.
Heat flows out of the body if an animal is warmer than
the surrounding water and into the body if the animal
is cooler than the water.

In the following sections, we discuss in more detail
how and why vertebrates regulate their internal envi-
ronments and the special problems faced by aquatic
animals.

44 Exchange of Water
and lons

An organism can be described as a leaky bag of dirty
water. That is not an elegant description, but it ac-
curately identifies the two important characteristics
of a living animal—it contains organic and inor-
ganic substances dissolved in water, and this fluid is
enclosed by a permeable body surface. Exchange of
matter and energy with the environment is essential
to the survival of the organism, and much of that
exchange is regulated by the body surface. Water
molecules and ions pass through the skin quite freely,
whereas larger molecules move less readily. The sig-
nificance of this differential permeability is particu-
larly conspicuous in the case of aquatic vertebrates,
but it applies to terrestrial vertebrates as well. Verte-
brates use both active and passive exchange to regulate
their internal concentrations in the face of varying
external conditions.

The Vertebrate Kidney

An organism can tolerate only a narrow range of con-
centrations of the body fluids and must eliminate
waste products before they reach harmful levels. The
molecules of ammonia that result from the break-
down of protein are especially important because
they are toxic. Vertebrates have evolved superb ca-
pacities for controlling water balance and excreting
wastes, and the kidney plays a crucial role in these
processes.

The adult vertebrate kidney consists of hundreds to
millions of tubular nephrons, each of which produces
urine. The primary function of a nephron is removing
excess water, salts, waste metabolites, and foreign sub-
stances from the blood. In this process, the blood is first
filtered through the glomerulus, a structure unique to
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Figure 4-10 Detail of a typical mammalian glomerulus. Blood pressure forces an ultrafiltrate
of the blood through the walls of the capillary into the lumen of the glomerular capsule. The blood
flow to each glomerulus is regulated by smooth muscles that can close off the afferent and efferent
arterioles to adjust the glomerular filtration rate of the kidney as a whole. The ultrafiltrate, which

consists of water, ions, and small molecules, passes from the glomerular capsule into the proximal

convoluted tubule, where the process of adding and removing specific substances begins.

vertebrates (Figure 4-10). Each glomerulus is composed of
a leaky arterial capillary tuft encapsulated within a sieve-
like filter. Arterial blood pressure forces fluid into the
nephron to form an ultrafiltrate, composed of blood
minus blood cells and larger molecules. The ultrafiltrate is
then processed to return water and essential metabolites
(glucose, amino acids, and so on) to the general circula-
tion. The fluid that remains after this processing is urine.

Regulation of lons and Body Fluids

The salt concentrations in the body fluids of many ma-
rine invertebrates are similar to those in seawater, as
are those of hagfishes (Table 4-3). It is likely that the
first vertebrates also had ion levels similar to those in
seawater. In contrast, salt levels are greatly reduced in
the blood of all other vertebrates.

In the context of body fluids, a solute is a small
molecule that is dissolved in water or blood plasma.
Salt ions, urea, and some small carbohydrate molecules
are the solutes primarily involved in the regulation of

body fluid concentrations. The presence of solutes
lowers the potential activity of water. Water moves
from areas of high potential to areas of lower poten-
tial; therefore, water flows from a dilute solution (one
with a high water potential) to a more concentrated
solution (with a lower water potential). This process is
called osmosis.

Seawater has a solute concentration of approxi-
mately 1000 millimoles per kilogram of water (mmol -
kg ). Most marine invertebrates and hagfishes have
body fluids that are in osmotic equilibrium with seawa-
ter; that is, they are isosmolal to seawater. Body fluid
concentrations in marine teleosts and lampreys are be-
tween 300 and 350 mmol - kg™*. Therefore, water flows
outward from their blood to the sea (i.e., from a region
of high water potential to a region of lower water po-
tential). Cartilaginous fishes retain urea and other
nitrogen-containing compounds, raising the osmolality
of their blood slightly above that of seawater so water
flows from the sea into their bodies. These osmolal
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Table 4-3 Sodium, chloride and osmolality of the blood of vertebrates and ma-
rine invertebrates. Concentrations are expressed in millimoles per kilogram of
water; all values are rounded to the nearest 5 units.

Type of Animal Osmolality (mmol - kg™") Na* cr Urea
Seawater ~1000 475 550

Freshwater <10 ~5 ~5

Marine invertebrates ~1000 ~465 ~54

Marine vertebrates

Hadfishes ~1000 535 540

Teleosts <350 180 150

Bull shark in seawater 1050 290 290 360
Freshwater vertebrates

Teleosts <300 140 120

Bull shark in freshwater ~630 235 220 180
Freshwater sawfish ~340 ~160 ~150 <1
Amphibians ~200 ~100 ~80

Terrestrial vertebrates

Non-avian reptiles 350 160 130

Birds 320 150 120

Mammals 300 145 105

differences are specified by the terms hyposmolal
(lower solute concentrations than the surrounding
water, as seen in marine teleosts and lampreys) and
hyperosmolal (higher solute concentrations than the
surrounding water, as seen in coelacanths and carti-
laginous fishes).

Salt ions, such as sodium and chloride, can also dif-
fuse through the surface membranes of an animal, so
the water and salt balance of an aquatic vertebrate in
seawater is constantly threatened by outflow of water
and inflow of salt and in freshwater by inflow of water
and outflow of salt.

Most fishes are stenohaline (Greek steno = narrow
and haline = salt); that means they inhabit either fresh-
water or seawater and tolerate only modest changes
in salinity. Because they remain in one environment,
the magnitude and direction of the osmotic gradient to
which they are exposed are stable. Some fishes, however,
move between freshwater and seawater and tolerate
large changes in salinity. These fishes are called eury-
haline (Greek eury = wide); water and salt gradients are
reversed in euryhaline species as they move from one
medium to the other.
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Freshwater Vertebrates—Teleosts and Amphibians Sev-
eral mechanisms are involved in the salt and water reg-
ulation of vertebrates that live in freshwater. The body
surface of fishes has low permeability to water and to
ions. However, fishes cannot entirely prevent osmotic
exchange. Gills are permeable to oxygen and carbon
dioxide, and they are also permeable to water. As a re-
sult, most water and ion movements take place across
the gill surfaces. Water is gained by osmosis, and ions
are lost by diffusion. A freshwater teleost does not
drink water because osmotic water movement is al-
ready providing more water than it needs—drinking
would only increase the amount of water it had to ex-
crete via the kidneys. To compensate for the influx
of water, the kidney of a freshwater fish or amphibian
produces a large volume of urine. Salts are actively re-
absorbed to reduce salt loss. Indeed, urine processing
in a freshwater teleost provides a simple model of ver-
tebrate kidney function.

The large glomeruli of freshwater teleosts produce a
copious flow of urine, but the glomerular ultrafiltrate
is isosmolal to the blood and contains essential blood
salts (Figure 4-11). To conserve salt, ions are reabsorbed
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Figure 4-11 Kidney structure and function of marine and freshwater teleosts. Arrows pointing into the lumen of the
kidney tubules show movement of substances into the forming urine, and arrows pointing outward show movement from the
urine back into the body fluids. Dark arrows show active movements (i.e., those that involve a transport system) and light arrows
show passive flow. GFR is the glomerular filtration rate—that is, the rate at which the ultrafiltrate is formed. It is expressed as
percentage of body weight per day. Freshwater teleosts are flooded by water that they must excrete; consequently they have
high GFRs and low U/P (urine to plasma) concentration ratios. Marine teleosts have the opposite problem; they lose water by
osmosis to their surroundings and must conserve water in the kidney—consequently they have low GFRs and high U/P ratios.
PCT is the proximal convoluted tubule. (Two segments [I and I1] of the PCT are recognized in both freshwater and marine
teleosts. Segment IIT of the PCT of marine fishes is sometimes equated with the DCT [distal convoluted tubule] of freshwater
fishes.) Substances a fish needs to conserve (primarily glucose and amino acids) are actively removed from the ultrafiltrate

in the PCT, and nitrogenous waste products (ammonia and urea) are actively added to the forming urine. Freshwater fishes
actively remove divalent ions (magnesium, sulfate, calcium, and phosphorus) from the forming urine, whereas marine fishes
actively excrete those ions into the urine. Sodium and chloride are also removed from the forming urine. That makes sense for
freshwater fishes because they are trying to conserve those ions, but it is surprising for marine fishes because they are battling
an influx of excess sodium and chloride from seawater. The explanation of that paradox for marine fishes is that movement of
sodium and chloride ions is needed to produce a passive flow of water back into the body. Freshwater fishes continue to reabsorb
sodium and chloride in the CT (collecting tubule), but the walls of their CTs are not permeable to water so there is no passive
uptake at this stage. In contrast, the CTs of marine fishes are permeable to water, allowing further recovery of water at this point.
The net effect of the differences in GFR, inward and outward movements, and permeabilities allows freshwater fishes to produce
copious amounts of dilute urine that rids them of excess water and allows marine fishes to produce scanty amounts of more
concentrated urine that conserves water. Finally the urine passes into the collecting duct (CD) and from there to the outside of
the body via the archinephric duct (not shown).
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across the proximal and distal convoluted tubules.
(Reabsorption is an active process that consumes meta-
bolic energy.) Because the distal convoluted tubule is
impermeable to water, water remains in the tubule and
the urine becomes less concentrated as ions are removed
from it. Ultimately, the urine becomes hyposmolal to the
blood. In this way the water that was absorbed across the
gills is removed and ions are conserved. Nonetheless,
some ions are lost in the urine in addition to those lost
by diffusion across the gills. Salts from food compen-
sate for some of this loss, and teleosts have ionocytes in
the gills that take up chloride ions from the water. The
chloride ions are moved by active transport against a
concentration gradient, and this process requires energy.
Sodium ions also enter the gills, passively following the
chloride ions.

Freshwater amphibians face the same osmotic prob-
lems as freshwater fishes. The entire body surface of
amphibians is involved in the active uptake of ions
from the water. Like freshwater fishes, aquatic am-
phibians do not drink because the osmotic influx of
water more than meets their needs. Also like fishes,
aquatic amphibians lose ions by diffusion. The skin of
these amphibians contains cells that actively take up
ions from the surrounding water. Acidity inhibits this
active transport of ions in both amphibians and fishes,
and inability to maintain internal ion concentrations is
one of the causes of death of these animals in habitats
acidified by acid rain or drainage of water from mine
wastes.

Marine Vertebrates The osmotic and ionic gradients
of vertebrates in seawater are basically the reverse of
those experienced by freshwater vertebrates. Seawa-
ter is more concentrated than the body fluids of ver-
tebrates, so there is a net outflow of water by osmosis
and a net inward diffusion of ions.

Teleosts The integument of marine fishes, like that
of freshwater teleosts, is highly impermeable so that
most osmotic and ion movements occur across the
gills (Figure 4-12). The kidney glomeruli are small, and
the glomerular filtration rate is low. Little urine is
formed, so the amount of water lost by this route
is reduced. Marine teleosts lack a water-impermeable
distal convoluted tubule. As a result, urine leaving
the nephron is less copious but more concentrated
than that of freshwater teleosts, although it is always
hyposmolal to blood. To compensate for osmotic dehy-
dration, marine teleosts do something unusual—they
drink seawater. Sodium and chloride ions are actively
absorbed across the lining of the gut, and water flows
by osmosis into the blood. Estimates of seawater con-
sumption vary, but many species drink in excess of
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25 percent of their body weight per day and absorb
80 percent of this ingested water. Of course, drink-
ing seawater to compensate for osmotic water loss
increases the influx of sodium and chloride ions. To
compensate for this salt load, chloride cells in the gills
actively pump chloride ions outward against a large
concentration gradient. Active transport of ions is
metabolically expensive, and the energy cost of osmo-
regulation may account for more than a quarter of the
daily energy expenditure of some fish.

Hagfishes, Coelacanths, and Cartilaginous Fishes Hag-
fishes have few problems with ion balance because they
regulate only divalent ions and reduce osmotic water
movement by being nearly isosmolal to seawater. Carti-
laginous fishes and coelacanths also minimize osmotic
flow by maintaining the internal concentration of the
body fluid close to that of seawater. These animals
retain nitrogen-containing compounds (primarily urea
and trimethylamine oxide) to produce osmolalities
that are usually slightly hyperosmolal to seawater (see
Table 4-3). As a result, they gain water by osmotic diffu-
sion across the gills and do not need to drink seawater.

This net influx of water permits large kidney glom-
eruli to produce high filtration rates and therefore
rapid elimination of metabolic waste products from
the blood. Urea is very soluble and diffuses through
most biological membranes, but the gills of cartilagi-
nous fishes are nearly impermeable to urea and the
kidney tubules actively reabsorb it. With internal ion
concentrations that are low relative to seawater, carti-
laginous fishes experience ion influxes across the gills,
as do marine teleosts. Unlike the gills of marine tele-
osts, those of cartilaginous fishes have low ion perme-
abilities (less than 1 percent those of teleosts).

Cartilaginous fishes generally do not have highly
developed salt-excreting cells in the gills. Rather, they
achieve ion balance by secreting from the rectal gland
a fluid that is approximately isosmolal to body fluids
and seawater but contains higher concentrations of so-
dium and chloride ions than do the body fluids.

Sharks in Freshwater About 5 percent of cartilaginous
fishes are euryhaline. Bull sharks (Carcharhinus leucus)
have a worldwide distribution. This species readily
enters rivers and may venture thousands of kilometers
from the sea. Bull sharks have been recorded from
Indiana (in the Ohio River) and from Illinois (in the
Mississippi), and there is a landlocked population of
bull sharks in Lake Nicaragua. In seawater bull sharks
retain high levels of urea, but in freshwater their blood
urea levels decline.

The true freshwater sharks (five poorly known spe-
cies in the genus Glyphis) and stingrays in the family
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Figure 4-12 Water and salt regulation by freshwater and marine teleosts. The body fluids
of freshwater fishes are more concentrated than the water surrounding them; consequently they
gain water by osmosis and lose sodium and chloride by diffusion. They do not drink water; they
actively absorb sodium and chloride through the gills, and they have kidneys with large glomeruli
that produce a large volume of dilute urine. Marine fishes are less concentrated than the water
they live in; consequently they lose water by osmosis and gain sodium and chloride by diffusion.
Marine fishes drink water and actively excrete the sodium and chloride through the gills. They
have kidneys with small glomeruli that produce small volumes of more concentrated urine.

Potamotrygonidae spend their entire lives in freshwa-
ter. Potamotrygonids have blood sodium and chloride
ion concentrations that are lower than those in bull
sharks and only slightly above levels typical of fresh-
water teleosts (see Table 4-3). The potamotrygonids
may have lived in the Amazon basin for tens of mil-
lions of years, and their reduced salt and water gradi-
ents may reflect long adaptation to freshwater. When
exposed to increased salinity, potamotrygonids do not
increase the concentration of urea in the blood as eu-
ryhaline species do, even though the enzymes required
to produce urea are present. Apparently their long evo-
lution in freshwater has led to an increase in the per-
meability of their gills to urea and reduced the ability
of their kidney tubules to reabsorb it.

Amphibians in Seawater Most amphibians are found in
freshwater or terrestrial habitats. One of the few spe-
cies that occurs in salt water is the crab-eating frog,
Fejervarya (formerly Rana) cancrivora. This frog inhabits
intertidal mudflats in Southeast Asia and is exposed to
80 percent seawater at each high tide. During seawater
exposure, the frog allows its blood ion concentrations
to rise and thus reduces the ionic gradient. In addition,
ammonia is removed from proteins and rapidly con-
verted to urea, which is released into the blood. The
blood urea concentration rises from 20 to 30 mmol - kg™?,
and the frogs become hyperosmolal to the surrounding

water. In this sense, the crab-eating frog acts like a
shark and absorbs water osmotically. Frog skin is per-
meable to urea, however, so the urea that crab-eating
frogs synthesize is rapidly lost. To compensate for this
loss, the activity of the urea-synthesizing enzymes is
very high.

Tadpoles of the crab-eating frog, like most tad-
poles, lack urea-synthesizing enzymes until late in
their development. Thus, tadpoles of crab-eating frogs
must use a method of osmoregulation different
from that of adults. The tadpoles have salt-excreting
cells in the gills; and, by pumping ions outward as
they diffuse inward, the tadpoles maintain their
blood hyposmolal to seawater in the same manner
as do marine teleosts.

Nitrogen Excretion by Aquatic Vertebrates

Carbohydrates and fats are composed of carbon, hy-
drogen, and oxygen, and the waste products from
their metabolism are carbon dioxide and water mol-
ecules that are easily voided. Proteins and nucleic acids
are another matter, for they contain nitrogen. When
protein is metabolized, the nitrogen is enzymatically
reduced to ammonia through a process called deami-
nation. Ammonia is very soluble in water and diffuses
readily, but it is also extremely toxic. Rapid excretion
of ammonia is therefore crucial.
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Nitrogenous Wastes Differences in how nitrogenous
wastes are excreted are partly a matter of the avail-
ability of water and partly the result of differences
among phylogenetic lineages. Most vertebrates elimi-
nate nitrogen as ammonia, as urea, or as uric acid.
Excreting nitrogenous wastes primarily as ammonia
is called ammonotelism, excretion primarily as urea
is ureotelism, and excretion primarily as uric acid is
uricotelism. Most vertebrates excrete a mixture of ni-
trogenous waste products, with different proportions
of the three compounds.

Ammonotely Bony fishes are primarily ammonotelic
and excrete ammonia through the skin and gills as well
as in urine. Because ammonia is produced by deami-
nation of proteins, no metabolic energy is needed to
produce it.

Ureotely Mammals are primarily ureotelic, although
they excrete some nitrogenous wastes as ammonia and
uric acid. Normal values for humans, for example, are
82 percent urea and 2 percent each ammonia and uric
acid. The remaining 14 percent of nitrogenous waste
is composed of other nitrogen-containing compounds,
primarily amino acids and creatine. Urea is synthe-
sized from ammonia in a cellular enzymatic process
called the urea cycle. Urea synthesis requires more en-
ergy than does ammonia production, but urea is less
toxic than ammonia. Because urea is not very toxic, it
can be concentrated in urine, thus conserving water.

Uricotely Reptiles, including birds, are primarily urico-
telic, but here again all three of the major nitrogenous
compounds are present. The pathway for synthesis of
uric acid is complex and requires more energy than
synthesis of urea. The advantage of uric acid lies in
its low solubility: it precipitates from the urine and is
excreted as a semisolid paste. The water that was
released when the uric acid precipitated is reabsorbed,
so uricotely is an excellent method of excreting nitrog-
enous wastes while conserving water. Some species
of reptiles change the proportions of the three com-
pounds depending on the water balance of the animal,
excreting more ammonia and urea when water is plen-
tiful and shifting toward uric acid when it is necessary
to conserve water.

45 Responses to Temperature

Vertebrates occupy habitats that extend from cold
polar latitudes to hot deserts. To appreciate their
adaptability, we must consider how temperature af-
fects an aquatic vertebrate such as a fish or amphib-
ian that has little capacity to maintain a difference
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between its body temperature and the temperature of
the water around it.

Organisms have been called bags of chemicals cata-
lyzed by enzymes. This description emphasizes that
living systems are subject to the laws of physics and
chemistry just as nonliving systems are. Because tem-
perature influences the rates at which chemical reactions
proceed, temperature vitally affects the life processes
of organisms. The rates of most chemical reactions in-
crease or decrease when the temperature changes. The
ratio of the rate at one temperature and the rate at a
temperature 10°C higher is called Q. Because Qqq
is the ratio of the rates, a Q1o of 1.0 means that the
rate stays the same, a Q;( greater than 1 means the rate
increases, and a Q; less than 1.0 indicates the rate de-
creases (Figure 4-13). Q1o can be used to describe the ef-
fect of temperature on biological processes at all levels
of biological organization from whole animals down to
molecules.

The standard metabolic rate (SMR) of an organism
is the minimum rate of oxygen consumption needed
to sustain life. That is, the SMR includes the costs
of ventilating the lungs or gills, of pumping blood
through the circulatory system, of transporting ions
across membranes, and of all the other activities nec-
essary to maintain the integrity of an organism. The
SMR does not include the costs of activities like loco-
motion or growth. The SMR is temperature sensitive,
and that means the energy cost of living is affected by
changes in body temperature. If the SMR of a fish is
2 joules per minute at 10°C and the Qq is 2, the fish
will use 4 joules per minute at 20°C and 8 joules per
minute at 30°C. That increase in energy use translates
to a corresponding increase in the amount of food the
fish must eat.

Controlling Body Temperature

Because the rates of many biological processes are af-
fected by temperature, it would be advantageous for
any animal to be able to control its body temperature.
However, the high heat capacity and heat conductivity
of water make it difficult for most fishes or aquatic
amphibians to maintain a temperature difference
between their bodies and the surrounding water.
Air has both a lower heat capacity and a lower heat
conductivity than water, however, and the body tem-
peratures of most terrestrial vertebrates are at least
partly independent of the air temperature.

Many terrestrial vertebrates and some aquatic verte-
brates do have body temperatures substantially above
the temperature of the air or water around them.
Maintaining those temperature differences requires
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Figure 4-13 Examples of the effect of temperature on
organisms. (a) A hypothetical reaction for which the rate initially
increases and then falls as temperature rises. Between 10°C and
20°C the rate doubles from 50 to 100, which is a Q; of 2.0. The
rate does not change between 20°C and 30°C, so the Qy, for this
temperature range is 1.0. The rate drops from 100 units at 30°C
to 50 units at 40°C, so the Q4 is 0.5. (b) The maximum swim-
ming speed of a goldfish increases up to about 30°C and then
falls. (c) Spontaneous activity by a goldfish peaks at around 20°C
and falls as the temperature increases. (d) Activity of the enzyme
lactic dehydrogenase from a lungfish increases slowly from 25°C
to 35°C (Qq about 1.2), more steeply between 35°C and its maxi-
mum at 40°C (Qy about 1.4), and declines rapidly between 40°C
and 50°C (Q; about 0.4).

thermoregulatory mechanisms, and these are well de-
veloped among vertebrates.

Poikilothermy and Homeothermy Vertebrates were com-
monly described as poikilotherms (Greek poikilo =
variable and therm = heat) and homeotherms (Greek
homeo = the same) through the middle of the twentieth
century. Poikilotherms were animals with variable body
temperatures, and homeotherms were animals with sta-
ble body temperatures. Fishes, amphibians, and reptiles
were called poikilotherms, and birds and mammals were
homeotherms. This terminology has become less appro-
priate as our knowledge of the temperature-regulating
capacities of animals has become more sophisticated.
Poikilothermy and homeothermy describe the variabil-
ity of body temperature, and these terms cannot readily
be applied to groups of animals.

For example, some mammals allow their body tem-
peratures to drop 20°C or more from their normal lev-
els at night and in the winter, whereas many fishes live
in water that changes temperature less than 2°C in an
entire year. That example presents the contradictory
situation of a homeotherm that experiences 10 times as
much variation in body temperature as a poikilotherm.

Ectothermy and Endothermy Complications like these
make it very hard to use the words homeotherm and poi-
kilotherm rigorously. Most biologists concerned with
temperature regulation prefer the terms ectotherm and
endotherm. These terms are not synonymous with the
earlier words because, instead of referring to the vari-
ability of body temperature, they refer to the sources
of energy used in thermoregulation.

Ectotherms (Greek ecto = outside) gain their heat
largely from external sources—by basking in the sun,
for example, or by resting on a warm rock. Endotherms
(Greek endo = inside) largely depend on metabolic pro-
duction of heat to raise their body temperatures. The
source of heat used to maintain body temperature is
the major difference between ectotherms and endo-
therms because their body temperatures are quite sim-
ilar. Terrestrial ectotherms (like lizards and turtles)
and endotherms (like birds and mammals) have activ-
ity temperatures between 30°C and 40°C.

Endothermy and ectothermy are not mutually exclu-
sive mechanisms of temperature regulation, and many
animals use them in combination. In general, birds
and mammals are primarily endothermal, but some
species make extensive use of external sources of heat.
For example, roadrunners are predatory birds living in
the deserts of the southwestern United States and ad-
jacent Mexico. On cold nights, roadrunners allow their
body temperatures to fall from the normal level of 38°C
or 39°C down to 35°C or lower. In the mornings they
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bask in the sun, raising the feathers on their backs to
expose an area of black skin. Calculations indicate that
a roadrunner can save 132 joules per hour by using
solar energy instead of metabolism to raise its body
temperature.

Deviations from general patterns of temperature
regulation go the other way as well. Snakes are nor-
mally ectothermal, but the females of several species
of pythons coil around their eggs and produce heat by
rhythmic contraction of their trunk muscles. The rate
of contraction increases as air temperature falls, and a
female Indian python is able to maintain her eggs close
to 30°C at air temperatures as low as 23°C. This heat
production entails a substantial increase in the py-
thon’s metabolic rate—at 23°C, a female python uses
about 20 times as much energy when she is brooding
as she does normally. Thus, generalizations about the
body temperatures and thermoregulatory capacities
of vertebrates must be made cautiously, and the actual
mechanisms used to regulate body temperature must
be studied carefully.

Regional Heterothermy Regulation of body tempera-
ture is not an all-or-nothing phenomenon for verte-
brates. Regional heterothermy is a general term used
to refer to different temperatures in different parts
of an animal’s body. Dramatic examples of regional
heterothermy are found in several fishes that main-
tain some parts of their bodies at temperatures 15°C
warmer than the water in which they are swimming.
That’s a remarkable accomplishment for a fish because
each time the blood passes through the gills it comes
into temperature equilibrium with the water. Thus, to
raise its body temperature by using endothermal heat
production, a fish must limit the loss of heat to the
water via the gills.

Warm Muscles The mechanism used to retain heat is a
countercurrent system of blood flow in retia mirabilia.
As cold arterial blood from the gills enters the warm
part of the body, it flows through a rete and is warmed
by heat from the warm venous blood that is leaving the
tissue. This arrangement is found in some sharks, es-
pecially species in the family Lamnidae (including the
mako, great white shark, and porbeagle), which have
retia mirabilia in the trunk. These retia retain the heat
produced by activity of the swimming muscles, with the
result that those muscles are kept 5°C to 10°C warmer
than water temperature.

Scombroid fishes, a group of teleosts that includes
the mackerels, tunas, and billfishes (i.e., the swordfish
and spearfish as well as the sailfishes and marlins), have
also evolved endothermal heat production. Tunas have
an arrangement of retia that retains the heat produced
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by myoglobin-rich swimming muscles located close to
the vertebral column (Figure 4-14). The temperature of
these muscles is held near 30°C at water temperatures
from 7°C to 23°C. Additional heat exchangers are found
in the brains and eyes of tunas and sharks, and these
organs are warmer than water temperature but some-
what cooler than the swimming muscles.

Hot Eyes The billfishes have a somewhat different
arrangement in which only the brain and eyes are
warmed, and the source of heat is a muscle that has
changed its function from contraction to heat pro-
duction. The superior rectus eye muscle of these bill-
fishes has been extensively modified. Mitochondria
occupy more than 60 percent of the cell volume, and
changes in cell structure and biochemistry result in
the release of heat by the calcium-cycling mechanism
that is usually associated with contraction of muscles.
A related scombroid, the butterfly mackerel, has a
thermogenic organ with the same structural and bio-
chemical characteristics found in billfishes, but in the
mackerel it is the lateral rectus eye muscle that has
been modified.

An analysis of the phylogenetic relationships of
scombroid fishes by Barbara Block and her colleagues
suggests that endothermal heat production has arisen
independently three times in the lineage—once in the
common ancestor of the living billfishes (by modifi-
cation of the superior rectus eye muscle), once in the
butterfly mackerel lineage (by modification of the lat-
eral rectus eye muscle), and a third time in the com-
mon ancestor of tunas and bonitos (by development of
countercurrent heat exchangers in muscle, viscera, and
brain, and development of red muscle along the hori-
zontal septum of the body).

The ability of these fishes to keep parts of the body
warm may allow them to venture into cold water that
would otherwise interfere with body functions. Block
has pointed out that modification of the eye muscles
and the capacity for heat production among scombroids
is related to the temperature of the water in which they
swim and capture prey. The metabolic capacity of the
heater cells of the butterfly mackerel, which is the spe-
cies that occurs in the coldest water, is the highest of
all vertebrates. Swordfishes, which dive to great depths
and spend several hours in water temperatures of 10°C
or lower, have better-developed heater organs than do
marlins, sailfishes, and spearfishes, which spend less
time in cold water.

Marine Mammals The temperature equilibration of
blood and water that occurs in the gills is the primary
obstacle to whole-body endothermy for fish. Counter-
current systems allow them to keep critical parts of
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Figure 4-14 Details of body temperature regulation by the bluefin tuna. (a) The red
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muscle temperatures of bluefins compared to water temperature.

their bodies warm, but other parts are at water tem-
perature. Air-breathing aquatic tetrapods avoid that
problem because they have lungs instead of gills.
Mammals are endotherms, and their high metabolic
rates combined with the muscular metabolism that
accompanies activity release heat that warms the body.

For terrestrial mammals, the furry body covering (the
pelage) traps metabolic heat in the dead air spaces be-
tween hairs and reduces the movement of heat out of
the body, just as the air trapped between strands of
fiberglass insulations reduces the movement of heat
through the wall of a building. A furry body covering
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works well in air but not as well in water. If water dis-
places the air between the hairs, the coat loses its in-
sulative properties. Many semiaquatic mammals, such
as otters and beavers, have water-repellent coats, but
they must emerge onto land frequently and groom
their coats to keep them water-repellent.

The most specialized marine mammals, cetaceans
(whales and porpoises) and pinnipeds (seals, sea lions,
and walruses), use blubber (a layer of fat beneath the
skin) rather than fur for insulation. Blubber is an ex-
tremely effective insulator, so good that some seals
risk death by overheating if they undertake prolonged
strenuous activity on land. Even in water, strenuous
activity can lead to overheating.

Aquatic mammals have countercurrent exchange
systems in their flippers that allow them to retain
heat in the body or release it to the ocean. The venous
blood returning from the flipper is cold because it has
passed through a flat structure with a large surface
area that is in contact with the ocean water. Those
are ideal conditions for heat exchange, and the blood
that leaves the flippers is very close to water tempera-
ture. When a marine mammal needs to retain heat
in the body, blood returning from the flippers flows
through veins that are closely associated with the arter-
ies that carry blood from the body to the flippers. Cold
venous blood is heated by warm arterial blood flowing
out from the core of the body. By the time the venous
blood reaches the body, it is nearly back to body
temperature.

When a bout of rapid swimming produces enough
heat to increase body temperature above normal, the
animal changes the route that venous blood takes as
it returns from the flipper. Instead of flowing through
veins that are pressed closely against the walls of the
arteries, the returning blood is shunted through ves-
sels distant from the arteries. The arterial blood is still
hot when it reaches the flipper, and that heat is dissi-
pated into the water, cooling the animal.

46 Body Size and Surface/
Volume Ratio

Body size is an extremely important element in the
exchange occurring between an organism and its en-
vironment. For objects of the same shape, volume
increases as the cube of linear dimensions, whereas
surface area increases only as the square of linear
dimensions. Consider a cube that is 1 centimeter (cm)
on each side. Each face of the cube is 1 cm? (that is,
1 cm - 1 cm), and a cube has six faces (numbered 1
through 6 if the cube comes from a set of dice), so the
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total surface area is 6 cm® The volume of that cube is
one cubic centimeter (1 cm - 1 cm - 1 cm), and the ratio
of surface to volume is 6 cm?/1 cm? (Figure 4-15a).

If we increase the linear dimensions of the cube
so that a side becomes 5 centimeters long, each face has
a surface area of 25 cm? (that is, 5 cm - 5 cm), and the
total surface area is 150 cm? (6 - 25 cm?). The volume of
this larger cube is 125 cm? (thatis,5cm -5 cm - 5 cm),
and the ratio of surface to volume is 150 cm?/125 cm?,
which reduces to 1.2 cm?/1 cm®. Thus the larger cube
has only one-fifth as much surface area per unit vol-
ume as the smaller cube. A cube 10 centimeters on a
side has a surface/volume ratio of 600 cm?/1000 cm?,
which is 0.6 cm?/1 cm®—only one-tenth the surface/
volume ratio of the smallest cube.

The pattern emerging from these calculations is
shown in Figure 4-15b: as an object gets larger, it has
progressively less surface area in relation to its volume.
Exchange between an animal and its environment
occurs through its body surface, and large animals
have proportionally less area for exchange in relation
to the volume (or mass) of their bodies than small
animals do. The biological significance of that relation-
ship lies in the conclusion that bigger species exchange
energy with the environment less rapidly than smaller
species, merely because of the difference in surface/
volume ratios.

Gigantothermy

Simply being big gives an animal some independence of
external temperature because heat cannot flow rapidly
into or out of a large body through its relatively small
surface. If an animal is large enough, its body tem-
perature will be stable simply because it’s so big; this
is a form of thermoregulation called gigantothermy.
The enormous dinosaurs that lived in the Jurassic and
Cretaceous periods would have had very stable body
temperatures just because they were so large. It would
take many days for a huge dinosaur to warm or cool as
its environment changed temperature. Even elephants
(which are only one-twentieth the size of the largest
dinosaurs) are big enough to feel the consequences of
surface/volume ratio in body-temperature regulation.
Elephants can easily overheat when they are active.
When that happens, they dump heat by sending large
volumes of blood flowing through their ears and wav-
ing them to promote cooling.

Being big makes temperature regulation in water
easier, as leatherback sea turtles dramatically illus-
trate. Leatherbacks (Dermochelys coriacea) are the larg-
est living turtles, reaching adult body masses of 850
kilograms or more. They are also the most specialized
sea turtles, having lost the bony shell that covers most



Area (cm?) or volume (cm3)

(b)

1cm Area of side = 1 cm?

Total surface area = 6 cm?2
1com Volume =1 cm3

1cm  Surface/volume ratio = 6 cm2/1 cm3

5cm
Area of side = 25 cm?2
Total surface area = 150 cm?
Volume = 125 cm3

5cm Surface/volume ratio = 6 cm2/1 cm3
5cm
10 cm

Area of side = 100 cm?2
Total surface area = 600 cm?

10cm Volume = 1000 cm3
Surface/volume ratio = 0.6 cm2/1 cm3
10 cm
(a)
1000 6
Surface area L 5
800 = \/olume
= Surface area/volume 4
600
-3
400
-2
200 L4
0 T T T T T T 0

Length of side of cube (cm)

Ol1BJ 8WN|OA/20BLNG

Figure 4-15 Linear dimensions, surface
area, and volume. A cube illustrates how
the surface/volume ratio changes with size.
(a) As the length of the side of the cube is in-
creased from 1 cm to 10 cm, the total surface
area of the cube increases as the square of
that length, whereas the volume of the cube
increases as the cube of the length of a side.
(b) Because volume increases more rapidly
than surface area, the surface/volume ratio
of the cube decreases as the size of the cube
increases. Functionally this means that as an
object becomes larger, it has less surface area
relative to its volume. Thus the rate of ex-
change with the environment decreases. For
example, if you take two cubes—one that is
1 cm on a side and the other 10 cm on a
side—and then heat them to the same tem-
perature and put them side by side on a table,
the small cube will cool to room temperature
faster than the large cube.
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turtles and replaced it with a thick, leatherlike external
body covering. Leatherback turtles are pelagic (live in
the open ocean); their geographic range extends north
to Alaska and halfway up the coast of Norway and
south past the southern tip of Africa almost to the tip
of South America. Water temperatures in these areas
are frigid, and the body temperatures of the turtles are
as much as 18°C higher than the water temperature.
Turtles have metabolic rates much lower than those of
mammals. Nonetheless, the combination of large body
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size and a correspondingly small surface/volume ratio
with countercurrent heat exchangers in the flippers
allows leatherback sea turtles to retain the heat produced
by muscular activity. Large body size is an essential
part of the turtle’s temperature-regulating mechanism.
Other sea turtles are half the size of leatherbacks or
less, and their geographic ranges are limited to warm
water because they are not big enough to maintain a
large difference between their body temperatures and
water temperature.

The properties of water offer both advantages and
disadvantages for aquatic vertebrates. Water is some
800 times more dense than air, and vertebrates in
water maintain nearly neutral buoyancy. That means
the skeletons of aquatic vertebrates do not have to
resist the force of gravity, and the largest aquatic ver-
tebrates are substantially larger than the largest ter-
restrial forms. Animal body tissues (especially muscle
and bone) are denser than water, and aquatic animals
offset that weight with lighter tissues (air-filled swim
bladders and lungs, or oil-filled livers) to achieve neu-
tral buoyancy. A teleost fish can adjust its buoyancy so
precisely that it can hang stationary in the water with
only a backpedaling of its pectoral fins to counteract
the forward propulsion generated by water leaving the
gills and a gentle undulation of the tail fin to stay level
in the water.

The density and viscosity of water create problems
for animals trying to move through water or to move
water across gas-exchange surfaces. Even slow-moving
aquatic vertebrates must be streamlined, and a tidal re-
spiratory system (moving the respiratory fluid into and
out of a lung) takes too much energy to be practical for
vertebrates that breathe water. These animals either
have flow-through ventilation (the gills of most fishes)
or use the entire body surface for aquatic gas exchange
(amphibians).

Water is less transparent than air and vision is
often limited to short distances, but the density and
electrical conductivity of water make mechanical and
electrical senses effective. Sensors that are exquisitely
responsive to the movement of water are distributed
over the bodies of fishes and aquatic amphibians. In
addition, cartilaginous fishes can find hidden prey by
detecting the electrical discharges from contracting
muscles as the prey breathes. Other fishes create elec-
tric fields in the water to detect the presence of prey
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or predators, and some use powerful electric organ dis-
charges to stun prey or deter predators.

Aquatic animals are continuously gaining or los-
ing water and ions to their surroundings. Water flows
from areas of high water potential (dilute solutions) to
low water potential (concentrated solutions), and ions
move down their own activity gradients. The body flu-
ids of freshwater fishes are more concentrated than the
surrounding water, so they are flooded by an inward
flow of water and further diluted by an outward diffu-
sion of ions. Marine fishes are less concentrated than
seawater, so they must contend with an outward flow
of water and an inward diffusion of ions. Some marine
fishes (especially cartilaginous fishes and coelacanths)
accumulate urea in the body to raise their internal
osmotic concentration close to that of seawater.

Ammonia is a waste product from deamination of
proteins. It is toxic but very soluble in water, so it is
easy for aquatic vertebrates to excrete. Urea and uric
acid are less toxic compounds vertebrates use to dis-
pose of waste nitrogen. Some vertebrates produce
mixtures of all three compounds, changing the propor-
tions as the availability of water changes.

Water has a high heat capacity and conducts heat
readily. Because of these properties, water temperature
is more stable than air temperature, and it is hard for an
aquatic animal to maintain a difference between its own
body temperature and the temperature of the water
surrounding it. Fishes have a particularly difficult time
maintaining a body temperature different from that of
water because the temperature of their blood comes
into equilibrium with water temperature as the blood
passes through the gills. Nonetheless, some fishes
use countercurrent heat exchange systems to keep
parts of their bodies at temperatures well above water
temperature. The largest extant sea turtle, the leather-
back, is able to maintain a body temperature 18°C above



water temperature. Part of the temperature difference
can be traced to countercurrent heat exchangers, which
minimize loss of heat from the flippers; the enormous
body size of these turtles is also a critical factor. Body
surface area increases as the square of linear dimen-

Di ion Questi

sions, whereas body volume increases as the cube of lin-
ear dimensions. Consequently, large animals exchange
heat energy with the environment more slowly than do
smaller animals. Merely being big confers a degree of
stability to the internal environment of an animal.

1. What is the difference between the effects of the
density and the viscosity of water from the per-
spective of an aquatic vertebrate?

2. When you walk past the tanks in an aquarium store,
you see both physostomous and physoclistous
fishes. Goldfish, for example, are physostomous,
and cichlids (such as the popular convict cichlid)
are physoclistous. Conduct a thought experiment
comparing the responses of the two kinds of fish
to changes in air pressure. (Don’t actually do this
because it would be painful for the fishes.)

a. Imagine that you put a goldfish and a cichlid into
a jar half filled with water and then screwed on a
lid to make an airtight seal. Protruding from the
lid is a tube to which you can attach a vacuum
pump and a valve that allows you to close off
the tube.

b. Pump some air out of the jar. What effect will
doing that have on the air pressure inside the
jar? How will each of the fishes respond to that
change in pressure? How are those responses re-
lated to being physostomous or physoclistous?

c. Now open the valve and allow air to enter the
jar, returning the pressure quickly to its starting

Additional Information

level. How will each of the fishes respond to this
change in pressure? How are these responses re-
lated to being physostomous or physoclistous?

3. When deep-sea fishes are pulled quickly to the sur-
face, they often emerge with their swim bladders
protruding from their mouths.

a. Why does this happen and what does it tell you
about whether these deep-sea fishes are physo-
clistous or physostomous?

b. Why could you have figured out whether deep-
sea fishes are physostomous or physoclistous
simply by considering how air enters the swim
bladder of a physostomous fish?

4. The text points out that the swim bladders of deep-
sea fishes that migrate over large vertical distances
are nearly filled with lipids, leaving space for only a
small volume of gas, whereas deep-sea fishes that
do not make large vertical migrations have more
gas and less lipid in their swim bladders. What is
the functional significance of this difference?

5. If you look at pictures of frogs you will see that a
few species have conspicuous lateral lines. What
does the presence of lateral lines tell you about the
ecology of those species of frogs?

Ballantyne, J. S., and J. W. Robinson. 2010. Freshwater
elasmobranchs: A review of their physiology and
biochemistry. Journal of Comparative Physiology B
180:475-493.

Berenbrink, M., et al. 2005. Evolution of oxygen secretion
in fishes and the emergence of a complex physiological
system. Science 307:1752-1757.

Berenbrink, M. 2006. Evolution of vertebrate haemoglobins:
Histidine side chains, specific buffer value and Bohr effect.
Respiratory Physiology and Neurobiology 154:165-184.

Bleckmann, H., and R. Zelick. 2009. Lateral line system of
fish. Integrative Zoology 4:13-25.

Block, B. A, et al. 1993. Evolution of endothermy in fish:
Mapping physiological traits on a molecular phylogeny.
Science 260:210-214.

Bostrom, B. L., et al. 2010. Behaviour and physiology:

The thermal strategy of leatherback turtles. PLOS One
5(11):e13925.

Carleton, K. 2009. Cichlid fish visual systems: Mechanisms
of spectral tuning. Integrative Zoology 4:75-86.

da Costa, D. C. F,, and A. M. Landeira-Fernandez. 2009.
Thermogenic activity of the Ca**-ATPase from blue
marlin heater organ: Regulation by KCl and temperature.
American Journal of Physiology—Regulatory, Integrative,
and Comparative Physiology 297:R1460-R1468.

Dangles, O,, et al. 2009. Variability in sensory ecology:
Expanding the bridge between physiology and evolution-
ary biology. Quarterly Review of Biology 84:51-74.

Evans, D. H. 2008. Teleost fish osmoregulation: What have
we learned since August Krogh, Homer Smith, and Ancel

97



Keys? American Journal of Physiology: Regulatory, Integra-
tive, and Comparative Physiology 295:R704-R713.

Evans, D. H., et al. 2005. The multifunctional fish gill:
Dominant site of gas exchange, osmoregulation, acid-
base regulation, and excretion of nitrogenous waste.
Physiological Reviews 85:97-177.

Faucher, K., et al. 2010. Fish lateral system is required for
accurate control of shoaling behaviour. Animal Behaviour
79:679-687.

Feulner, P. G. D,, et al. 2008. Electrifying love: Electric fish
use species-specific discharge for mate recognition. Biology
Letters 5:225-228.

Gardiner, J. M., and J. Atema. 2010. The function of bi-
lateral odor time differences in olfactory orientation of
sharks. Current Biology 20:1187-1191.

Glass, M. L., and S. C Wood (eds.). 2009. Cardio-Respiratory
Control in Vertebrates: Comparative and Evolutionary
Aspects. New York: Springer-Verlag.

Kimber, J. A., et al. 2011. The ability of a benthic elasmo-
branch to discriminate between biological and artificial
electric fields. Marine Biology 158:1-8.

Little, A. G., et al. 2010. Evolutionary affinity of billfishes
(Xiphiidae and Istiophoridae) and flatfishes (Plueronec-
tiformes): Independent and trans-subordinal origins of
endothermy in teleost fishes. Molecular Phylogenetics and
Evolution 56:897-904.

Martin, R. A. 2005. Conservation of freshwater and euryha-
line elasmobranchs: A review. Journal of the Marine Biol-
ogy Association U.K. 85:1049-1073.

Pillans, R. D,, et al. 2009. Observations on the distribution,
biology, short-term movements and habitat require-
ments of river sharks Glyphis spp. in Northern Australia.
Endangered Species Research 10:321-332.

Runcie, R. M., et al. 2009. Evidence for cranial endothermy
in the opah (Lampris guttatus). Journal of Experimental
Biology 212:461-470.

Sabbah, S., et al. 2010. Functional diversity in the color
vision of cichlid fishes. BMC Biology 8:133. http://www
.biomedcentral.com/1741-7007/8/133

Sepulveda, C. A., et al. 2008. Elevated red myotomal muscle
temperatures in the most basal tuna species, Allothunnus
fallai. Journal of Fish Biology 73:241-249.

Shiels, H. A., et al. 2011. Warm fish with cold hearts:
Thermal plasticity of excitation-contraction coupling in
bluefin tuna. Proceedings of the Royal Society B 278:18-27.

98

Siebeck, U. E., et al. 2010. A species of reef fish that uses
ultraviolet patterns for covert face recognition. Current
Biology 20:407-410.

Stoddard, P. K. 1999. Predation enhances complexity in
the evolution of electric fish signals. Nature 400:254-
256.

Tada, T., et al. 2009. Evolutionary replacement of UV vision
by violet vision in fish. Proceedings of the National Acad-
emy of Science USA 106:17457-17462.

von der Emde, G. 1998. Electroreception. In D. H. Evans
(ed.), The Physiology of Fishes. Boca Raton, FL: CRC Press,
313-314.

Weihrauch D., M. P. Wilkie, and P. J. Walsh. 2009. Ammonia
and urea transporters in gills of fish and aquatic crusta-
ceans. Journal of Experimental Biology 212:1716-1730.

Westby, G. W. M. 1988. The ecology, discharge diversity, and
predatory behavior of gymnotiform electric fish in the
coastal streams of French Guiana. Behavioral Ecology and
Sociobiology 22:341-354.

Wilson, S. G., and B. A. Block. 2009. Habitat use in Atlantic
bluefin tuna Thunnus thynnus inferred from diving
behavior. Endangered Species Research 10:355-367.

Withers, P. C., et al. 1994. Buoyancy role of urea and
TMAQO in an elasmobranch fish, the Port Jackson
shark, Heterodontus portjacksoni. Physiological Zoology
67:693-705.

Websites

Physical properties of air

http://www.engineeringtoolbox.com/air-properties-d_156
html

Physical properties of water

http://www.engineeringtoolbox.com/water-properties-d_
1258.html

Anatomy and physiology of fish gills

http://physrev.physiology.org/content/85/1/97 full

Anatomy and physiology of the swim bladder

http://www.scienceisart.com/B_SwimBladder/SwimBladder
.html

Allometry and surface/volume ratio

http://www.nature.com/scitable/knowledge/library/
allometry-the-study-of-biological-scaling-13228439

Temperature effects in biological systems

http://www.nature.com/scitable/knowledge/library/
body-size-and-temperature-why-they-matter-15157011


http://www.engineeringtoolbox.com/air-properties-d_156.html
http://www.engineeringtoolbox.com/air-properties-d_156.html
http://www.engineeringtoolbox.com/water-properties-d_1258.html
http://www.engineeringtoolbox.com/water-properties-d_1258.html
http://physrev.physiology.org/content/85/1/97.full
http://www.scienceisart.com/B_SwimBladder/SwimBladder.html
http://www.scienceisart.com/B_SwimBladder/SwimBladder.html
http://www.nature.com/scitable/knowledge/library/allometry-the-study-of-biological-scaling-13228439
http://www.nature.com/scitable/knowledge/library/allometry-the-study-of-biological-scaling-13228439
http://www.nature.com/scitable/knowledge/library/body-size-and-temperature-why-they-matter-15157011
http://www.nature.com/scitable/knowledge/library/body-size-and-temperature-why-they-matter-15157011
http://www.biomedcentral.com/1741-7007/8/133
http://www.biomedcentral.com/1741-7007/8/133

Radiation of the Chondrichthyes

—|_he appearance of jaws and in-
ternally supported, paired appendages (described in
Chapter 3) was the basis for a new radiation of verte-
brates with diverse predatory and locomotor special-
izations. The extant cartilaginous fishes—sharks, rays,
and chimaerans—are the descendants of one clade of
this radiation, and we consider their origins and radia-
tions in this chapter.

5.1 Chondrichthyes—The
Cartilaginous Fishes

Chondrichthyans make a definite first appearance in the
fossil record in the Early Devonian period, although
isolated scales and possibly teeth appear in Ordovician
sediments, and undoubted chondrichthyan scales are
known from Early Silurian sediments. Doliodus prob-
lematicus from the Early Devonian of Canada is the
oldest articulated fossil of a chondrichthyan. (Doliodus
was sharklike in appearance but not a true shark; true
sharks are unknown until the Mesozoic.)

Extant forms can be divided into two groups: those
with a single gill opening on each side of the head and
those with multiple gill openings on each side (Figures 5-1
and 5-2 and Table 5-1).

¢ The Neoselachi (Greek neo = new and selach = a shark)
have multiple gill openings on each side of the head.
This group includes the extant sharks (mostly cylin-

drical forms with five to seven gill openings on each
side of the head) and skates and rays /

(flattened forms with five pairs - Vi
of gill openings on the ventral e o
surface of the head). The shark- {l?j S AL
like form was probably the an- 1 .
cestral chondrichthyan condition. S

e The Holocephali (Greek holo = whole and cephalo =
head), so named for the undivided appearance of
the head that results from having a single external
gill opening, have individual gill slits covered by
an operculum formed by soft tissue that is sup-
ported on the hyoid arch by an opercular cartilage.
The common names of the extant members of this
group—ratfishes and chimaerans—come from their
bizarre form: a fishlike body, a long flexible tail, and
a head that resembles a caricature of a rabbit with
big eyes and broad tooth plates.

Distinctive Characters of Chondrichthyans

Chondrichthyans differ from most other vertebrates in
having a cartilaginous skeleton, a lipid-filled liver, high
blood urea concentrations, and an unusual pattern of en-
ergy metabolism. These characters may be functionally
related to each other.
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Figure 5-1 Phylogenetic relationships of cartilaginous fishes. This diagram shows the gen-
eral diversification of jawed vertebrates, focusing on the probable relationships among the major
groups of chondrichthyans. The black lines show interrelationships only; they do not indicate
times of divergence or the unrecorded presence of taxa in the fossil record. Only the best-
corroborated relationships are shown. The numbers at the branch points indicate derived
characters that distinguish the lineages—see the Appendix for a list of these characters.

Cartilaginous Skeleton The absence of bone in the endo-
skeleton of chondrichthyans is the character that gives
the cartilaginous fishes their name. A cartilaginous
endoskeleton is the ancestral condition in vertebrates,
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seen today in the hagfishes and lampreys, but all ver-
tebrates more derived than the living agnathans (in-
cluding the Paleozoic radiation of jawless fishes, the
ostracoderms) have a bony exoskeleton. Although
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Hyostylic jaw
Tooth plates

Gill openings
covered by soft
tissue

Pelvic claspers
Placoid scales

Dorsoventrally flattened
Enlarged pectoral fins

Underslung mouth

Tribasal fin

Gill openings separate and uncovered

Prismatic endoskeletal calcification

Figure 5-2 Simplified cladogram of cartilaginous fishes. Quotation marks indicate para-

phyletic groups. A dagger (1) indicates an extinct taxon.

Table 5-1 Classification of Chondrichthyes, the
cartilaginous fishes

Neoselachii (sharks, skates, and rays)

Galeomorphi: About 394 species of sharklike fishes with an anal
fin, including ragged toothed sharks, mackerel sharks, megamouth
sharks, thresher sharks, requiem sharks, hornsharks, wobbegongs,
nurse sharks, and whale sharks. Galeomorphs range in length from
less than T m to 12 m and possibly to 18 m.

Squalomorphi: About 162 species of sharklike fishes without an anal
fin, including most deep-sea sharks, dogfish sharks, angel sharks, and
saw sharks. Squalomorphs range in length from 15 cm to more than
7 m. (The "Squalomorphi”lineage is not monophyletic, but the rela-
tionships of the six lineages it contains are not yet understood. Some
systematists combine squalomorphs with skates and rays, which also
lack an anal fin.)

Batoidea (skates and rays): At least 638 species of electric rays,
stingrays, manta rays, a large number of skates, and a few entirely
freshwater species. They range from less than 1 m to more than 6 m
long and more than 6 m wide.

Holocephali (ratfishes)

Chimaeriformes: Three families with about 49 species of mostly
deepwater fishes: the plownose chimaerans (Callorhynchidae),
shortnose chimaerans (Chimaeridae), and longnose chimaerans
(Rhinochimeridae). Chimaerans range in length from 60 cm to
nearly 1.5 m.

chondrichthyans have evidently lost the extensive
plates of dermal bones seen in other jawed fishes, they
retain dentine, enameloid, and even traces of bone in
their teeth and their scales. These unique scales are
called placoid scales, or dermal denticles. Some degree
of perichondral (= around the edge) ossification of the
endoskeleton is seen in some derived ostracoderms as
well, and occasionally among chondrichthyans; it may
be a general gnathostome feature.

Whether the ancestors of the chondrichthyans ever
possessed the fully ossified bony endoskeleton of the
osteichthyans is unclear. Mineralization does occur
in the axial and appendicular skeletons of chondrich-
thyans as globular or stellate deposits of crystalline
calcium in the superficial layers of cartilage matrix.
This condition, known as tesserate or prismatic endo-
skeletal calcification, is a unique derived character of
Chondrichthyes.

Cartilage is lighter than bone, and the increased
buoyancy that cartilaginous fishes gained from the
absence of a fully mineralized skeleton is believed to be
the functional significance of this character. Cartilage is
not necessarily weaker than bone; calcified cartilage can
be made extremely strong when there are multiple lay-
ers and internal struts, as in the jaws of rays that crunch
mollusks.
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Lipid-Filled Liver The livers of chondrichthyans are filled
with oily lipids and hydrocarbons that are substantially
less dense than the other body tissues—the liver has
a density of about 0.9 g - ml™* compared to a density
of 1.1 g - ml™* for the liver-free portion of a shark car-
cass. In addition to being oil-filled, the livers of some
chondrichthyans are large—as much as 25 to 30 percent
of body mass for free-swimming species—and these large
livers make the sharks neutrally buoyant. In contrast,
skates and bottom-dwelling species of chondrichthyans
have smaller livers and are negatively buoyant, so they
sink to the seafloor when they are not actually swimming.

The reliance of chondrichthyans on an oil-filled
liver for buoyancy contrasts with the use of a gas-
filled swim bladder by bony fishes. The oxygen that
fills the swim bladder of a bony fish is about 750
times less dense than the lipids in a shark’s liver.
This difference means that a swim bladder can be
much smaller than an oil-filled liver and still provide
the same buoyancy. It is tempting to speculate that
the loss of ossification of the endoskeleton by chon-
drichthyans and their reliance on an oil-filled liver for
buoyancy may be related specializations. That is, the
reduction in density produced by having a cartilagi-
nous skeleton may allow an oil-filled liver to make a
shark neutrally buoyant.

High Blood Urea Concentrations Chondrichthyans ac-
cumulate urea, making their body tissues slightly
hyperosmolal to seawater (see Chapter 4), but urea
molecules diffuse outward through the gills and must
be replaced continuously. When an elasmobranch is
feeding it breaks down protein from its prey to replen-
ish urea, but when an elasmobranch is fasting it must
break down its own proteins. Catabolism of protein
produces amino acids, such as alanine, that are trans-
ported to the liver and converted to urea.

Unusual Energy Metabolism The skeletal and cardiac
muscles of most vertebrates, including teleost fishes
and mammals, oxidize fatty acids, but in chondrich-
thyans those tissues have little capacity for fatty-acid
oxidation. Instead, the skeletal and cardiac muscles of
elasmobranchs use ketone bodies—high-energy mol-
ecules such as beta-hydroxybutyrate that are synthe-
sized in the liver—as metabolic substrates.

Synthesis A speculative, but plausible, hypothesis links
these four characteristics of elasmobranchs:

e Retention of urea may be energetically efficient be-
cause it reduces the concentration gradient between
the body fluids and seawater, thereby reducing the
metabolic cost of osmoregulation.
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e Urea leaks out through the gills and must be
replaced continuously. When elasmobranchs are
fasting, the catabolism of muscle proteins leads to
increased releases of the amino acid alanine from
the muscles.

e The formation in the liver of urea from alanine
results in metabolic by-products that can be turned
into ketone bodies. Ben Speers-Roesch and Jason
Treberg have suggested that high levels of protein
breakdown and alanine release by the muscles of
elasmobranchs could have favored a shift from fatty
acids to ketone bodies as the primary metabolic
substrate of elasmobranchs.

e The lipids stored in the liver serve two functions:
they can be converted to ketone bodies that are
transported in the blood plasma to the cardiac and
skeletal muscles and, in combination with the loss
of mineralization in the skeleton, they make the
animal buoyant. The large size of the liver contrib-
utes to both of these functions.

5.2 Evolutionary Diversification
of Chondrichthyes

Early chondrichthyans, like the extant species, were di-
verse in form and habitats. In the Late Devonian, many
of them were found in freshwater habitats, in contrast
to their primarily marine distribution today. Through
time, different lineages of Chondrichthyes developed
similar but not identical modifications in feeding and
locomotor structures. In the following sections, we will
trace the radiations of chondrichthyans through the
Paleozoic, Mesozoic, and Cenozoic.

5.3 The Paleozoic
Chondrichthyan Radiation

Recent molecular studies suggest that diversification
of the modern lineages occurred somewhat earlier than
the first appearance of fossils. The Holocephali appear
to have split from the lineage that included the ances-
tors of sharks and rays during the Silurian (although
the earliest known fossil is from the Middle Devonian),
and the split between sharks and rays appears to have
occurred in Early Permian (although the earliest fossil
of the modern elasmobranchs is Early Triassic).

Diversity of Stem Chondrichthyans

The stem chondrichthyans, identified mostly from scales
and teeth, are known from the Silurian to the Early
Devonian, but their origins may extend back into the



Ordovician. By the Middle Devonian all chondrichthy-
ans could be assigned to either the Elasmobranchii or
the Holocephali.

Diversity of Stem Elasmobranchs

The first elasmobranchs appeared in the Early Devo-
nian. Many were generally sharklike in form, although
they lacked several derived characters of modern
sharks. A conspicuous difference between the stem
elasmobranchs and modern sharks is the position
of the mouth; stem elasmobranchs had a “terminal
mouth” located at the front of the head, rather than a
“subterminal mouth” beneath a protruding snout (or
rostrum) as in modern sharks. Cladoselache is a repre-
sentative example of a stem elasmobranch (Figure 5-3).
It was about 2 meters long when fully grown, with
large fins and mouth and five separate external gill
openings on each side of the head. The mouth opened
terminally, forming a large gape, and the upper jaw
(palatoquadrate) was attached to the skull by several
points of articulation. The lower jaw (mandible) also
obtained some support from the upper portion of the
second branchial arch, the hyomandibula. The term
amphistylic (Greek amphi = both and styl = pillar or
support) is used to describe this mode of multiple sites
of upper-jaw suspension, which may have been the an-
cestral condition for gnathostomes, although the earli-
est gnathostomes probably lacked involvement of the
hyoid arch in jaw suspension.

The stem elasmobranchs are identified by the form
of the teeth common to most members—basically
multicusped with little root development. Although
there is evidence of bone around their bases, the teeth
are primarily composed of dentine capped with an
enameloid coat. As the teeth are used, they become
worn; cusps break off and cutting edges grow dull. In
sharks, each tooth on the functional edge of the jaw is
but one member of a tooth whorl, attached to a liga-
mentous band that courses down the inside of the jaw
cartilage deep below the fleshy lining of the mouth
(Figure 5-4 on page 105). A series of developing teeth
is aligned in each whorl in a row directly behind the
functional tooth.

Essentially the same dental apparatus is present in
all elasmobranchs, living and extinct; tooth whortls are
also seen in the paraselachians (extinct forms related
to chimaerans) and in the extinct acanthodians, part
of the early gnathostome radiation (see Chapter 3).
Tooth whorls thus may be a general ancestral feature
of eugnathostomes (i.e., excluding the placoderms,
which appear to be less derived than other gnathos-
tomes on several grounds, one of which is the absence

of teeth in most forms). While not all extinct elasmo-
branchs shed their teeth, tooth replacement in extant
sharks can be rapid: young modern sharks replace each
lower-jaw tooth as often as every 8.2 days and each
upper-jaw tooth every 7.8 days, although this varies
considerably with species, age, and general health of the
shark, as well as environmental factors such as water
temperature.

Ecology of Paleozoic Elasmobranchs

We can piece together the lives of many of the early
elasmobranchs from their morphology and fossil loca-
tions. Most of these forms, and Cladoselache in partic-
ular, were probably predators that swam in a sinuous
manner, engulfing their prey whole or slashing it with
daggerlike teeth. The lack of internal skeletal miner-
alization suggests a tendency to reduce weight and
thereby increase buoyancy.

Xenacanthus, a stem elasmobranch, had a brain-
case, jaws, and jaw suspension very similar to those of
Cladoselache. But there the resemblance ends. The xe-
nacanths were freshwater bottom-dwellers, with very
robust fins and heavily calcified skeletons that would
have decreased their buoyancy, and some had elon-
gated, eel-like bodies. The xenacanths appeared in the
Devonian and survived until the Triassic period, when
they died out without leaving direct descendants.

Stethacanthid sharks from the Early Carbonifer-
ous showed remarkable sexual dimorphism. The five
species of stethacanthids that have been described
ranged in length from about 30 centimeters to nearly
3 meters. The first dorsal fin and spine of males in
this family were elaborated into a structure that was
probably used in courtship. In two genera of stetha-
canthids, Orestiacanthus and Stethacanthus, this
structure projected more or less upward and ended in
a blunt surface that was covered with spines. Males
of two other genera of stethacanthids, Damocles and
Falcatus, had swordlike spines that projected forward
parallel to the top of the head. One of the fossils of
Falcatus may be a pair that died in a precopulatory
courtship position, with the female grasping the
male’s dorsal spine in her jaws. These spines are odd-
looking structures, but they are not unique—males
of some extant chimaerans have a modification of the
anterior spine called a cephalic clasper that is used
during courtship.

Paleozoic Holocephalans

The earliest-known holocephalan comes from the
Middle Devonian, and from their first appearance ho-
locephalans included two distinct groups (sometimes
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Figure 5-3 Paleozoic elasmobranchs. (a) Cladoselache and (b) Xenacanthus showing details
of their fin structure and teeth. (c) A male Damocles serratus, a 15-centimeter-long sharklike
form from the Late Carboniferous period showing the sexually dimorphic nuchal spine and
pelvic claspers. Females had neither of those structures. (d) A pair of Falcatus falcatus, a spe-
cies closely related to Damocles, shown as they were fossilized, possibly in courtship position.
The female is clasping the male’s nuchal spine in her mouth. Falcatus was 25 to 30 centime-
ters long.
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(b)

Figure 5-4 Tooth replacement by chondrichthyans. (a) Cross section of the jaw of an extant
shark, showing a single functional tooth backed by a band of replacement teeth in various stages
of development. Together, these form a tooth whorl. (b) Lateral view of the symphysial (middle
of the lower jaw) tooth whorl of the early chondrichthyan edestoid Helicoprion, showing the

chamber into which the lifelong production of teeth spiraled.

grouped together as the Euchondrocephali). The Ho-
locephalimorpha includes the extant order Chimae-
riformes (the chimaerans, first known from the Late
Carboniferous) plus half a dozen other orders that
were restricted to the late Paleozoic. Paraselachimor-
pha, which may be paraphyletic, includes half a dozen
late Paleozoic orders, none of which persisted past the
Early Permian. As their name suggests, paraselachians
looked like sharks; they had sharklike teeth, and their
jaw suspension was not holostylic (i.e., their upper jaw
was not fused to the cranium). Paraselachians included
forms called iniopterygians that had pectoral fins set
up high on their sides above the gill openings, rather
than ventrally as in most other fishes.

54 The Early Mesozoic
Elasmobranch Radiation

Further elasmobranch evolution involved changes in
feeding and locomotor systems. Species exhibiting
these modifications appear in the Carboniferous, and
this radiation of stem chondricthyans (the Hybodonta)
flourished until the end of the Cretaceous. Hybodont
“sharks” and extant elasmobranchs can be grouped
together in the Euselachii. Hybodus is a well-known
genus of the Late Triassic through the Cretaceous.
Complete skeletons 2 meters in length have been
found that look very much like modern sharks except
that the mouth is terminal (Figure 5-5), although many
hybodonts were much smaller than this. Hybodonts
have been found in both marine and freshwater
settings.

Dentition

Hybodonts are distinguished by a heterodont dentition
(that is, different-shaped teeth along different regions
of the jaw). The anterior teeth had sharp cusps and may
have been used for piercing, holding, and slashing softer
foods. The posterior teeth were stout, blunt versions of
the anterior teeth that may have crushed hard-bodied
prey, such as crabs.

Fins

The hybodonts also showed advances in the structure of
the pectoral and pelvic fins that made them more mobile
than the broad-based fins of earlier elasmobranchs. Both
pairs of fins were supported on narrow stalks formed by
three narrow, platelike basal cartilages that replaced the
long series of basals seen in earlier sharks. The narrow
base allowed the fin to be rotated to different angles as
the shark swam up or down, making the fins more mo-
bile and flexible than those of earlier elasmobranchs and
allowing for more sophisticated types of locomotion. The
blade of the fin also changed: the cartilaginous radials
were segmented and did not extend to the fin margin.
Flexible fin rays called ceratotrichia, made from a ker-
atin-like protein, extended from the outer radials to the
margin of the fin. (Similar fin rays are seen in the fins
of bony fishes, where they are called leptotrichia. Lepto-
trichia differ from ceratotrichia in being made of stiffer
dermal bone and being segmented.)

Tail
Along with changes in the paired fins, the caudal fin
assumed new functions, and an anal fin appeared.
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Figure 5-5 The Late Cretaceous elasmobranch Hybodus. The dentition consisted of

pointed teeth at the front of the mouth and blunt teeth in the rear.

Reduction of the lower (hypochordal) lobe, division of
its radials, and addition of flexible ceratotrichia altered
the caudal fin shape so that the upper lobe was distinc-
tively larger than the lower lobe. This tail-fin arrange-
ment is known as heterocercal (Greek hetero = differ-
ent and kerkos = tail).

The value of the euselachian heterocercal tail lies
in its flexibility (because of the more numerous ra-
dial skeletal elements) and the control of shape made
possible by the intrinsic musculature. When it was
undulated from side to side, the fin twisted so that
the flexible lower lobe trailed behind the stiff upper
one. This distribution of force produced forward and
upward thrust that could lift a shark from a resting
position or counteract its tendency to sink as it swam
horizontally.

Other New Internal and External Features

Other morphologic changes in euselachians include
the appearance of a complete set of hemal arches in
the vertebral column that protected the arteries and
veins running below the notochord; well-developed
ribs; and narrow, more pointed dorsal-fin spines
closely associated with the leading edges of the dorsal
fins. These spines were ornamented with ridges and
grooves and studded with barbs on the posterior sur-
face, suggesting that they were used in defense. De-
spite their variety and success during the Mesozoic,
members of this second radiation of elasmobranchs
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became increasingly rare and disappeared at the end
of the Mesozoic.

55 Extant Lineages
of Elasmobranchs

The first representatives of the extant radiation of
elasmobranchs, the Neoselachii, appeared at least as
early as the Triassic. By the Jurassic period, species
of modern appearance had evolved, and a surprising
number of Jurassic and Cretaceous genera are still ex-
tant. The most conspicuous difference between most
members of the earlier radiations and neoselachians is
that most extant forms have subterminal, “underslung”
mouths (Figure 5-6). The characters distinguishing the
neoselachian clades are subtle, and the interrelation-
ships among the extant lineages are not yet fully un-
derstood. Molecular studies unite all of the sharks in
one clade (the Selachii) and the skates and rays in
another (Batoidea), whereas anatomical characters in-
dicate that the skates and rays are related to the squa-
lomorph sharks.

Galeomorph sharks are the dominant carnivores of
shallow, warm, species-rich regions of the oceans. This
lineage includes many of the sharks most often featured
on television—the large carnivores such as the white
shark and the hammerhead. The galeomorphs also
include the largest living fishes: the enormous whale
shark, which grows to a length of 15 meters, and the
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Figure 5-6 Representative extant sharks. Compare the rostrum that extends forward of the
mouth in extant sharks to the terminal position of the mouth in the Late Cretaceous shark
Hybodus shown in Figure 5-5. (a) Negaprion brevirostris, the lemon shark, grows to a length
of 3.4 meters. The internal anatomy of the pectoral girdle and fin is shown. The mesopterygium,
protperygium, and metapterygium are the basal elements. (b) Etmopterus virens, the green lan-
tern shark, is a bioluminescent miniature shark only 25 centimeters long, yet it feeds on much
larger prey items. (c) Isistius brasiliensis, the cookie-cutter shark, is a small shark whose curious
mouth (left) is able to take chunks from fishes and cetaceans much larger than itself. (d) The great
hammerhead shark (Sphyrna mokarran) grows to a length of more than 6 meters. The peculiar
shape of the head may increase the directional sensitivity of the mechanoreceptors in the lateral
lines and the electroreceptors in the ampullae.
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smaller basking shark (6 to 8 meters). Both of these
species are filter feeders.

Squalomorph sharks have more ancestral anatomical
characters—especially the smaller size of their brains—
than the galeomorphs. This lineage includes species that
live in cold, deep water—the spiny and green dogfishes,
the cookie-cutter sharks, and the megamouth sharks.

Batoids (skates and rays) are all dorsoventrally
compressed. This places their mouth and gill slits on
the ventral surface of the head and their eyes and the
spiracle (the remnant of the original first gill slit) on
the dorsal surface. When an animal is resting on the
bottom, water is drawn in through the spiracle and ex-
hausted through the gill slits. Batoids have enlarged
pectoral fins that are attached to the side of the head
and used for locomotion. They also have a very derived
type of hyostylic jaw suspension, euhyostyly, in
which there is no direct contact of the upper jaw with
the cranium (see Figure 5-7e).

General Characteristics of Sharks

Throughout their evolutionary history, sharks have
been consummate carnivores. In the third radiation of
the elasmobranchs in the mid-Mesozoic, derived loco-
motor, trophic, sensory, and behavioral characteristics
produced forms that still dominate the top levels of
marine food webs today. Sharks show enormous diver-
sity in size. The largest extant forms attain lengths of at
least 12 to 15 meters and may grow to 18 meters, and a
few interesting miniature forms are only 25 centimeters
long and inhabit deep seas off the continental shelves.

Skeleton Despite their range in size, all extant sharks
have common skeletal characteristics that earlier radi-
ations lacked. The cartilaginous vertebral centra of ex-
tant sharks are distinctive. Between centra, spherical
remnants of the notochord fit into depressions on the
opposing faces of adjacent vertebrae. Thus, the axial
skeleton can flex from side to side with rigid central
elements of calcified cartilage swiveling on ball-bearing
joints of notochordal remnants. In addition to the
neural and hemal arches, extra elements that are not
found in the axial skeletons of other vertebrates (the
intercalary plates) protect the spinal cord above and
the major arteries and veins below the centra.

Skin The placoid scales of sharks also changed in the
third elasmobranch radiation. Although scales of the
same general type are known from earlier chondrich-
thyans, they are often found in clusters or fused into
larger plates rather than being distributed evenly
across the body surface as they are in modern sharks.
The shagreen (sharkskin) body covering of extant
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sharks is both flexible and protective. The placoid
scales of extant sharks have a single cusp and a single
pulp cavity, much like many modern shark teeth. The
size, shape, and arrangement of these placoid scales
reduce turbulence in the flow of water next to the
body surface and increase the efficiency of swimming.
(Swimsuits duplicating the surface properties of shark-
skin appear to cut a few hundredths of a second from
a swimmer’s time—enough to be the margin of victory
in world-level competition.) Individual scales in ances-
tral elasmobranchs often fused to form larger scales as
the fishes grew larger, whereas extant sharks add more
and larger scales to their skin as they grow.

Although we do not know much about what was
just under the skin of fossil elasmobranchs, modern
sharks have a strong, helically wound, layer of collagen
fibers firmly attached to thick septa of collagen that
run between muscle segments to attach on the ver-
tebral column. This elastic jacket with anchors to the
axial skeleton appears to store and release energy dur-
ing the side-to-side oscillations of swimming. Muscles
pulling on the skin probably contribute more to swim-
ming than do muscles pulling on the axial skeleton.

Sensory Systems and Prey Detection The sensory sys-
tems of extant sharks are refined and diverse, and
include specialized characteristics of the visual and
chemosensory systems as well as exquisitely sensitive
mechano- and electroreceptive systems.

Vision Many sharks feed at dusk or at depths in the
sea where little sunlight penetrates, and their vision at
low light intensities is especially well developed. This
sensitivity is due to a rod-rich retina and cells with nu-
merous platelike crystals of guanine that are located
just behind the retina in the eye’s choroid layer. Collec-
tively called the tapetum lucidum, these cells contain
shiny crystals of guanine that act like mirrors to reflect
light back through the retina and increase the chance
that photons will be absorbed. (A tapetum lucidum is
found in many nocturnal animals and accounts for the
eyeshine of animals seen in the headlights of a car.)

Chemoreception Sharks have been described as swim-
ming noses, so acute is their sense of smell. Experiments
have shown that some sharks respond to chemicals in
concentrations as low as 1 part in 10 billion, turning in
the direction of the nostril that first receives an odor
stimulus to locate its source.

Electroreception In Chapter 4 we described the extraordi-
nary sensitivity of the neuromast organs and ampullae
of Lorenzini. The ampullae of Lorenzini, which are
composed of soft tissues, do not normally fossilize,



but their concentration on the rostrum of modern
sharks and the near-universal appearance of the pro-
jecting rostrum as a new character of the extant ra-
diation of sharks make a strong case for the role of
electrosensitivity in the success of the modern forms.
The strange heads of hammerhead sharks of the genus
Sphyrna (see Figure 5-6d) may spread the ampullae
of Lorenzini over a larger area than does the standard
shark rostrum. This arrangement might increase the
sensitivity to electrical impulses from buried prey and
to minute geomagnetic gradients used for navigation.

Integration of Sensory Information for Predation Sharks
use their sensory modalities in an ordered sequence to
locate, identify, and attack prey. Olfaction is often the
first sense that alerts a shark to potential prey, espe-
cially when the prey is wounded or otherwise releasing
body fluids. Because of its exquisite sensitivity, a shark
can use smell as a long-distance sense.

Not as useful as olfaction over great distances, but
more directional over a wide range of environmental
conditions, is another distance sense—the vibration
sensitivity of mechanoreception. The lateral line system
and the sensory areas of the inner ear detect vibrations
such as those produced by a struggling fish. The effec-
tiveness of mechanoreception in drawing sharks from
considerable distances to a sound source has been
demonstrated by using underwater speakers to broad-
cast vibrations like those produced by a struggling fish.

Once a shark is close to the stimulus, vision takes
over as the primary mode of prey detection. If the prey
is easily recognized, a shark may proceed directly to an
attack. Unfamiliar prey is treated differently, as studies
aimed at developing shark deterrents have discovered.
A circling shark may suddenly turn and rush toward
unknown prey. Instead of opening its jaws to attack,
however, the shark bumps and scrapes the surface of
the object with its rostrum. Opinions differ on whether
this is an attempt to determine texture through mech-
anoreception, make a quick electrosensory appraisal,
or use the rough placoid scales to abrade the surface
and release fresh olfactory cues.

Following further circling and apparent evaluation
of all sensory cues from the potential prey, the shark
may either wander off or attack. In the latter case, the
rostrum is raised and the jaws protrude. In the last
moments before contact, some sharks draw an opaque
eyelid (the nictitating membrane) across each eye to
protect it. At this point, it appears that sharks shift
entirely to electroreception to track prey. This hypothesis
was developed while studying the attacks by large sharks
on bait suspended from boats. Divers in submerged pro-
tective cages watched the attacks. After occluding their

eyes with the nictitating membranes or approaching so
close that the rostrum blocks visual contact with the
bait, attacking sharks frequently veered away from the
bait and bit some inanimate object near the bait (in-
cluding the observer’s cage, much to the dismay of the
divers). Apparently, the metal of the cages distorted the
local electric fields, and the sharks mistakenly attacked
these artificial sources of electrical activity.

Jaws, Teeth, and Feeding Most living elasmobranchs have
a derived type of hyostylic jaw suspension (Figure 5-7),
which allows them to move the upper jaw indepen-
dently from the skull, effecting greater suction and
precision in feeding. In contrast to the amphistylic
jaw suspension described for Cladoselache, the origi-
nal points of bony articulation of the upper jaw (pala-
toquadrate) with the skull are replaced by ligaments.
(Note that, technically, any type of jaw suspension in-
volving the hyoid arch can be termed “hyostylic,” but
“amphistylic” is the traditional term retained for this
type of jaw suspension with an attached palatoquad-
rate.) Protrusion of the upper jaw is aided by a new
muscle, the preorbitalis, running forward from the
upper jaw to the front of the skull. The hyomandibula
can indirectly influence the movement of the lower
jaw via a chain of cartilages, as it is attached to the
ceratohyal in the lower part of the hyoid arch, which
in turn attaches by ligaments to the lower jaw. There
are various different types of upper-jaw mobility in
chondrichthyans, indicating a degree of parallel evolu-
tion of this condition. Jaw opening in sharks, as in all
gnathostomes (see Chapter 3), is via the hypobranchial
muscles, running from the ventral portion of the jaws
and branchial arches to the coracoid bar that forms the
ventral part of the fused left and right halves of the
pectoral girdle, the scapulocoracoid cartilage.

The advantages of the jaws of extant sharks are dis-
played when the upper jaw is protruded. In sharks that
use suction to capture prey, such as the nurse shark,
muscles swing the hyomandibula laterally and ante-
riorly to increase the distance between the right and
left jaw articulations and thereby increase the volume
of the orobranchial chamber. This expansion, which
sucks water and food forcefully into the mouth, is not
possible with the more ancestral amphistylic jaw sus-
pension because the palatoquadrate is tightly attached
to the chondrocranium. With hyomandibular exten-
sion, the palatoquadrate is protruded to the limits of
the elastic ligaments on its orbital processes. In ram
feeding or sharks that bite their prey, such as bull
sharks, protrusion drops the mouth away from the
head to allow a shark to bite an organism much larger
than itself (see Figure 5-7g). The dentition of the
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Figure 5-7 Anatomical relationships of the jaws and chondrocranium of chondrichthyans.
(a) Lateral and cross-sectional (half of skull shown) views of the head skeleton of dogfish (Scyllium)
with the jaws closed, showing the hyostylic jaw suspension typical of modern elasmobranchs, where
the upper jaw is attached to the cranium only by ligaments and the hyoid apparatus suspends the
lower jaw. (S = spiracle; Q = quadrate region of the palatoquadrate; H = hyomandibula; M = man-
dible, U = upper jaw, L = lower jaw) (b) Dorsal view of the skull of a blacktip shark (Carcharhinus
limbatus). (c) Head of a hypothetical ancestral gnathostome, where the hyoid arch is still unmodi-
fied (and bearing gill structures) and the upper jaw articulates with the cranium at several points:
this is the unmodified type of amphistylic jaw suspension (= autodiastyly) and can be observed in a
very ancestral chimaera. (d) Head of the Mesozoic elasmobranch Hybodus, showing amphistylic jaw
suspension (upper jaw articulates with cranium in several places, modified hyoid arch supports the
lower jaw). (e) Head of the ray Rhinobatus, showing euhyostylic jaw suspension (upper jaw has no
direct contact with the cranium). (f) Head of the extant chimaeran Callorhinchus, showing autostylic
(or holostylic) jaw suspension (upper jaw is fused to the cranium, hyoid apparatus has no part in jaw
suspension). (g) During jaw opening and upper-jaw protrusion in a hyostylic shark, the hyomandib-
ula rotates from a position at a 45° angle to the long axis of the cranium to a 90° angle to that axis.

(c—f: E= ethmoidal process, O = orbital process, U = upper jaw, L = lower jaw, Ep = epihyal [dorsal
portion of unmodified hyoid arch], H = hyomandibula, C = ceratohyal)

palatoquadrate is specialized for attacking prey too
large to be swallowed whole—the teeth on the palato-
quadrate are stouter than those in the mandible and
are often recurved or strongly serrated.

When feeding on large prey, a shark opens its mouth,
sinks its lower and upper teeth deeply into the prey, and
then protrudes its upper jaw ever more deeply into the
slash initiated by the teeth. As the jaws reach their max-
imum initial penetration, some sharks throw their bod-
ies into exaggerated lateral undulations, which results
in a violent side-to-side shaking of the head. In these
sharks, the head movements bring the serrated upper
teeth into action to sever a piece of flesh from the prey.

Modern sharks have a wide variety of tooth shapes—
ranging from sharp, narrow points to broad, flat sur-
faces—and many sharks have teeth of different shapes
in different locations. The hornshark gets its generic
name, Heterodontus (Greek hetero = different and dont
= tooth), from this characteristic; it has sharp teeth at
the front of the mouth and broad, flat, molarlike teeth
at the rear. The mako shark has narrow, pointed teeth
at the anterior end of the jaw and broader, more blade-
like teeth farther back in the tooth row, and the knife-
tooth dogfish has pointed teeth in the upper jaw and
broader, bladelike teeth in the lower jaw.

The shape of a shark’s teeth has been assumed to
tell us something about their function and, by exten-
sion, what kind of prey that shark eats. Three major
functions have been described, each with a character-
istic tooth shape:

e Tearing. Teeth with sharply pointed tips and a
distinct cutting edge, like those of the mako shark,
have been considered good for penetrating the body
surface of prey.

e Cutting. Teeth that are flattened into a blade (i.e.,
in the labial-lingual/front-to-back direction) with a
relatively blunt tip and serrations along the margins
of the tooth, like those of the great white shark,
appear to be suitable for slicing through skin and
muscle.

e Crushing. Broad flat teeth, like those in the rear
of the jaws of the bonnethead and hornsharks, have
been considered necessary for crushing hard-shelled
prey, such as crabs.

A biomechanical analysis of the functional charac-
teristics of shark teeth by Lisa Whitenack and her
colleagues has shown that the situation is more compli-
cated than this, however (Figure 5-8). In the first place,
examples of parallel or convergent evolution are wide-
spread and the shapes of sharks’ teeth show no clear
relationship to their phylogeny. In addition, the func-
tional properties of teeth are less distinct than previ-
ous studies had assumed. Most of the teeth tested
were able to carry out at least two of the three func-
tions, and almost half of the teeth tested could do all
three of them.

The way that shark teeth are fastened to the jaw ap-
pears to be important in allowing a single tooth type to
perform multiple functions. Unlike the teeth of most
vertebrates, sharks’ teeth are not set rigidly in bony
sockets or fused to the jaw bone. Instead, a collagen at-
tachment holds them in place within the tooth whorl.
This arrangement provides flexibility that allows lim-
ited movement and rotation of the teeth about the jaw
as force is applied during a bite. In addition, each tooth
acts in concert with adjacent teeth because the bases
of teeth overlap and forces exerted on one tooth may
be transmitted to adjacent teeth.
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In addition, the characteristics of prey vary—other
elasmobranchs, bony fishes, and marine mammals are
all soft-bodied prey, but the structures of the skin and
the underlying tissues are quite different. When the
complexity of the interactions among teeth is com-
bined with the differences in prey, it is not surprising
that the tooth structure of sharks provides limited in-
formation about their diets.

Predatory Behavior Rare observations of sharks feed-
ing under natural conditions indicate that these fishes
are versatile and effective predators. Great white
sharks (Carcharodon carcharias) swim back and forth
parallel to the shoreline of islands with seal and sea
lion breeding sites, attempting to intercept the adults
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as they come and go from the rookeries. The sharks kill
mammalian prey, such as seals, by exsanguination—
bleeding them to death. A shark holds a seal tightly
in its jaws until it is no longer bleeding and then bites
down, removing an enormous chunk of flesh.

Attacks by great white sharks on sea lions are quite
different from those on seals because sea lions—unlike
seals—have powerful front flippers that can be used
effectively in defense. Sharks often seize and release
sea lions repeatedly until they die from blood loss.
These behavioral observations support a hypothesis
that emerged from the biomechanical analysis of shark
teeth described earlier: perhaps the main selective fac-
tor that acts on shark dentition is not efficiency, but
rather the severity of damage that a bite inflicts.

Some deep-sea sharks lure prey to them
with bioluminescent organs. The megamouth

——>  shark has luminous organs called photo-
l phores on the upper jaw that may attract the
. shrimp and other small prey items it eats.
l Photophores on the belly of the cookie-
cutter shark emit a greenish glow that may at-
—>  tract predators, such as tunas and cetaceans.
l The cookie-cutter shark turns the tables on
., its predators, and instead of being eaten it
gouges its trademark circular bites from their

flesh (Figure 5-9).
— Suction feeding appears to be the primary

feeding mode of the carpet sharks, but it
is also used by species of sharks in other

l Figure 5-8 Shapes and functional charac-
teristics of the teeth of modern and fossil
sharks. The shapes of the teeth of sharks vary
widely, and parallel or convergent evolution is seen
in the similarity of the teeth of distantly related
species. Even within a single species the shape of
the teeth in different positions may be different, as
is the case for the mako shark. The functional char-
acteristics of each tooth are shown on the right.
(H = able to penetrate hard-shelled prey, such as
crabs; | = able to penetrate soft-bodied prey; — =
able to slice through the flesh of prey). The bottom
three teeth are from extinct species (indicated by
daggers), and the others are from extant species.
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Figure 5-9 A bite by a cookie-cutter shark leaves a distinctive wound. The shark uses its
mouth to create suction that holds it to the side of its prey while the small teeth in the upper jaw
and the large, triangular teeth in the lower jaw bite into the prey. Then the shark spins, cutting

a cookie-shaped piece of skin and flesh from the prey. (a) A yellowfin tuna with a wound from a

cookie-cutter shark; (b) a close-up of the wound.

evolutionary lineages. Leopard sharks can suck worms
out of their burrows, and the epaulette shark and
white-spotted bamboo shark sometimes thrust their
heads into the substrate, apparently using buccal ex-
pansion to suck up buried prey.

The largest sharks—the whale sharks, basking
sharks, and megamouth sharks—are filter feeders.
Their strange morphology and feeding habitats appear
to have been evolved convergently, at least between
the whale sharks on one hand, and the basking and
megamouth sharks on the other. Whale and basking
sharks feed at or near the surface, whereas the mega-
mouth spends the day at depths of 100 meters or more
and moves upward to 20 meters below the surface at
night. Phil Motta and his colleagues studied the feed-
ing behavior of whale sharks off the Yucatdn Penin-
sula of Mexico. The sharks spend most of the daylight
hours engaged in ram feeding, swimming with the
mouth open at a speed of about 1 meter per second. A
whale shark with a length of 6.22 meters would filter
just over 4600 cubic meters of water per day and har-
vest about 21 kilograms of plankton.

Reproduction Much of the success of the extant grade
of neoselachians may be attributed to their sophisti-
cated breeding mechanisms. Internal fertilization is
universal, as was probably true for all chondrichthy-
ans. The pelvic claspers of males have a solid skeletal
structure that may increase their effectiveness. During
copulation (Figure 5-10a), a single clasper is bent at 90°
to the long axis of the body, so the dorsal groove on
the clasper lies directly under the cloacal papilla from

which sperm are emitted. The flexed clasper is inserted
into the female’s cloaca and locked there by an assort-
ment of barbs, hooks, and spines near the clasper’s tip.
Sperm from the genital tract are ejaculated into the
clasper groove. Simultaneously, a muscular subcutane-
ous sac extending anteriorly beneath the skin of the
male’s pelvic fins contracts. This siphon sac has a secre-
tory lining and is filled with seawater by the pumping
of the male’s pelvic fins before copulation. Seminal fluid
from the siphon sac washes sperm down the groove
into the female’s cloaca, from which point the sperm
swim up the female’s reproductive tract.

Male sharks of small species secure themselves in
copulo by wrapping around the female’s body. Large
sharks swim side by side, their bodies touching, or
enter copulation in a sedentary position with their
heads on the substrate and their bodies angled up-
ward. Many male sharks and skates bite the female’s
flanks or hold onto one of her pectoral fins with their
jaws, and the skin on the back and flanks of a female
of these species may be twice as thick as the skin of a
male the same size.

Fetal Nutrition With the evolution of internal fertiliza-
tion, sharks adopted a reproductive strategy favoring
the production of a small number of offspring that are
retained, protected, and nourished for varying periods
within the female’s body. A female can invest energy in
nourishing the embryo in the form of an egg yolk (as
in birds) or deliver energy to the embryo from the re-
productive tract of the female. Lecithotrophy (Greek
lecith = egg and troph = nourishment) refers to the
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Figure 5-10 Reproduction by sharks. (a) Copulation by the European spotted catshark Scyli-
orhinus. Only a few other species of sharks and rays have been observed in copulo, but all assume
postures so that one of the male’s claspers can be inserted into the female’s cloaca. (b) The egg
cases of two oviparous sharks: Scyliorhinus (left) and Heterodontus (right). (Not to same scale as

parta.)

situation in which yolk supplies most of the nourish-
ment for the embryo, whereas matrotrophy (Greek
matro = mother) means that the reproductive tract of
the female supplies most of the energy. (Lecithotrophy
and matrotrophy are at the ends of a continuum, and
many vertebrates use a combination of lecithotrophy
and matrotrophy in which the embryo receives some
nourishment from a yolk and some from the reproduc-
tive tract of the mother.)

Eggs or Babies? Another pair of terms describes the way
in which a baby enters the world: in oviparity the baby
hatches from an egg that is deposited outside the body
of the mother (as in birds, for example), and in vivi-
parity a fully developed baby is born (as in placental
mammals). The embryo of an oviparous species is leci-
thotrophic, but viviparous species include a range of
modes of fetal nourishment extending from lecithot-
rophy to matrotrophy. There also are species of ver-
tebrates in which the young hatch and begin feeding
while they are still within the oviduct, consuming cells
from the walls of the oviduct or eating unhatched eggs
containing what would have been their siblings.

e Oviparity. Most oviparous elasmobranchs, such
as hornsharks and skates, produce large eggs with
large yolks (the size of a chicken yolk or larger). A
specialized structure at the anterior end of the ovi-
duct, the nidimental gland, secretes a proteinaceous
case around the fertilized egg. Protuberances on the
cases become tangled with vegetation or wedged
into protected sites on the substrate (see Figure 5-10b).
The embryo obtains nutrition exclusively from the
yolk during the six- to ten-month developmental
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period. Movements of the embryo produce a flow of
water through openings in the shell that flushes out
organic wastes and brings in dissolved oxygen. The
young are generally miniature replicas of the adults
when they hatch and seem to live much as they do
when mature.

e Viviparity. Prolonged retention of the fertilized
eggs in the reproductive tract was a significant step
in the evolution of shark reproduction. The eggs
hatch within the oviducts, and the young may spend
as long in their mother after hatching as they did
within the shell, eventually emerging as miniatures
of the adults. Most sharks with this reproductive
mode have about a dozen young at a time.

Social Behavior Sharks have long been considered soli-
tary and asocial, but this view is changing. Accumu-
lating field observations indicate that sharks of many
species sometimes aggregate in great numbers:

e More than 60 giant basking sharks have been ob-
served milling together and occasionally circling in
head-to-tail formations in an area off Cape Cod in
the summer. Forty more individuals have been seen
nearby.

e More than 200 hammerhead sharks have been seen
near the surface off the eastern shore of Virginia in
successive summers.

e Divers on seamounts that reach to within 30 meters
of the surface in the Gulf of California have observed
enormous aggregations of hammerheads schooling
in an organized manner around the seamount tip.
Some of these hammerhead observations include
behavior thought to be related to courtship. The



schools are initially formed by large numbers of
females, with the largest females aggressively secur-
ing a central position within the schools. Eventually
males arrive, dash into the center of the schools,
and mate with the largest females.

* More than 1000 individuals of the blue shark have
been observed near the surface over canyons on
the edge of the continental shelf off Ocean City,
Maryland.

e Fishermen are all too familiar with the large schools
of spiny dogfishes that seasonally move through
shelf regions, ruining fishing by destroying gear,
consuming bottom fishes and invertebrates, and dis-
placing commercially more valuable species. These
dogfish schools are usually made up of individuals
that are all the same size and the same sex. The dis-
tribution of schools is also peculiar: female schools
may be inshore and males offshore, or male schools
may all be north of some point and females south.

Our understanding of these phenomena is slim, but
it is clear that not all sharks are solitary all the time
and aggregations are often related to reproduction.
A new field of research, which has been called social
oceanography, focuses on the behavior of top oceanic
predators, such as the large sharks.

Conservation of Sharks

The shark way of life has been successful, since sharks
evolved 350 to 400 million years ago, but alterations of
their habitat and predation by humans now threaten
the survival of many species. Although young sharks
are relatively large compared with other fishes, they
are subject to predation, especially by other sharks.
Many species depend on protected nursery grounds—
usually shallow inshore waters, which are the areas
most subject to human disturbance and alteration. In
addition, adult sharks are increasingly falling prey to
humans. A rapid expansion in recreational and com-
mercial shark fishing worldwide threatens numerous
species of these long-lived, slowly reproducing top
predators.

Shark-Eating Humans It’s headline news around the
world when a shark attacks a swimmer, but the tens
of thousands of sharks that are captured by fishing
boats every year are largely unnoticed. People like to
eat sharks, whether they know what they are eating
or not. Spiny dogfish (Squalus acanthias), marketed
as “grayfish,” has long been served up as “fish and
chips” in Europe and began to make its unheralded
way into the American prepared-food market in the
1980s. “Mako” shark steaks (sliced from sharks of two

genera, Isurus and Lamna) have become an alternative
to swordfish in the fresh-seafood cases of nearly every
American supermarket.

Shark Finning At about the same time as domestic con-
sumption of sharks increased in the United States, an
even more powerful economic force exploded on the
scene—export of shark fins to Asian markets. Shark-
fin soup, which is reputed to have medicinal properties,
may fetch $90 or more a bowl in restaurants in Asia.
Dried shark fins sell at wholesale in Hong Kong for
more than $500 a kilogram; in the United States, fresh
wet fins sell for $200 or more per kilogram. A large fin
from a whale shark or basking shark brings $10,000.

The growth of Asian economies during the 1980s
and 1990s created an almost unlimited market for fins.
Because the rest of the carcass is worthless by compar-
ison, shark finning—the barbaric practice of catching
sharks, cutting off the fins, and throwing the rest of
the animal, often still alive, back into the sea—became
a worldwide phenomenon. In late 2003, the United
Nations General Assembly passed a resolution asking
nations to ban shark finning, and many countries have
outlawed the practice. Unfortunately, the resolution
includes no provisions for enforcement, and there is
no effective way to control what happens in interna-
tional waters.

Big, Fierce Animals Are Rare Large predatory animals,
such as great white sharks, are at the top of the food
web—they eat species smaller than themselves and
there are few, if any, predators large enough to attack
them once they are adults. That sounds like an ideal
situation, but there is a downside—big, fierce animals
are rare because the top of the food web cannot sup-
port large populations of these apex predators.

Only a few individual sharks occur in any area, ex-
cept perhaps during breeding or in other social aggre-
gations. For example, the entire population of great
white sharks off the coast of central California is esti-
mated to be only 219 individuals, and they are widely
dispersed. Only nine to fourteen great white sharks
were observed over a period of 5 years around the
South Farallon Islands, which are near San Francisco.
The same individuals returned each fall when prey
numbers were high. When only four great white sharks
were killed near the sea-lion colony that attracted
them, the number of attacks on seals and sea lions in
the area dropped by half for the next 2 years.

Losing Apex Predators The predators at the top of the
food web often exert a top-down control over popula-
tions of species beneath them in the web, and the loss
of apex predators can have ramifications throughout
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the system. Populations of large sharks along the east-
ern coast of North America have declined by 87 to 99
percent since 1970. Smaller species of sharks and rays
are the normal prey of the large sharks, and popula-
tions of the smaller species increased as much as
20-fold during the same period. Many of the smaller
species of elasmobranchs feed on clams and scallops
(bivalves), and populations of these shellfish have also
plunged. In 2003 the commercial harvest of bivalves in
the Chesapeake Bay was 300 metric tons, compared to
an estimated consumption of 840,000 tons of bivalves
by cownose rays.

Similar patterns of drastic declines in the popula-
tions of apex marine predators and cascading effects
on the ecosystems in which they occurred can be cited
for almost anywhere on Earth. Indeed, the effect is so
widespread and so pervasive that Jeremy Jackson and
Enric Sala have suggested that the old fishing lament
should have a new twist—“You should have seen the
ocean that got away.”

The Outlook Is Bleak Because of their biologic charac-
teristics, sharks are particularly susceptible to near ex-
tirpation by fishing. They grow slowly, they mature late
in their lives, they have few young at a time, and, be-
cause of the great amount of energy invested in those
young, the females of some species reproduce only
every other year (Figure 5-11). Fisheries management
specialists say there is little chance that populations of
many species of overfished sharks will recover signifi-
cantly in less than half a century, even with strict fish-
ing limitations.

There is, however, one small but brighter note in
the story of elasmobranch conservation: Viewing large
sharks and rays in the wild has become an underwater
tourist attraction in several parts of the world. Rigor-
ous protection of these local populations of sharks has
begun to afford a limited measure of protection for
some species.

5.6 Batoidea: Skates and Rays

The skates and rays are more diverse than the sharks
(Figure 5-12). Their characteristic suite of specializations
relates to their early assumption of a bottom-dwelling,
durophagous (Latin duro = hard and Greek phagus = to
eat) habit. The teeth are almost all flat-crowned plates
that form a pavementlike dentition. The mouth is often
highly and rapidly protrusible to provide powerful suc-
tion used to dislodge shelled invertebrates from the
substrate. Skates and rays have undergone considerable
diversification in the adaptations of their jaws and teeth
for feeding, and many similar-appearing morphologies
in living forms have been evolved convergently. The
dorsoventral flattening of their bodies and lateral exten-
sion of their pectoral fins provide a large surface over
which ampullae of Lorenzini are distributed.

Body Form

Skates and rays are similar in being dorsoventrally flat-
tened, with radial cartilages extending to the tips of the
greatly enlarged pectoral fins. The anteriormost basal
elements fuse with the chondrocranium in front of the

White shark Hammerhead Cod
w2 g Seg
22X
Sandbar Dogfish U “
White shark Sandbar Scalloped hammerhead  Spiny dogfish Atlantic cod
Carcharodon carcharias Carcharhinus plumbeus Sphyrna lewini Squalus acanthius | Gadus morhua
Age to maturity (years) m 9-10, f 12-14 m 13-16 m 4-10, f 4-15 m 6-14, f 10-12 m 2-4
Size at maturity m 350-410, f 400-430 m 170, f >180 m 140-280, f 150-300 m 60, f 70 m 32-41
(centimeters)
Life span (years) m 15(?) m 25-35 m 35 m 35, f 40-50 m 20+
. . 2 million—
Litter size 2-10 pups 8-13 pups 12-40 pups 2-14 pups 11 million eggs
Reproductive frequency Biennial(?) Biennial ?) Biennial Annual
Gestation period >12 9-12 9-12 18-24 n/a
(months)

Figure 5-11 Life-history parameters of sharks. The life-history characteristics of sharks (late
maturing, small litters, and biennial reproduction) make them more vulnerable to overexploita-

tion than fishes (such as the cod) that mature quickly, have large litters, and reproduce annually.
(m = male; f = female)
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Figure 5-12 Representative extant skates and rays. (a, b) Benthic forms; (c, d) forms that
frequently swim high in the water column or are truly pelagic. (a) Raja is a typical skate.

(b) Dasyatis is a typical ray. (c) Aetobatus is representative of the eagle rays, wide-ranging preda-
tors of shelled invertebrates. (d) Manta is representative of its family of gigantic fishes that feed
exclusively on zooplankton. Extensions of the pectoral fins anterior to the eyes (the horns of
these devil rays) help funnel water into the mouth during filter feeding.

eye and with one another in front of the rest of the head.
Skates and rays swim by undulating these massively en-
larged pectoral fins. The placoid scales so characteristic
of the integument of a shark are absent from large areas
of the bodies and pectoral fins of skates and rays. The
few remaining denticles are often greatly enlarged to
form scales called bucklers along the dorsal midline.
Skates are distinguished from rays by their tails:
skates have a long, thick tail stalk supporting two dorsal
fins and a terminal caudal fin, whereas a typical ray has

a whiplike tail stalk with fins replaced by one or more
enlarged, serrated, and venomous dorsal barbs. Derived
forms, such as stingrays (family Dasyatidae), have a few
greatly elongated and venomous spines derived from
modified placoid scales at the base of the tail.

The electric skates (family Rajidae) have specialized
tissues in their long tails that are capable of emitting a
weak electrical discharge. Each species appears to have
a unique pattern of discharge, and the discharges may
identify conspecifics (members of the same species) in

117



the gloom of the seafloor. The electric rays and torpedo
rays (family Torpedinidae) have modified gill muscles,
producing electrical discharges as high as 200 volts
that are used to stun prey.

Ecology

Many skates and rays are ambush hunters, resting on
the seafloor and covering themselves with a thin layer
of sand. They spend hours partially buried and nearly
invisible except for their prominent eyes, surveying
their surroundings and lunging at a prey item that ap-
proaches too closely. During the day, electric rays are
ambush feeders: they surge upward from the sand, en-
close the prey in their pectoral fins, and emit an elec-
trical discharge that stuns the prey. At night, the rays
hover in the water column a meter or two above the
bottom and drop on prey that passes beneath them,
cupping it in their pectoral fins while they stun it.

Other rays hunt in the water column, positioning
themselves in places where tidal water movement will
carry prey to them. The largest rays, like the largest
sharks, are plankton strainers. Devilfishes or manta
rays are up to 6 meters wide. These highly specialized
rays swim through the open sea with winglike motions
of the pectoral fins, filtering plankton from the water
as they go.

Courtship and Reproduction

The dentition of many benthic rays is sexually dimor-
phic; males have sharper teeth in the front of the jaw
than females. Different dentitions coupled with the
generally larger size of females might reduce competi-
tion for food resources between the sexes, but no dif-
ference in stomach contents has been found. It seems
more likely that sexual selection is the basis for the
difference in dentition of males and females because a
male uses its teeth to hold a female before and during
copulation. Males of the stingray Dasyatis sabina have
blunt teeth like those of females for most of the year;
but, during the breeding season, males grow sharp-
cusped teeth. The precopulatory bites of males of this
species, as well as other species of rays, can leave last-
ing scars on females that are used for courtship.

Skates are oviparous, laying eggs enclosed in horny
shells popularly called “mermaid’s purses.” Fetal nutri-
tion is entirely lecithotrophic, and embryonic develop-
ment can extend over many months. Rays, in contrast,
are viviparous. In the early stages of development the
egg yolk nourishes the embryos, and when the yolk is ex-
hausted the embryos consume a nutrient secretion pro-
duced by the walls of the oviduct; thus, they shift from
lecithotrophy to matrotrophy during their development.
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5.7 Holocephali—The Little
Known Chondrichthyans

The extant species of holocephalans (chimaerans),
none much longer than a meter, have a soft anatomy
more similar to sharks and rays than to any other ex-
tant fishes. They have long bodies that may end in a
whiplike tail (Figure 5-13), and they swim with lateral
undulations of the body that throw the long tail into
sinusoidal waves and with fluttering movements of the
large, mobile pectoral fins.

Most species of chimaerans live at depths of 500 me-
ters or more, and many have geographic ranges that in-
clude entire ocean basins. Male and female chimaerans
may spend most of the year in separate areas and come
together only during an annual inshore spawning migra-
tion. Some chimaerans have the same life-history charac-
teristics that make sharks vulnerable to extinction—they
take 10 to 12 years to reach maturity, reproduce once a
year, and produce only a few young. All extant chimae-
rans are oviparous, but fossil-record evidence suggests
that some extinct species were viviparous.

(b)

Figure 5-13 Holocephalans. (a) A chimaera, the spotted
ratfish (Hydrolagus colliei), is an extant holocephalan. (b) Rep-
resentatives of two other extant groups: (upper) Pacific long-
nose chimaeran (Harriotta raleighana) and (lower) plownose
chimaeran (Callorhinchus callorynchus).



Chimaerans have long been grouped with elasmo-
branchs as Chondrichthyes because of the shared spe-
cializations described in section 5.1, but they have a
bizarre suite of unique features as well. They have only
four gill openings, which are covered by a soft tissue
flap so that only one opening is visible to the outside;
they have no spiracle; the branchial skeleton is below
the cranium (rather than behind it, as in sharks); and
their teeth have been reduced to tooth plates.

Several species of chimaerans have elaborate ros-
tral extensions that are densely studded with lateral
line mechanoreceptors and ampullary electrorecep-
tors. These receptors are especially dense around the
mouth, which is relatively small and faces downward.
Holocephalans prefer soft substrates, and they feed on
invertebrates and small fishes that live on the seafloor.
They consume soft-bodied organisms, such as anemo-
nes and jellyfishes, but their tooth plates can crush
hard-bodied prey, such as crabs. Like other fishes that
have crushing tooth plates (e.g., lungfishes) chimaerans

Summary

have a derived type of jaw suspension, where the upper
jaw is completely fused to the cranium (see Figure 5-
7f). This type of jaw suspension is called holostyly in
chimaerans, and they retain an unmodified hyoid arch.
(The similar condition in lungfishes and tetrapods
evolved independently in a different fashion from a
condition where the hyoid arch was incorporated into
the jaw suspension; this is called autostyly.)

Some species of holocephalans have a poison gland
that is associated with a mobile dorsal spine. The spine
can be erected when the chimaera is attacked, and a
predator that was stabbed in the mouth as it tried to
swallow a chimaeran might well decide to release the
fish and seek less noxious prey. Males of some species
of chimaeran have a spine-encrusted cephalic clasper
that is used in courtship. Oddly, although the clasper
is on the top of the head, it is controlled by muscles
that also move the lower jaw. A male uses the cephalic
clasper to pin the female’s pectoral fin against his fore-
head while he is attempting copulation.

Fossil remains of chondrichthyans first appear in the
fossil record in the Ordovician period, although de-
finitive dental remains are not known until the Early
Silurian. Chondrichthyans are distinguished by an en-
tirely cartilaginous endoskeleton with a unique form of
prismatic mineralization, and by the presence of pelvic
claspers in the males, indicating reproduction via inter-
nal fertilization. Chondrichthyans are subdivided into
the holocephalans (chimaerans and fossil relatives) and
the elasmobranchs (sharks, rays, and fossil relatives).
Three radiations of elasmobranchs—Paleozoic,
Mesozoic, and Cenozoic—can be traced through in-
creasingly derived characters of the jaws and fins. Mod-
ern sharks and rays have modifications of the skull
that allow the jaws to be protruded, enabling the fishes
to bite chunks of flesh from prey too large to be swal-
lowed whole. Sharks are mainly midwater predators.
Skates and rays are adapted for life on the sea bot-
tom. They are dorsoventrally flattened, with eyes and

Di ion Questi

spiracles on the tops of their heads. Many skates and
rays lie buried in sand and ambush their prey, but
the largest species—the manta rays—are plankton
feeders.

The holocephalans were much more diverse in the
Paleozoic than they are today. The paraselachians are a
separate clade from the one that gave rise to the extant
chimaerans, which are a small group of bizarre fishes
(also known as ratfishes). Chimaerans generally occur
in deep water, and little is known of their natural his-
tory and behavior.

The life histories of most species of elasmobranchs
are based on producing a few relatively large young at
a time. This reproductive strategy depends on a high
survival rate for the young and long life expectan-
cies for adults. It worked well for more than 350 mil-
lion years, but loss of coastal habitat and outrageous
overfishing within the past 50 years have now brought
many species of sharks to the edge of extinction.

1. “Chondrichthyes” means “cartilaginous fishes.” Biolo-
gists used to assume that bone was not evolved until
the Osteichthyes, or bony fishes. What clues do we

have that shark ancestors, at some level, had bone?
How can we infer this from (a) evidence from the fossil
record and (b) evidence from comparative anatomy?
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Why do we call Paleozoic chondrichthyans such as
Cladoselache “sharks,” and why isn’t that terminol-
ogy taxonomically correct?

The peculiar heads of hammerhead sharks are
called “cephalofoils,” a term that reflects an inter-
pretation of the head as a hydrodynamic structure
that helps to direct the shark’s head upward while
it is swimming or to make the shark more maneu-
verable. An alternative hypothesis is that the head
increases the shark’s chemosensitivity or electro-
sensitivity. Proponents of the two interpretations
have used anatomical, behavioral, and evolutionary
information to support their views and to discredit
the alternative hypothesis.

Hydrodynamic Function

e The cross section of the cephalofoil is shaped
like a wing, and the angle of its trailing edge can
be altered in a manner reminiscent of changing
the angle of the flaps on the trailing surface of
an airplane’s wing to control the amount of lift.

e The sizes of the two anterior planing surfaces,
the cephalofoil and the pectoral fins, are inversely
related. That is, species with wide cephalofoils
have relatively small pectoral fins, and vice versa.
As a result of that relationship, the total surface
area of those surfaces is fairly constant.

e Hammerheads are among the least buoyant spe-
cies of sharks.

Sensory Function

e Hammerheads swing the head from side to side
when they are searching for prey buried in the
sediment. This is the same way a person searches
for buried objects with a metal detector.

e The ampullae of Lorenzini are distributed over
the entire ventral surface of the hammer.

Additional Observations

e The least-derived extant species of hammer-
head, the winghead shark (Eusphyra blochii), has
the broadest hammer; its width is nearly 50 per-
cent of the total length of the shark.

e The size of the hammer in more derived spe-
cies of hammerheads does not change unidi-
rectionally according to current phylogenetic
interpretations of the lineage (that is, there ap-
pears to be no tendency for the size of the ham-
mer to have increased or decreased during the
evolution of the extant hammerheads).

¢ The nostrils of the winghead shark are near the
midline of the hammer, but they lie toward the
ends of the hammer in more derived species.

¢ Thenostrils of the scalloped hammerhead (Sphyrna
lewini), which is a well-studied species, lie near the

ends of the hammer and collect water via a pre-
narial groove that probably increases the volume
of water flowing across the olfactory epithelium.

e The surface area of the olfactory epithelium of
the scalloped hammerhead is no larger than that
of non-hammerhead sharks.

It appears that observations have taken us as far
as they can and it’s time to try a different approach
to testing hypotheses about the functional signifi-
cance of the hammerhead morphology.

a. What experimental tests can you propose to
evaluate the two hypotheses? (Don’t worry
too much about how you would carry out a
manipulation—if a test involves putting sharks
into a flow tank, for example, assume that you
have access to a tank and sharks of the appropri-
ate species and sizes.)

b. Is there another possibility that you miss if you
consider the hydrodynamic and sensory func-
tions to be mutually exclusive hypotheses?

. John Musick and Julia Ellis have proposed that the

ancestral reproductive mode for elasmobranchs was
“yolk-sac viviparity.” That is, embryos were retained
throughout their development in the oviducts of
the female and emerged as miniatures of the adults
(i.e., viviparity), but nutrition was provided by yolk
that was deposited at the time the egg was formed,
not from the mother during development (i.e.,
lecithotrophy, not matrotrophy). They suggest that
oviparity (depositing eggs that develop outside the
body of the mother) was associated with the evolu-
tion of small body size because it increased the fe-
cundity of small species of elasmobranchs.

What is their reasoning? That is, why would
oviparity provide greater fecundity than viviparity
for small species of elasmobranchs? What other fac-
tors might make one mode superior to the other?

5. A hyostylic jaw suspension in chondrichthyans

allows protrusion of the upper jaw independent
of the lower jaw. Evolutionary biologists have as-
sumed that the ability to protrude the upper jaw
is advantageous for feeding—in other words, that
it is an adaptive derived character. An alternative
hypothesis is that a hyostylic jaw suspension is a
neutral ancestral character (i.e., one that is neither
advantageous nor disadvantageous).

These two hypotheses (i.e., hyostylic jaw is
advantageous/hyostylic jaw is neutral) generate
different predictions about the phylogenetic distri-
bution of hyostyly. What are those predictions, and
which one is supported by the phylogenetic distri-
bution of hyostyly?
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Websites

General information about cartilaginous fishes

American Elasmobranch Society http://elasmo.org

Florida Museum of Natural History, Sharks http://www
flmnh.ufl.edu/fish/Sharks/ISAF/ISAF.htm

ReefQuest Centre for Shark Research http://elasmo-
research.org/index.html

Shark Research Institute http://www.sharks.org/

Fossil chondrichthyans

Elasmo.com—The Life and Times of Long Dead Sharks
http://www.elasmo.com/

Fossil Fishes of Bear Gulch: information about stem chon-
drichthyans, including the photograph of the fossilized pair
of Falcatus falcatus, with the male’s spine inserted through
the gills of the female, that is shown in Figure 5-3d http://
www.sju.edu/research/bear_gulch/pages_fish_species/
Falcatus_falcatus.php

Conservation of chondrichthyans

European Elasmobranch Association: a coalition of national
organizations that promote sustainable management of
shark and ray fisheries on a regional basis http://www
.sharkalliance.org/

Shark Alliance: a coalition of nongovernmental organiza-
tions dedicated to the conservation of sharks http://
www.sharkalliance.org/
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CHAPTER6

Dominating Life in Water:
The Major Radiation of Fishes

By the end of the Silurian period,
the agnathous fishes had diversified and the cartilagi-
nous gnathostomes were starting to radiate. The stage
was set for the appearance of the largest extant group
of vertebrates, the bony fishes. The first fossils of bony
fishes (Osteichthyes) occur in the Late Silurian. The os-
teichthyan radiation was in full bloom by the middle
of the Devonian, with two major groups diverging: the
ray-finned fishes (Actinopterygii) and the lobe-finned
fishes (Sarcopterygii). Specialization of feeding mecha-
nisms is a key feature of the evolution of these major
groups of vertebrates. Increasing mobility among the
bones of the skull and jaws allowed the ray-finned
fishes to exploit a wide range of prey types and preda-
tory modes. Specializations in locomotion, habitat,
behavior, and life histories accompanied the specializa-
tions of feeding mechanisms.
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6.1 The Origin of Bony Fishes

The Devonian is known as the Age of Fishes because
all major lineages of fishes, extant and extinct, coex-
isted in the fresh and marine waters of the planet for
its 57-million-year duration (Figures 6-1and 6-2 on pages
123-124). Most groups of gnathostome fishes signifi-
cantly diversified during this period. Among them was
the most species-rich and morphologically diverse lin-
eage of vertebrates, the Osteichthyes or bony fishes
(Greek oste = bone and ichthy = fish). Most authorities
believe that Osteichthyes is a monophyletic lineage.
Bony fishes, as their name suggests, possess bone, but
as we have seen in earlier chapters, dermal bone (or its
remnants, such as placoid scales) is seen somewhere in
all other types of jawed fishes and also in the jawless
ostracoderms. Most osteichthyans have a fully ossified
endoskeleton with endochondral bone
in addition to the dermal and peri-
chondral bone seen in other fishes.

Osteichthyans have several
additional important features
that distinguish them from
other fishes:

e Osteichthyes have a unique
pattern of dermal bones
surrounding their jaws and
braincase, which we can see
retained in ourselves.

e The original dermal jaws are
covered with marginal mouth
bones that bear rooted teeth:
the maxilla and premaxilla
in the upper jaw, and the den-
tary in the lower jaw.
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OSTEICHTHYES (bony fishes)
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Fin skeleton
extended
down limbs

Single dorsal fin

Endochondral bone
Bony operculum
Lung or swim bladder

Stiffened tail fin (uroneural bones)
Mobile premaxilla

Mobile maxilla Mobile pharyngeal jaws

Basals lost from fin skeleton

Basals in fin skeleton reduced

Figure 6-2 Simplified cladogram of bony fishes. Quotation marks indicate

paraphyletic groups.

e The dermal bones extend into the roof of the mouth
to cover the palate, and many osteichthyes (as well
as some tetrapods) have palatal teeth.

e The dermal head bones extend posteriorly (the
postcleithral series) to attach to the pectoral girdle;
dermal bones also form the operculum, which cov-
ers the gills and aids in gill ventilation.

e A fanlike series of dermal bones, branchiostegal
rays, form the floor of the gill chamber and aid in
the rapid expansion of the mouth for suction feed-
ing and respiration.

e A gas-containing structure, derived from the em-
bryonic gut tube and used for buoyancy, for respira-
tion, or for both functions, is an ancestral condition
of osteichthyans, although it has been lost in some
bottom-dwelling lineages, such as darters and flat-
fishes.

Earliest Osteichthyes and the Major
Groups of Bony Fishes

The Osteichthyes include two major groups: the ray-
finned fishes (the Actinopterygii, Greek actin = a ray
and pter = a fin or wing) and the lobe-finned fishes (the
Sarcopterygii, Greek sarco = flesh). The Actinopterygii
account for the largest number of fishes in the conven-
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tional sense of that word, but all the terrestrial verte-
brates are Sarcopterygii, so each group includes more
than 30,000 extant species.

The Fossil Record of Bony Fishes Fragmentary remains
of bony fishes are known from the Late Silurian, repre-
senting “Lophosteiformes”—stem osteichthyans less
derived than any living form—that survived into the
beginning of the Devonian. A complete skeleton of a
Late Silurian fish (Guiyu oneiros) (Figure 6-3) has recently
been discovered in sediments deposited at the very
end of the period (around 418 million years ago) in
what is now southern China. It is a small (33 centime-
ters) sarcopterygian, close to the ancestor of the two
main groups of bony fishes.

Bony fishes radiated in the Devonian, but they were
not the most abundant fishes of the time. The placo-
derms were the most diverse of the Devonian fishes,
in terms of both numbers of species and types of body
forms, and acanthodians were also prominent. The sar-
copterygians were the most diverse of the bony fishes
during the Devonian, in contrast to their diminished
role after this period. It is not until the extinctions
at the end of the Devonian that the actinopterygians
(and the chondrichthyans) became the predominant
aquatic vertebrates, a condition that persists to this
day. Figures 6-1 and 6-2 show how bony fishes are
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(e) Typical early actinopterygian Moythomasia, Late Devonian. Note the differences in the scale bars.

interrelated, and Table 6-1 lists the modern groups of
bony fishes. Some representative early osteichthyans
are shown in Figure 6-3.

Fins As their names suggest, actinopterygians and sar-
copterygians differ in the form of their fins. The ances-
tral condition for the ostheichthyan fin (Figure 6-4 on
page 127) is rather like that of the chondrichthyans—
a row of basals that articulate with the limb girdles
(scapulocoracoid for the pectoral girdle, ischiopubic
plate for the pelvic girdle), then a row of radials, ele-
ments that articulate with the basals, and finally fin rays
that branch out from the radials and support the web of
the fin. The basals and radials are endochondral bone,
whereas the fin rays (lepidotrichia) have a dermal origin.

This ancestral form of osteichthyan fin is seen in
some living actinopterygians, such as the polypterids

and Acipenseriformes. The tendency in actinopterygian
evolution is to reduce the endoskeletal fin elements. In
teleosts (the most derived forms of actinopterygians)
the basals have been lost, the radials attach directly to
the limb girdles, and the visible external part of the fin
consists of only the fin rays.

In contrast, all but the earliest sarcopterygians have
a monobasal fin in which only a single basal articulates
with the limb girdles. The metapterygial bony axis
extends from the most posterior of the basals down
into the fin. Bony elements called mesomeres form a
straight line, with radials branching off to one or both
sides, and the fin muscles follow the bones to form the
fleshy lobe of the fin.

In the tetrapodomorph sarcopterygian fishes (the
precursors of tetrapods), the fin skeleton is asymmetri-
cal; the radials branch from only the anterior (preaxial)
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Table 6.1 Classification and geographic distribution of Osteichthyes, the bony fishes

Only the evolutionarily or numerically most important groups are
listed. The subdivision of the Neopterygii varies greatly from author
to author. Groups in quotation marks are not monophyletic, but
relationships are not yet understood. Names in square brackets are
alternative names for the groups.

Sarcopterygii (fleshy-finned fishes and tetrapods)

Actinistia [Coelacanthiformes]: 2 species of coelacanths from the
western Indian Ocean and central Indonesia, deep-water marine,
Ttol5m

Dipnoi: 6 species of lungfishes from the Southern Hemisphere,
freshwater, shorter than 1to 1.8 m

Tetrapoda: More than 40,000 species of terrestrial and secondarily
aquatic vertebrates
Actinopterygii (ray-finned fishes)

Polypteriformes [Cladistia]: At least 16 species of bichirs and the
reedfishes, Africa, freshwater, shorter than 30 to 90 cm

Acipenseriformes [Chondrosteil: 27 species of sturgeons and
paddlefishes, Northern Hemisphere, coastal and freshwater, about 2 m
toatleast5m

Neopterygii

Lepisosteiformes [Ginglymodil: 7 species of gars, North and Central
America, freshwater and brackish water, less than T m to about 3 m

Amiiformes: 1 species, the bowfin, North America, freshwater, up
to 90 cm

Teleostei

Osteoglossomorpha: At least 219 species of bonytongues, world-
wide, mostly tropical freshwater, 10 cm to at least 2.5 m

Elopomorpha: At least 856 species of tarpons and eels, worldwide,
mostly marine, 1 to 4 m

Clupeomorpha: About 364 species of herrings and anchovies,
worldwide, especially marine, 6 cmto 1 m

Ostariophysi: More than 7931 species of catfishes and minnows,
worldwide, mostly freshwater, 1 cmto 5 m

Euteleostei

“Protacanthopterygii”: About 366 species of trout, salmon, and
their relatives, temperate Northern and Southern Hemisphere,
freshwater, from about 7 cm to at least 1.4 m

“Stem Neoteleosts”: About 916 species of lanternfishes and their
relatives, worldwide, mostly mesopelagic or bathypelagic marine,
7cmto 1.8 m

Paracanthopterygii: About 1340 species of cod and anglerfishes,
Northern Hemisphere, marine and freshwater, 6 cm to 2 m
Acanthopterygii

Atherinomorpha: About 1624 species of silversides, killifishes, and
their relatives, worldwide, surface-dwelling, freshwater and marine,
less than 4 cm to about 2 m

Perciformes: More than 13,173 species of perches and their
relatives, worldwide, primarily marine, 8 mmto 3 m

edge of the skeleton so that the mesomeres and radials
form a “one bone, two bones” pattern, foreshadowing the
pattern of tetrapod limbs. It has long been assumed that
the symmetrical arrangement seen in the extant lung-
fishes and coelacanths is the ancestral sarcopterygian
condition, and that the alternating pattern in tetrapodo-
morphs is derived. However, new skeletal material of a
primitive Devonian coelacanth, Shoshonia arctopteryx,
shows an asymmetrical pattern, suggesting that asym-
metry may be the ancestral sarcopterygian condition.

Skulls Other ways in which actinopterygians and sarcop-
terygians differ include their feeding mechanisms and
skull anatomy. Although early actinopterygians, such as
polypterids, retain a complete dermal skull roof and have
no mobility of their upper jaw, more derived actinopter-
ygians have reduced the dermal bone in their skull and
obtained greater mobility of the marginal mouth bones
of the upper jaw, the maxilla and premaxilla. The sarcop-
terygians have not reduced the dermal bone of the skull,
and if they have jaw mobility, it is derived from move-
ment within the skull itself, between the anterior and
posterior portions of the chondrocranium.
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Brains Many sarcopterygians (such as ourselves) may
develop large brains, but they retain the ancestral
form of brain development seen in other vertebrates,
where the cerebral hemispheres fold inward on them-
selves during growth. In contrast actinopterygians
have brains that develop by folding the cerebral hemi-
spheres outward.

Scales Although most living bony fishes have re-
duced, thin scales (elasmoid scales), early forms
had thick scales, which differed between the two
groups: actinopterygian scales had a thick layer of
an enamel-like material (ganoine), while sarcopteryg-
ian scales had a thick layer of a dentinelike material
(cosmine).

6.2 Evolution of the
Actinopterygii

Stem actinopterygians include a variety of taxa that
were formerly placed in a group of extinct fishes, the
“paleonisciformes,” that is no longer considered to be
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monophyletic. Although fragmentary fossils of Late
Silurian actinopterygians exist, complete fossil skel-
etons are not known before the late Middle Devonian.

Early actinopterygians were small fishes (usually
5 to 25 centimeters long, although some were longer
than a meter) with a single dorsal fin and a strongly
heterocercal, forked caudal fin with little fin web. The
paired fins still retained the ancestral condition of
multiple basals (see Figure 6-4a). The interlocking
scales were thick, like those of sarcopterygians, and
covered in ganoine (derived from enamel). Parallel ar-
rays of closely packed radial bones supported the bases
of the fins, and the number of bony rays supporting

Figure 6-4 Fin structure in
ostheichthyans (diagram-

matic). All drawings show
a left pectoral fin with the
animal facing left and the
preaxial (leading) edge of
the fin downward: (a) hy-
pothetical ancestral type of
osteichthyan fin, with simi-
larities to those seen today
in actinopterygians such as
Polyodon and Polypterus; (b)
derived type of actinopte-
rygian fin, typical of teleosts;
(0) derived type of sarcop-
terygian fin, resembling that
seen in the living lungfish
Neoceratodus; (d) ancestral
type of sarcopterygian fin,
reconstructed from the con-
dition in the Devonian coel-
acanth Styloichthyes: this fin
foreshadows the type of fin
seen in the tetrapodomorph
fishes.

the fin membrane was greater than the number of sup-
porting radials.

Biology of Early Actinopterygians

The earliest actinopterygians did not possess the spe-
cialized fins that give the group its name, and these
more generalized types of fins are retained in basal liv-
ing actinopterygians (polypterids like the bichir, and
acipensiforms like the sturgeon). So how can we iden-
tify an early member of this lineage? One character-
istic feature of early actinopterygians is the presence
of a single dorsal fin (see Figure 6-3e)—early sarcop-
terygians had two dorsal fins. Other actinopterygian
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features include teeth capped by a specialized mineral-
ized tissue, acrodin, and various details of the skull.

Fins Near the end of the Paleozoic, modifications of
the ancestral actinopterygian fin structure appeared
in a lineage of ray-finned fishes called neopterygians
(= new fins). This is the clade that includes the teleosts,
and neopterygians have been the most diverse lineage
of bony fishes from the Mesozoic onward.

The upper and lower lobes of the caudal fin are nearly
symmetrical, the fin membranes are supported by fewer
bony rays, and the basal elements of the fin skeleton are
reduced to a small metapterygium. These morphological
changes probably increased the flexibility of the fins.

One of these stem neopterygians, Leedsichthys
of Jurassic England, was the largest bony fish ever
known, with a maximum length of 16 meters. It ap-
pears to have been a filter feeder like a present-day
whale shark. Relicts of these early types of neopteryg-
ians remain today as the bowfin and garpikes, which
are sometimes grouped together as the paraphyletic
“holosteans” (i.e., nonteleost neopterygians).

Scales The dermal scales of late Paleozoic ray-finned
fishes were also reduced compared to those of their an-
cestors. The changes in fins and armor may have been
complementary—more mobile fins mean more versa-
tile locomotion, and a greater ability to avoid predators
may have permitted a reduction in heavy armor.

Jaws Early actinopterygians had amphistylic jaws, and
the lower jaw was snapped closed in a scissors action
by contraction of the adductor mandibulae muscle,
moving the jaw rapidly but with little crushing force.
The close-knit dermal bones of the cheeks left no space
for a larger adductor mandibulae muscle; this condi-
tion is retained in the extant polypterids.

The success of later neopterygians rests in large
measure on changes in the structure of the jaws that al-
lowed them to develop functions ranging from the ap-
plication of crushing force to a precise pincerlike action.

The first step was more effective suction feeding.
Derived neopterygians have jaws with a short max-
illa that is free at its posterior end from the other
bones of the cheek, and the quadrate bone at the back
of the original upper jaw is vertical rather than slop-
ing backward. The dermal bones of the cheek region
are reduced, allowing the nearly vertically oriented
hyomandibula to swing out laterally when the mouth
opens. This action rapidly increases the volume of the
orobranchial chamber (the mouth and gill region)
and produces a powerful suction that draws prey into
the mouth (Figure 6-5).

In teleosts, the most derived neopterygians, the
bones of the opercular series are connected to the man-
dible so that expansion of the orobranchial chamber
aids in opening the mouth. The dermal cheekbones are
further reduced, providing space for larger jaw muscles.
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Figure 6-5 Neopteryg-
ians. (a) Acentrophorus of
the Permian illustrates an
early member of the late
Paleozoic neopterygian
radiation. (b) Leptolepis, an
Early Jurassic teleost with
enlarged mobile maxillae
that form a nearly circular
mouth when the jaws are
fully opened. Membranes
of skin close the gaps be-
hind the protruded bony
elements. Modern herrings
have a similar jaw structure.
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The anterior articulated end of the maxilla developed a
ball-and-socket joint with the neurocranium. Because
of its ligamentous connection to the mandible, the free
posterior end of the maxilla now rotates forward as the
mouth opens. This points the maxilla’s marginal teeth
forward and helps to grasp prey. The folds of skin cov-
ering the maxilla change the shape of the gape from a
semicircle to a circular opening. These changes increase
the suction produced during opening of the mouth. The
result is greater directionality of suction and elimina-
tion of a possible side-door escape route for prey.

Specializations of the Teleosts

Fossil teleosts are first known from the Late Triassic.
Molecular divergence times suggest a much earlier origin
for the group, but conservative evaluation of the molecu-
lar data and the fossil record places the origin of teleosts
in the Late Permian. By the Jurassic, teleosts were well
established in both marine and freshwater habitats, and
most of the more than 400 families of modern teleosts
had evolved by the start of the Cenozoic.

Teleosts continued and expanded the changes in
fins and jaws that contributed to the diversity of more
basal neopterygians. Teleosts have radiated into nearly
32,000 species occupying almost every ecological niche
imaginable for an aquatic vertebrate—including some
kinds of fishes that spend substantial amounts of time on
land.

Jaw Protrusion In addition to rapid and forceful suc-
tion, many teleosts have great mobility in the skeletal
elements that rim the mouth. This mobility allows the
grasping margins of the jaws to be extended forward
from the head, often at remarkable speed. The func-
tional result, called protrusible jaws, has evolved three
or four times in different teleost clades, as shown by
differences in the details of jaw anatomy. (Sturgeons
and some sharks also generate suction with completely
different mechanisms of jaw protrusion.)

All teleost jaw-protrusion mechanisms involve com-
plex ligamentous attachments that allow the ascend-
ing processes of the premaxilla to slide forward on top
of the cranium without dislocation. In addition, since
no muscles are in position to pull the premaxillae for-
ward, they must be pushed by leverage from behind.
Two sources provide the necessary leverage:

e Opening the lower jaw may protrude the premaxil-
lae through ligamentous ties between the mandible
and the posterior tip of the premaxillae (Figure 6-6).

e Leverage may be provided by complex movements
of the maxillae, which become isolated from the rim

of the mouth by long, posterior projections of the
premacxillae that often bear teeth. The independent
movement of the protrusible upper jaw also permits
the mouth to be closed by extension of the premax-
illae while the orobranchial cavity is still expanded,
trapping prey in the mouth.

Pharyngeal Jaws Ancestrally, early neopterygian fishes
had numerous dermal tooth plates in the pharynx.
These plates were aligned with (but not fused to) both
dorsal and ventral skeletal elements of the gill arches,
and there was a general trend of fusion of these tooth
plates to one another and to a few gill arch elements
above and below the esophagus. Movements of the gill
arches for feeding, as well as for gill ventilation, are
possible in bony fishes because the operculum is pro-
viding most of the ventilatory power.

These consolidated tooth plates and gill arches
were originally not very mobile, a condition retained
today in bowfins and garpikes, where the jaws are
used primarily to hold and manipulate prey in prepa-
ration for swallowing it whole. In teleosts, however,
these gill arches attained great mobility and are now
termed pharyngeal jaws. This second set of jaws has
been modified convergently among different teleost
lineages.

In the minnows and their relatives the suckers, the
primary jaws are toothless but protrusible. The pha-
ryngeal jaws are greatly enlarged and close against
a horny pad on the base of the skull. These special-
izations allow the fishes to extract nutrients from
thick-walled plant cells, and the minnows and suckers
represent one of the largest radiations of herbivores
among vertebrates.

In the most derived teleosts, the muscles associ-
ated with the branchial skeletal elements supporting
the pharyngeal jaws have undergone radical evolu-
tion, resulting in a variety of powerful movements
of the pharyngeal jaw tooth plates. Not only are the
movements of these second jaws completely unre-
lated to the movements and functions of the primary
jaws, but in a variety of derived teleosts the upper
and lower tooth plates of the pharyngeal jaws move
quite independently of each other. Some moray eels
can extend their pharyngeal jaws out of their throats
and into their oral cavity to grasp struggling prey and
pull it back into the throat and esophagus. With so
many separate systems to work with, it is little won-
der that some of the most extensive adaptive radia-
tions among teleosts have been in fishes endowed
with protrusible primary jaws and specialized mobile
pharyngeal jaws.
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Figure 6-6 Jaw protrusion in suction feeding. (a) Top to bottom: Sequence of jaw movements
in an African cichlid fish, Serranochromis. (b) Muscles, ligaments, and bones involved in move-
ments during premaxillary protrusion. (c) Skeletal movements and ligament actions during jaw
protrusion. (d) Frontal section (left) and cross section (right) of buccal expansion during suction

feeding.

Specializations of the Fins The caudal fin of adult acti-
nopterygians is supported by a few enlarged and modi-
fied hemal spines, called hypural bones, that articulate
with the tip of the abruptly upturned vertebral column.
In general, the number of hypural bones decreases dur-
ing the transition from the earliest actinopterygians to
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the more derived teleosts. Modified posterior neural
arches—the uroneurals—add further support to the
dorsal side of the tail. These uroneurals are a derived
character of teleosts. Thus supported, the caudal fin of
teleosts is symmetrical and flexible. This type of caudal
structure is known as homocercal.



In conjunction with a swim bladder that adjusts
buoyancy, a homocercal tail allows a teleost to swim
horizontally without using its paired fins for lift, as
sharks must. In burst and sprint swimming, the tail
produces a symmetrical force, but during steady-
speed swimming, intrinsic muscles in the tail may
produce an asymmetrical action that increases ma-
neuverability without requiring the use of the lateral
fins. Relieved of responsibility for controlling lift, the
paired fins of teleosts are flexible, mobile, and diverse
in shape, size, and position. They have become special-
ized for activities that include food gathering, court-
ship, sound production, walking, and gliding over the
surface of the water as well as turning and braking
during swimming.

6.3 Extant Actinopterygii—
Ray-Finned Fishes

With nearly 32,000 extant species the actinopteryg-
ians are enormously diverse in body form, ecology, and
behavior. A phenomenon called ecological speciation
appears to be important in the remarkable ability of
fishes to form new species. The classic hypothesis for
species formation, geographic (allopatric) speciation,
requires a physical barrier that prevents interbreed-
ing between two or more populations of the parent
species. Because these populations are in different
places they are exposed to different selective forces,
and natural selection leads to different frequencies
of alleles in the geographically isolated populations.
In addition, mutations that appear in one popula-
tion are not passed to the other populations because
the geographic barrier prevents gene flow. Eventu-
ally the populations differ enough so that individuals
from one population will not interbreed with individu-
als of another population if the geographic barrier is
removed.

Geographic speciation certainly accounts for some
instances of species formation by actinopterygians,
but other examples do not appear to fit that model.
Populations of fishes may live and breed in bays or
inlets, but these habitats are not really isolated
from other bays and inlets because they all open to
a larger body of water that provides a route for gene
exchange.

Ecological speciation is a mechanism that can lead
to the formation of new species even when gene flow
is possible, because the critical factor is not isola-
tion but rather selective mating between individuals
that are especially well adapted to local conditions.
This hypothesis proposes that secondary sexual

characteristics—ornaments such as colors and mor-
phological structures—identify those individuals and
that matings between these individuals produce more
surviving offspring than matings with less adapted
(and less ornamented) individuals. Thus, sexual selec-
tion could produce assortative mating (mating with
like individuals), increasing the effect of limited geo-
graphic isolation and promoting ecological speciation.
Both mathematical models and molecular analyses
have provided support for this hypothesis.

Polypteriformes and
Acipenseriformes—aBichirs, Reedfishes,
Sturgeons, and Paddlefishes

Although stem actinopterygians were largely replaced
during the early Mesozoic by neopterygians, a few
specialized forms of these early ray-finned fishes have
survived (Figure 6-7). The Polypteriformes (bichirs and
reedfishes) and the Acipenseriformes (sturgeons and
paddlefishes) have retained many ancestral characters,
including basals in the fins, a spiral intestinal valve,
and a gas bladder or lung that lies beneath the esopha-
gus rather than above it like the lungs or gas bladders
of neopterygians. Although there is some controversy
about the systematic position of the polypteriforms,
they are now usually regarded as less derived than
any of the known fossil actinopterygians. Acipenseri-
formes are the paraphyletic sister taxon to the ne-
opterygians, but they are more closely related to the
neopterygians than the paraphyletic assemblage of Pa-
leozoic “palaeoniscoids” (see Figures 6-1 and 6-2).

Bichirs and Reedfishes Polypteriformes are elongate,
heavily armored fishes from Africa. The name Polyp-
teriformes (Greek poly = many, ptery = fin, and form =
shape) refers to the peculiar flaglike dorsal finlets. Like
the Paleozoic actinopterygians, bichirs and reedfishes
retain heavy scales with a layer of ganoine. These scales
deform when the fish expires air from its lungs, stor-
ing elastic energy that helps to draw in fresh air—a
mechanism called recoil aspiration.

Polypteriformes are slow-moving fishes, less than
a meter long, with modified heterocercal tails. Bichirs
(Polypterus) are heavy bodied and feed primarily on
other fishes. The reedfish (Erpetoichthys), also known
as the rope fish or snake fish, is slimmer and more eel-
like than the bichir. It moves through thick vegetation
with sinuous locomotion and feeds primarily on snails
and invertebrates.

Sturgeons and Paddlefishes Acipenseriformes second-
arily lack endochondral bone and have lost much of the
dermal skeleton of more ancestral actinopterygians;
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Figure 6-7 Extant nonteleostean actinopterygian fishes and the least derived extant
neopterygians. Actinopterygians: (a) Polypterus, a bichir; (b) Acipenser, a sturgeon; and

(0) Polyodon spathula, one of two extant species of paddlefishes. The outlines show the shape
of the jaws as seen from above. Neopterygians: (d) Lepisosteus, a gar; and (e) Amia calva, the

bowfin. Note the differences in the scale bars.

in fact, they are unique among vertebrates in having
dermal head bones that are formed of cartilage. They
resemble teleosts in having an upper jaw that is not
fused to the cranium and in having transformed their
lung into a swim bladder, although these features have
evolved independently of the teleost condition.

Sturgeons are large (1 to 6 meters), active, benthic
fishes. Sturgeons have a strongly heterocercal tail ar-
mored with a specialized series of scales extending from
the dorsal margin of the caudal peduncle (the elongated
base of the tail where it connects to the trunk) and con-
tinuing along the upper edge of the caudal fin. Most
sturgeons have five rows of enlarged armorlike scales
(called “scutes”) along the body that represent the rem-
nants of ganoid scales.

The protrusible jaws of sturgeons make them effec-
tive suction feeders, and they suck small crustaceans
and insect larvae from the substrate. Sturgeons are
found only in the Northern Hemisphere; some live in
freshwater, and others are marine forms that ascend
into freshwater to breed.
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The paddlefishes, Polyodontidae (Greek poly = many
and odon = tooth), are closely related to the sturgeons
(although the lineages have been separate since the
Late Cretaceous) but have a greater reduction of der-
mal ossification. Their most outstanding feature is a
greatly elongate and flattened rostrum, which extends
nearly one third of their 2-meter length. The rostrum
is richly innervated with ampullary organs that detect
minute electric fields.

The two extant species of paddlefishes have a disjunct
zoogeographic distribution, with one species in China
and the other in North America. The Chinese paddlefish
occurs in the Changjiang (Yangtze) River valley of China.
It has a protrusible mouth and feeds on small fishes and
crustaceans that it sucks from the river bottom. It may
be extinct—the last adult specimens were recorded in
2002, and an intensive search of the upper Yangtze River
from 2006 to 2008 failed to find any individuals.

The geographic range of the North American pad-
dlefish includes the length and breadth of the Missis-
sippi River drainage of the United States, from western



New York to central Montana and from Canada to Lou-
isiana. Unlike the bottom-feeding Chinese paddlefish,
the American paddlefish is a filter feeder that captures
copepods (small crustaceans) in its gaping mouth as it
swims. The enormous geographic range of the species
and the tendency of adult paddlefish to travel long dis-
tances and to establish local subpopulations provide
a buffer against extinction, but because of the loss of
spawning habitats (clear-flowing stretches of large riv-
ers with gravel substrates) this species is classified as
Vulnerable on the IUCN Red List.

Gars and the Bowfin

Gars (Lepisosteiformes) and the bowfin (Amiiformes)
retain many ancestral neopterygian characters. Both
retain heavy scales and have a dorsally placed gas blad-
der that is well vascularized and serves as a respiratory
organ as well as a hydrostatic device. They are widely
divergent types of fishes, and their relationships have
long been controversial, although most researchers
consider the bowfin to be more closely related to tele-
osts than are the gars.

Gars Also called garpikes, gars grow to lengths of 1 to
4 meters and live in warm, temperate fresh and brack-
ish (estuarine) waters in North and Central America
and Cuba. Gars feed on other fishes taken unaware
when the seemingly lethargic and excellently camou-
flaged gar eases alongside them and, with a sideways
flip of the body, grasps prey with its needlelike teeth.
Their interlocking multilayered ganoid scales are simi-
lar to those of many Paleozoic and Mesozoic actinop-
terygians, and alligators are the only natural predators
able to cope with the thick armor of an adult gar.

Bowfin The bowfin lives in the same geographic areas
and habitats as gars, but it is a very different kind of
predator. Bowfins, which are 0.5 to 1 meter long, eat
almost any organism smaller than themselves, using
suction to draw prey into the mouth. The scales of the
bowfin are comparatively thin and made up of a single
layer of bone as in teleost fishes; however, the asym-
metrical caudal fin is very similar to the heterocercal
caudal fin of many Paleozoic and Mesozoic actinopter-
ygians.

Teleosteans

Most extant fishes are teleosts. They share many char-
acters of caudal and cranial structure and are grouped
into four clades of varying size and diversity: Osteoglos-
somorpha, Elopomorpha, Ostarioclupeomorpha, and
Euteleostei. Teleosts differ from all other vertebrates in
having undergone a further round of duplication of the

Hox genes, now having seven sets of Hox genes rather
than four sets like other gnathostomes.

Although teleosts are generally thought to have a
swim bladder rather than a lung, many less-derived te-
leosts use the swim bladder for gas exchange as well as
for buoyancy control. A posterior location of the pel-
vic fins is another ancestral feature retained by some
teleosts—in many derived forms the pelvic fins have
moved to an anterior position where they are attached
to the base of the pectoral girdle, and some teleosts
have lost the pelvic fins altogether.

Osteoglossomorpha The extant osteoglossomorphs
(Greek osteo = bone, gloss = tongue, and morph = form)
live mostly in tropical freshwater. Osteoglossum
(Figure 6-8) is a 1-meter-long predator from the Amazon,
familiar to tropical fish enthusiasts as the arawana.
Arapaima is an even larger Amazonian predator, per-
haps the largest strictly freshwater fish. Before intense
fishing reduced the populations, they were known to
reach a length of at least 3 meters and perhaps as much
as 4.5 meters. Mormyrus, one of the African elephant
fishes, is representative of the small African bottom
feeders that use weak electric discharges to communi-
cate with other members of their species. As dissimilar
as they seem, the osteoglossomorph fishes are united
by unique bony characters of the mouth (including
teeth on the lower portions of the hyoid arch that re-
sembles a bony tongue and gives the group its name)
and by the mechanics of their jaws.

(b)
Figure 6-8 Extant osteoglossomorphs. (a) Osteoglossum,

the arawana, from South America. (b) Mormyrus, an elephant-
nose from Africa.
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Elopomorpha The Elopomorpha (Greek elop = a kind of
fish) had appeared by the Late Jurassic period. A special-
ized leptocephalus (Greek lepto = small and cephal = head)
larva is a unique character of elopomorphs (Figure 6-9).
These larvae spend a long time adrift, usually at the ocean
surface, and are widely dispersed by currents.

Most elopomorphs are eel-like and marine, but
some species live in freshwater. The common American
eel, Anguilla rostrata, has one of the most unusual life
histories of any fishes. After growing to sexual matu-
rity (which takes as long as 25 years) in rivers, lakes,

and ponds, the catadromous (migrating from freshwa-
ter to seawater to breed) eels enter the sea.

American eels migrate to the Sargasso Sea, an area
in the central North Atlantic between the Azores and
the West Indies. Here they are thought to spawn and
die, presumably at great depth. The eggs and newly
hatched leptocephalus larvae float to the surface and
drift in the currents. Larval life continues until the
larvae reach continental margins, where they trans-
form into miniature eels and ascend rivers to feed and
mature.

A A7 el g 2
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Figure 6-9 Extant teleosts of isolated phylogenetic position. (a) Elopomorpha, represented
by a tarpon (left), a bonefish (right), and a typical fork-tailed leptocephalus larva (below).

(b) Anguilliform elopomorphs, represented by the common eel, Anguilla rostrata (above), its
leptocephalus larva (immediately below), and two other very different eel leptocephali.

(0) Clupeomorpha, represented by a herring (above) and an anchovy (below). Note the differences

in the scale bars.
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European eels (Anguilla anguilla) spawn in the same
region of the Atlantic as their American kin but may
choose a somewhat more northeasterly part of the
Sargasso Sea and perhaps a different—but also deep—
depth at which to spawn. Their leptocephalus larvae
remain in the clockwise currents of the North Atlan-
tic (principally the Gulf Stream) and ride to northern
Europe as well as North Africa, the Mediterranean,
and even the Black Sea before entering river mouths to
migrate upstream and mature.

In contrast to the eels, the two other major lin-
eages of elopomorphs—bonefishes and tarpons—are
prized by sport fishers. Both are fast-swimming pred-
atory fishes that inhabit shallow coastal waters in the
tropics and subtropics. Bonefishes reach maximum
lengths of about 40 centimeters, but female tarpons
(which are larger than the males) can be as long as
2.5 meters.

Ostarioclupeomorpha This group includes the herring-
like fishes (the cluepeiforms) and the minnows (ostari-
ophysans), two of the most abundant, widespread, and
commercially important groups of fishes.

Most clupeiforms are specialized for feeding on
minute plankton gathered by a specialized mouth and
gill-straining apparatus. They are silvery, mostly ma-
rine schooling fishes of great commercial importance.
Common examples are herrings, shad, sardines, and
anchovies (see Figure 6-9). Several species are anad-
romous (i.e., migrating from seawater to freshwater
to spawn), and the springtime migrations of American
shad (Alosa sapidissima) from the North Atlantic into
rivers in eastern North America once involved millions
of individuals. The enormous shad runs of the recent
past have been greatly depleted by dams and pollution
of aquatic environments.

Ostariophysans are the predominant fishes of the
world’s freshwaters, representing about 80 percent
of the fish species in freshwater and 25 to 30 percent
of all extant fishes. Many ostariophysans have pro-
trusible jaws that are specialized to capture prey and
pharyngeal teeth in the throat that process a range of
food items. Many species have fin spines or armor for
protection, and the skin typically contains glands that
produce substances used in olfactory communication.

Ostariophysans have two distinctive derived charac-
ters. Their name refers to small bones that connect the
swim bladder with the inner ear (Figure 6-10). Using the
swim bladder as an amplifier and the chain of bones as
conductors, this Weberian apparatus greatly enhances
the hearing sensitivity of these fishes. Ostariophysans
are more sensitive to sounds and have a broader fre-
quency range of detection than other fishes.

The second derived character uniting the ostari-
ophysans is the presence of a fright or alarm substance
in the skin. Chemical signals (pheromones) are re-
leased into the water when the skin is damaged, and
they produce a fright reaction in nearby members of
their own species and other ostariophysan species. The
fright reaction may cause the fishes to rush for cover
or form a tighter school.

Although all ostariophysans have an alarm sub-
stance in the skin and a Weberian apparatus (or a ru-
dimentary precursor of it), they are a diverse group in
other respects, with some 8000 species. Ostariophy-
sans include the characins (piranhas, neon tetras, and
other familiar aquarium fishes) of tropical America and
Africa, the carps and minnows (nearly worldwide in
freshwater), the catfishes (nearly worldwide in freshwa-
ter and many shallow marine areas), and the highly de-
rived electric knifefishes of Central and South America.

Euteleostei The vast majority of extant teleosts be-
long to the fourth clade, the Euteleostei (Greek eu =
true), which evolved before the Late Cretaceous. With
so many thousands of species, it is impossible to give
more than scant information about them.

We will consider the stem euteleostian stock to be
represented today by the generalized salmoniforms,
although this interpretation is a matter of dispute. The
esocid and salmonid fishes (Figure 6-11a on page 137) in-
clude important commercial and game fishes.

The esocids (pickerels, pikes, muskellunges, and
their relatives) are at the base of the radiation of more
derived teleosts. They are ambush predators that eat
other fishes, relying on cryptic colors and patterns to
conceal them until a prey fish has approached close
enough to be captured by a sudden lunge.

The salmonids include the anadromous salmon,
which usually spend their adult lives at sea and make
epic journeys to inland waters to breed, as well as the
closely related trouts, which usually live entirely in
freshwater.

The Acanthopterygii (true spiny-rayed fishes) that
dominate the open ocean surface and shallow marine
waters of the world appear to form a monophyletic
lineage within the euteleosts. Among the acanthopter-
ygians, the atherinomorphs have protrusible jaws and
specializations of form and behavior that suit them to
shallow marine and freshwater habitats. This group
includes the silversides, grunions, flying fishes, and
halfbeaks as well as the egg-laying and live-bearing
cyprinodonts (Figure 6-11b on page 137). Killifishes are
examples of oviparous cyprinodonts, and viviparous
forms include the guppies, mollies, and swordtails
commonly kept in home aquaria.
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Figure 6-10 The Weberian apparatus. Ostariophysan fishes have a sound-detection system,
the Weberian apparatus, which is a modification of the swim bladder and the first few vertebrae
and their processes. Typical ostariophysans include (a) characins (here a piranha), (b) minnows,
and (c) catfishes.

Most species of acanthopterygians—and the  snappers, grunts, porgies, drums, cichlids, barracu-
largest order of fishes—are Perciformes, with about das, tunas, billfishes, and most of the fishes found
10,000 extant species. Snooks, sea basses, sun- on coral reefs are some of the well-known Perci-
fishes, perches, darters, dolphinfish (mahi mahi), formes.
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(b) 1cm

Figure 6-11 Euteleosts. (a) Some of the least derived
euteleosts: the pike (above) and the salmon (below).

(b) Atherinomorph fishes represented by (top to bottom) an
Atlantic silverside, a flying fish, a halfbeak, and a live-bearing
killifish, the male of which has a modified anal fin that is used
for internal fertilization.

6.4 Locomotion in Water

Perhaps the single most recognizable characteristic of
the enormous diversity of fishes is their mode of loco-
motion. Fish swimming is immediately recognizable,
aesthetically pleasing, and—when first considered—
rather mysterious, at least when compared to the loco-
motion of most land animals. Fishes swim with anterior
-to-posterior sequential contractions of the muscle seg-
ments along one side of the body and simultaneous
relaxation of the corresponding muscle segments on the
opposite side. Thus, a portion of the body momentarily
bends, the bend moves posteriorly, and a fish oscillates
from side to side as it swims. These lateral undulations
are most visible in elongate fishes, such as lampreys and
eels (Figure 6-12). Most of the power for swimming comes
from muscles in the posterior region of the fish.

A variety of swimming movements have been de-
scribed (Figure 6-13 on page 139):

e Anguilliform—This movement is typical of highly
flexible fishes capable of bending into more than
half a sinusoidal wavelength. It is named for the lo-
comotion seen in the true eels, the Anguilliformes.

e Carangiform—Undulations are limited mostly to
the caudal region, with the body bending into less
than half a wavelength. The movement is named
for Caranx, a genus of fast-swimming marine fishes
known as jacks.

e Ostraciiform—The body is inflexible, and undula-
tion is limited to the caudal fin. The movement is
named for the boxfishes, trunkfishes, and cowfishes
(family Ostraciidae) whose fused scales form a rigid
box around the body, preventing undulations.

e Labriform—Most of the force used for locomotion
is provided by the pectoral fins, and the caudal fin
plays a relatively small role. This movement is char-
acteristic of wrasses and other fishes that maneuver
through complex three-dimensional habitats, such
as coral reefs.

* Rajiform, amiiform, gymnotiform, and balisti-
form swimming—Sine waves are passed along the
elongated pectoral fins (rajiform), the dorsal fin
(amiiform), the anal fin (gymnotiform), or both
the dorsal and anal fins (balistiform). Usually, sev-
eral complete waves are observed along the fin, and
very fine adjustments can be made in the direction
of motion, including swimming backward. Because
only the fins are moving, these types of locomotion
can be stealthy and maneuvering can be precise.

Although these forms of locomotion were named
for the groups of fishes that exemplify them, many
other types of fishes use these swimming modes. For
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(a) Anguilliform
(eel)

Figure 6-12 Basic movements

of swimming fishes. Outlines of
some major swimming types.

(@) The body regions that undulate are
shaded. The lift (lateral) component
of the reactive force produced by one
undulation's push on the water is
canceled by that of the next, oppo-
sitely directed undulation, so the fish
swims in a straight line. The thrust
(forward) component from each un-
dulation is in the same direction and
thus is additive, and the fish moves
through the water. (b) Waveforms
are created by undulations of points
along the body and tail (bottom).
A« represents the maximum lateral
displacement of any point. Note that
A, .y increases posteriorly; A is the
wavelength of the undulatory wave.

(b)

example, hagfishes, lampreys, most sharks, sturgeons,
arawanas, many catfishes, and countless elongate
spiny-rayed fishes are not true eels, yet they use an an-
guilliform swimming mode.

Generating Thrust

In general, fishes swim forward by pushing backward
on the water. For every active force, there is an op-
posite reactive force (Newton’s third law of motion).
Undulations of the body or fins produce an active force
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Carangiform
and subcarangiform
(trout)

Ostraciiform
(boxfish)

Instantaneous

segment Push
direction
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directed backward and also lateral forces. (These forces
are the vectors shown in Figure 6-12.) The overall re-
active force moves the fish forward because the lateral
forces cancel each other.

Minimizing Drag

A swimming fish experiences two forms of drag: vis-
cous or frictional drag, which is caused by friction be-
tween the fish’s body and the water, and inertial drag,
which is caused by pressure differences created by the
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Figure 6-13 Location of swimming movements in various fishes. Shaded areas of the body
undulate or oscillate from side to side. Names such as carangiform describe the major types of loco-
motion found in fishes; they do not imply phylogenetic relationships, nor are they comprehensive.

fish’s displacement of water. The two types of drag re-
spond differently to speed and body form.

e Viscous drag is relatively constant over a range of
speeds and is sensitive to the surface area of the
body and the smoothness of the surface. A thin body
has high viscous drag because it has a large surface

moves forward. Streamlined (teardrop) shapes pro-
duce minimum inertial drag when their maximum
width is about one-fourth their length and is situ-
ated about one-third body length from the leading
tip (Figure 6-14).

The fastest swimmers, such as mackerels and

area relative to its muscle mass; a scaleless skin (like
an eel’s) has low viscous drag because it is smooth.

Inertial drag increases as speed increases, and it is
sensitive to the shape and cross-sectional area of
the body. A thick body induces high inertial drag
because it displaces a large volume of water as it

tunas, use modified carangiform swimming, un-
dulating only the caudal peduncle and caudal fin.
These fishes have a caudal peduncle that is flattened
from top to bottom and edged by sharp scales, so
it creates minimum inertial drag as it sweeps from
side to side.
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Relative drag
B —

Figure 6-14 Effect of body
shape on drag. (a) Stream-
lined profiles with maximum
width (d) equal to approximately
one-fourth length (/) minimize
drag. The examples are for solid,
smooth test objects with the
thickest section about two fifths
of the distance from the tip.

(b) Width-to-length ratios (d/1)
for several swimming vertebrates.
Like the test objects, these verte-
brates tend to be circular in cross
section. Note that the ratio is near
0.25, and the general body shape
is approximately fusiform (as
shown by the colored outlines).

(a)

(b)

The caudal fin creates turbulent vortexes (whirl-
pools of swirling water) in a fish’s wake that are part of
the inertial drag. The total drag created by the caudal
fin depends on its shape. When the aspect ratio of the
fin (the dorsal-to-ventral length divided by the ante-
rior-to-posterior width) is high, the amount of thrust
produced relative to drag is high. The stiff sickle-
shaped fin of mackerels, tunas, swordfishes, and cer-
tain sharks results in a high aspect ratio and efficient
forward motion. Even the cross section of the forks
of these caudal fins assumes a streamlined teardrop
shape, further reducing drag. Many species with these
specializations swim continuously.

The caudal fins of trouts, minnows, and perches
are not stiff and seldom have high aspect ratios. These
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fishes bend the body more than carangiform swimmers,
in a swimming mode called subcarangiform. Subcaran-
giform swimmers spread or compress the caudal fin to
modify thrust and stiffen or relax portions of the fin
to produce vertical movements of the posterior part of
the body. The caudal peduncle of these subcarangiform
swimmers is compressed from side to side and deep
from top to bottom, and it contributes a substantial part
of the total force of propulsion. These fishes often swim
in bursts, usually accelerating rapidly from a standstill.

Stopping, Steering, and Staying in Place
Fishes use all of their fins for maneuvering through
their three-dimensional world; observing fishes in an
aquarium will illustrate the behaviors described here.



Stopping A fish uses its fins for braking. The pectoral
and pelvic fins rotate outward, and the posterior por-
tions of the dorsal, anal, and caudal fins are flexed
sideward to create drag.

Steering A fish turns by extending the fins on one side
of the body to create drag, just as a rower allows an oar
to drag in the water to turn a boat. Any combination of
fins can be used to turn—extending just a pectoral fin
produces a gradual turn, and extending additional fins
increases the drag and sharpens the turn.

Staying in Place Watching a fish hovering in the water
is fascinating. Teleosts use the swim bladder to make
themselves neutrally buoyant, so you would think that
a fish could float in the water just as you can, with no
movement of its appendages. A moment’s observation
will disprove that hypothesis, however—a motionless
fish is actually moving several fins continuously.

The pectoral fins maintain a sculling motion, and
careful observation will show that the power stroke is
directed forward. Looking a bit farther forward, you
will see that the opercula are opening and closing as
the fish breathes. Each time a fish exhales, water jets
backward from beneath the opercula, creating a thrust
that would drive the fish forward. The backward scull-
ing movements of the pectoral fins counteract the for-
ward thrust of water leaving the gill chambers.

Acute observation will reveal that a sine wave travels
down the posterior margin of the caudal fin and some-
times the margins of the dorsal and anal fins as well. A
downward sine wave creates an upward thrust, which
should rotate the posterior end of the fish upward, yet
the fish does not somersault—it remains horizontal in
the water. The position of the swim bladder explains
this observation. The volume of gas in the swim blad-
der can be adjusted to make the fish neutrally buoyant,
but the swim bladder is located anterior to the center
of gravity of the fish. As a result a fish is tail-heavy and
it would float tail-down without the upward thrust
produced by the sine wave in its caudal fin.

6.5 Actinopterygian
Reproduction

Actinopterygians show more diversity in their repro-
ductive biology than is found in any other vertebrate
taxon.

e Most species lay eggs, which may be buried in the
substrate, deposited in nests, or released to float in
the water, and a few species lay eggs out of water,
but viviparity has evolved in several lineages and

nutrition of the embryos ranges from lecithotrophy
to matrotrophy.

o Parental care ranges from none at all, through
attending eggs in nests and protecting the young
after they hatch, to carrying eggs in the mouth
during development and allowing the young to flee
back into the parent’s mouth when danger threat-
ens.

e Even sex determination shows diversity—the sex
of most species of teleosts is genetically determined
and fixed for life, but some species change sex part-
way through their lives, others are hermaphroditic,
and a few species consist entirely of females.

The diversity seen in reproduction by fishes means
that there are exceptions to every generalization. The
following discussion focuses on the typical characteris-
tics of the groups of fishes described.

Egg Layers

The vast majority of ray-finned fishes are oviparous,
and freshwater and marine species show contrasting
specializations of oviparous reproduction.

Freshwater Habitats Teleosts that live in freshwater
generally produce and care for a relatively small num-
ber of large, yolk-rich demersal eggs (i.e., eggs that
are buried in gravel, placed in a nest, or attached to
the surface of a rock or plant). Attachment is impor-
tant in flowing water that might carry a floating egg
away from habitats suitable for development. Be-
cause the eggs remain in one place, parental care is
possible; males often guard the nests and sometimes
the young.

The eggs of freshwater teleosts hatch into young
that often have large yolk sacs containing a reserve of
yolk that supports their growth for some time after
hatching. When the yolk reserve has been consumed,
the young fishes (called fry) generally resemble their
parents.

Marine Habitats Teleosts that live in the sea generally
release large numbers of small, buoyant, transparent
eggs into the water. These eggs are left to develop and
hatch while drifting in the open sea. The larvae are also
small and usually have little yolk reserve remaining
after they hatch. They begin feeding on microplankton
soon after hatching.

Marine larvae are generally very different in appear-
ance from their parents, and many larvae have been
described for which the adult forms are unknown.
Such larvae are often specialized for life in the oceanic
plankton, feeding and growing while adrift at sea for
weeks or months, depending on the species. The larvae
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eventually settle into the juvenile or adult habitats ap-
propriate for their species. It is not yet generally under-
stood whether arrival at the appropriate adult habitat
(deep-sea floor, coral reef, or river mouth) is an active
or passive process on the part of larvae, but increas-
ing evidence suggests that many larvae actively choose
their settling habitats.

The strategy of producing planktonic eggs and lar-
vae that are exposed to a prolonged and risky pelagic
existence appears to be wasteful of gametes. Neverthe-
less, complex life cycles of this sort are the principal
mode of reproduction of marine fishes. Pelagic spawn-
ing may offer the following advantages:

e Predators on eggs may be abundant in the parental
habitat but scarce in the pelagic realm.

e Microplankton (bacteria, algae, protozoans, roti-
fers, and minute crustaceans) are abundant where
sufficient nutrients reach sunlit waters. If energy
is limiting to the parent fishes, it could be advanta-
geous to invest the minimum possible amount of
energy by producing eggs that hatch into special-
ized larvae that feed on pelagic food items too small
for the adults to eat.

e Producing floating, current-borne eggs and larvae
increases the chances of colonizing all patches of
appropriate adult habitat in a large area. A widely
dispersed species is not vulnerable to local environ-
mental changes that could extinguish a species with
a restricted geographic distribution. Perhaps the
predominance of pelagic spawning species in the
marine environment reflects millions of years of
extinctions of species with reproductive behaviors
that did not disperse their young as effectively.

Terrestrial Habitats If you have lived near the shore
of California you have probably heard of the grunion
runs. California grunions (Leuresthes) are small marine
fishes that lay their eggs at the top of the tide mark
on beaches from March through August. (A different
species of grunion is found in the Gulf of California.)
Tides reach their maximum for about two nights on
each side of the full moon and the new moon, and
this is when grunions spawn, riding a wave ashore
and squirming tail-first into the wet sand as the wave
recedes. A male wraps around a female and releases
sperm as she releases eggs, and then both fishes ride a
receding wave back into the sea.

The eggs require about 10 days to hatch, and during
this period of lower tides the nests are above the reach
of waves. At the next high tide cycle, about 2 weeks
after the eggs were laid, they have hatched and the
young grunions are swept back into the sea.
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Even more unfishlike are the reproductive behaviors
of at least one species of mudskipper (Periophthalmodon
schlosseri) and the rockhopper blenny (Andamia tetradac-
tyla). Mudskippers are marine fishes of the Indo-Pacific
region that live on mudflats, where they construct bur-
rows. During high tide the mudskippers hide in their
flooded burrows, and they emerge at low tide to forage
on the mud. The burrows contain an upward bend that
creates a chamber that is filled with air, even when the
burrow entrance is covered by the tide, and the adhe-
sive eggs are deposited on the roof of this chamber, well
above the water and exposed only to air. Other species
of mudskippers also deposit eggs in their burrows, and
it is likely that some of those eggs also develop in air.

Rockhopper blennies forage during low tide on
wave-splashed mats of algae on rocky coastlines and
shelter during high tide in crevices in the rocks. Fe-
males deposit eggs in the crevices and males attend the
nests, which are entirely out of the water except dur-
ing the height of the tide or when they are splashed by

waves during storms.

Live Bearers

The widespread occurrence of viviparity among familiar
aquarium fishes in the family Poeciliidae (guppies, mol-
lies, platys, swordtails, and related species) gives the
impression that it is a common mode of reproduction
for teleosts. In fact, that is not true—although vivipar-
ity is believed to have evolved in at least 12 lineages of
teleosts, only 3 percent of teleosts are viviparous and
more than a third of the viviparous teleosts are poeci-
liids. This scarcity of viviparous lineages of teleosts is
a bit surprising considering the diversity that teleosts
display in other aspects of their reproductive biology.

The family Syngnathidae (seahorses, sea dragons,
and pipefishes) provides an especially interesting ex-
ample of viviparity—male gestation. Males of all the
species in this family carry the fertilized eggs until they
hatch, but the details vary: In some species the eggs are
carried externally (adhering to the male’s abdomen or
his tail), in other species the eggs are partially enclosed
in a pouch that remains open to the external environ-
ment, and in the most derived species the eggs are held
within a closed pouch on the male’s abdomen.

The method by which eggs in a closed pouch are
fertilized has been described for the yellow seahorse
(Figure 6-15). During mating the male and female are in
close contact for only a few seconds. Initially the male
and female swim side by side, then turn to face each
other, pressing their abdomens together. During this
stage, which lasts for only about 6 seconds, the eggs
are apparently released and pass across the opening of
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Figure 6-15 Mating behavior of the yellow seahorse. (a) The male and female (the darker
individual in these drawings) swim side by side, posturing and changing color. During this phase
the male may open its brood pouch and inflate it with seawater. The male's external sperm duct
lies about 4.5 mm anterior to the opening of the brood pouch. (b) Egg transfer and fertilization
occur during a 6-second period when the female has turned to press her abdomen against the
male, aligning the opening of her oviducts with the opening of the brood pouch. (c) The brood

pouch closes immediately after the eggs have been transferred.

the sperm duct while sperm are released, and then the
eggs and sperm are carried through the opening of the
brood pouch, which closes tightly.

The Sex Lives of Teleosts

As mammals, humans are accustomed to thinking that
the sex of an individual is determined genetically at
the moment of conception—female mammals are XX
and males are XY. (If we were birds, we would be
equally comfortable with the assumption that females
are always ZW and males are always ZZ.)

In fishes, however, the environment plays a role in sex
determination, and some species begin life as one sex and
change to the other after they are adults. The principle
that underlies these differences in life history is Darwin-
ian fitness—that is, what allocation of time and energy
to reproduction yields the highest representation of the
alleles of one individual in succeeding generations rela-
tive to the alleles of other individuals in the population?

Protandry In some species of teleosts, an individual
starts life as a male and changes to a female (Greek
prot = first and andro = male). Anemone fishes (about
30 species in the genus Amphiprion) are protandrous
(Figure 6-16).

Many people are familiar with anemone fish from
the movie Finding Nemo. Nemo and his family are clown
anemone fish, Amphiprion ocellaris. This species lives in
pairs or small groups that defend a territory within the
tentacles of a sea anemone. The largest individual is al-
ways a female and the second largest is a male—both of
these individuals are reproductively mature. Smaller in-
dividuals, if they are present, remain immature. If the
female dies, the male changes sex and the largest im-
mature individual in the group becomes a male.

The size-advantage hypothesis proposes that the
benefit of protandry lies in the relationship between
body size and the number of eggs an individual pro-
duces—Ilarge individuals produce more eggs than small
ones, but even a small male can produce all the sperm
needed to fertilize the eggs of a large female. Because
of this relationship between body size and sperm and
egg production, a clownfish can maximize its lifetime
reproductive success by starting life as a male and fer-
tilizing the eggs of a large female, and then changing
to a female when it has grown to a large size.

Protogyny Protogyny is the reverse of protandry
(Greek gyno = female). In this case juveniles mature
initially as females and subsequently change sex to
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Figure 6-16 Sex and reproduction by teleosts. Teleosts display a variety of sex-determining
mechanisms and life-history patterns. (a) In gonochorism sex is determined by genes at the time of
conception and does not change during the lifetime of an individual. About 88 percent of teleosts
follow this pattern, illustrated here by the scissortail sergeant major, Abudefduf sexfasciatus. (b) Pro-
tandrous fishes, illustrated by the anemone fish (Amphiprion ocellaris), begin life as males and change
to fernales. (c) Some species of sea basses, including the lantern bass (Serranus baldwini), start life as
simultaneous hermaphrodites and change to males when they are large enough to defend a harem

of smaller hermaphrodites. (d) Fishes that are simultaneous hermaphrodites. such as the harlequin
bass (Serranus tigrinus), alternate the male and female roles during spawning. (e) Some protogynous
fishes, such as the bluehead wrasse (Thalossoma bifasciatum), begin life as either males or females and
grow into an initial phase that is identified by a pattern that is the same for both sexes. Males and
females can reproduce in the initial phase, but the harem-based social system of this species greatly
limits the reproductive success of initial-phase males. Terminal-phase males defend territories con-
taining harems of females and enjoy far greater reproductive success. When the terminal-phase male
in a territory dies, the largest female changes sex, taking the male role in spawning within hours.

become males. Protogyny is characteristic of species
such as the bluehead wrasse (Thalassoma bifasciatum),
in which territorial males defend mating territories.
In this situation, large body size is advantageous to a
male. Both male and female bluehead wrasses start
adult life in a mostly yellow color pattern called the ini-
tial phase. Some initial-phase individuals (both males
and females) subsequently change into terminal-phase
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males, which have blue heads, a black saddle, and a
green posterior region.

In small populations of bluehead wrasse, spawning
takes place over coral heads that protrude above the
general height of the reef, and a terminal-phase male
bluehead wrasse defends a territory centered on a coral
head, mating with females that come to the coral head
to spawn. Initial-phase males also breed, but instead



of defending a breeding site they swim in groups of a
dozen or more individuals and try to intercept females.
When a female spawns, all of the initial-phase males in
the group release sperm.

The mating success of initial-phase males is very
much lower than that of terminal-phase males. An
initial-phase male has only one or two mating op-
portunities a day, and even then his sperm must
compete with sperm from all the other males in his
group. In contrast, a terminal-phase male mates 40
to 100 times a day without sperm competition from
other males.

Clearly the potential reproductive success of a terminal-
phase male is greater than that of even the largest female
because the male mates so often. In this situation it is ad-
vantageous for a large individual to be a male, and when
a terminal-phase male disappears from its territory the
largest female in the group changes to a male. The tran-
sition is astonishingly rapid—a field study found that
the largest female began to display male behavior within
minutes of the removal of the terminal-phase male from
its territory, and individuals that had spawned as females
one day mated as males on the following day.

Hermaphroditism Simultaneous hermaphroditism means
that an individual has functional ovaries and func-
tional testes at the same time and can mate either as a
male or as a female. This life-history pattern is uncom-
mon, but it does occur in about 20 families of teleosts,
including the sea basses (Hypoplectrus), which have
three mating patterns:

e Egg traders (or parcelers) alternate male and female
roles during a single mating session. The member of
the pair that is acting as a female releases a portion
of its eggs (the parcel that gives this mating pat-
tern its name), and the individual that is acting as
the male releases sperm. Then the two individuals
switch roles and continue alternating through the
remainder of the spawning session, which may last
for more than an hour.

e Reciprocating monogamous pairs alternate roles
between spawning sessions; that is, the individual
that releases eggs in one spawning session releases
sperm in the next spawning session, which may
occur some days later.

e Harem polygynous species combine an initial period
of simultaneous hermaphroditism with sex change
later in life. They live in harems consisting of as
many as seven small hermaphrodites and a single
large individual. These large fishes have lost their
ovarian tissue, becoming functional males and mat-
ing with the hermaphrodites, which act as females.

Although the hermaphrodites in the harem could
mate with each other, they almost never do so. The
largest hermaphrodites have more testicular tissue
than small ones, but it is not known whether these
individuals, called “transitional hermaphrodites,” will
leave the harem to establish their own harems in new
territories, or if they remain in the transitional phase
until the male in their harem dies.

Only one species of self-fertilizing hermaphrodite
has been documented among fishes, Kryptolebias (for-
merly Rivulus) marmoratus. This small fish (7.5 centi-
meters) lives in shallow brackish waters from Florida
through the Caribbean. About 95 percent of the in-
dividuals are born as self-fertilizing hermaphrodites,
which produce homozygous clones of the parent
when they reproduce, and the remaining 5 percent
are males—females have never been described in
this species. In areas with temperatures below 20°C,
about 60 percent of the hermaphrodites have trans-
formed to secondary males after 3 or 4 years, but in
warmer areas where the water temperature is 25°C or
higher, the fishes remain hermaphrodites throughout
their lives.

Gynogenesis and Hybridogenesis Some species of
teleosts consist entirely of females. Although this
phenomenon is rare among fishes, four families of
freshwater fishes include species that are gynogenetic
or hybridogenetic. Both these forms of reproduction
begin with interspecific hybridization of two bisexual
species, giving rise to a diploid unisexual (all-female)
species.

Gynogenesis The Amazon molly (Poecilia formosa), a
unisexual hybrid of the bisexual sailfin molly (Poecilia
latipinna) and the bisexual Mexican molly (Poecilia
mexicana), is gynogenetic (Figure 6-17a). Meiosis in
Amazon mollies omits the final reduction division, so
it produces diploid eggs. These eggs must be activated
by sperm from a male Mexican molly in order to begin
embryonic development, but the genetic material from
the male never enters the egg, which develops as a
clone of its mother.

Hybridogenesis The Rio Fuerte topminnow (Poeciliopsis
monacha-lucida) is a unisexual hybrid that originated
from the insemination of a female headwater topmin-
now (Poeciliopsis monacha) by a male clearfin topmin-
now (Poeciliopsis lucida) (Figure 6-17b). All Rio Fuerte
topminnows are diploid females that carry a haploid
genome from each of the parental species. During
meiosis the paternal (clearfin) genome is eliminated,
producing eggs with only the maternal (headwater) ge-
nome. Female Rio Fuerte topminnows mate with male
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Figure 6-17 Gynogenesis and hybridogensis. (a) In gynogenesis a diploid egg must be acti-
vated by a sperm from a male of a bisexual species before it begins embryonic development. The
DNA from the sperm never enters the egg, which develops into a clone of its mother. Amazon
mollies are an all-female species that originated from hybridization between two bisexual species,
the sailfin molly and the Mexican molly. Amazon mollies produce diploid eggs that are activated
by sperm from a male Mexican molly. (b) In hybridogenesis the genome of the male parental spe-
cies is eliminated during meiosis, producing a haploid egg carrying only the maternal DNA. This
egg is fertilized by sperm from a male of a bisexual species, and in this case the DNA from the
sperm does enter the egg, producing a diploid female. The DNA from the male is eliminated at
meiosis, again producing an egg with only the DNA of the female parental species, and that egg is
fertilized by sperm from a male of a bisexual species.

clearfin topminnows, and in this case the male’s DNA  only the genetic contribution of the maternal (head-
does enter the egg, producing a new generation of  water) species persists from generation to generation;
diploid female Rio Fuerte topminnows. These females  the chromosomes from the paternal (clearfin) species
again eliminate the clearfin genome at meiosis. Thus,  are lost and replaced at each generation.
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6.6 The Adaptable
Fishes—Teleosts in Contrasting
Environments

Given the great numbers of both species and individuals
of extant fishes, especially the teleosts, it is little won-
der that they inhabit an enormous diversity of watery
environments. Examining two vastly different habitats,
the deep sea and coral reefs, allows us to better under-
stand the amazing adaptability of teleost fishes.

Deep-Sea Fishes

Considered as a place to live, the deep sea presents two
problems:

e There’s no light: Light does not penetrate deeper
than 1000 meters, even in the clearest water, so the
depths of the sea are perpetually dark.

e There’s very little food: Photosynthetic organisms
are largely confined to the upper 100 meters of the
sea (the epipelagic region, Figure 6-18). The food chain
of the ocean depths is largely dependent on falling
detritus that can range in size from microscopic re-
mains of plankton to carcasses of large fishes and
whales. The plankton biomass can reach 500 milli-
grams per cubic meter of water at the surface, but by
the time it has fallen to 10,000 meters only 0.5 milli-
gram of plankton per cubic meter of water remains.

Despite these challenges, a distinctive and bizarre
array of deep-sea fishes lives in the mesopelagic and
bathypelagic zones. Because there is not much food,
deep-sea fishes are small (the average length is about
5 centimeters) and their populations are sparse. Both
of those characteristics present problems: small spe-
cies are vulnerable when they venture into regions
with larger predators, and it is difficult to locate a mate
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Figure 6-18 Life zones of the ocean depths. Schematic cross section of the life zones within
the deep sea. Temperature and biomass are shown, as are the vertical ranges of several fish

species, some of which migrate daily.
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when it’s pitch dark and there is only one female of
your species in each cubic kilometer of water. Many of
the behavioral, anatomical, and life-history character-
istics of deep-sea fishes are related to those challenges.

Mesopelagic Fishes One way of coping with the scar-
city of food in the deep sea is to move to shallower
water to feed, and fishes and invertebrates that live in
the mesopelagic zone can do this. They move toward
the surface at dusk to enter areas with more food and
descend again near dawn. Vertical migration has both
benefits and costs. By rising at dusk, mesopelagic
fishes enter a region of higher productivity, where
food is more concentrated so they can gather more en-
ergy. But the shallower water is also warmer, so their
metabolic rates increase and that means that they are
using energy faster. The daytime descent into cooler
waters lowers their metabolism and conserves energy.

Bathypelagic Fishes The costs in energy and time to mi-
grate several thousand meters from the bathypelagic
region to the surface outweigh the energy that would
be gained from invading the rich surface waters. In-
stead of migrating, bathypelagic fishes are specialized
for life in the depths.

Large Mouths and Stomachs If a fish rarely encounters
potential prey, it is important to have a mouth large
enough to engulf nearly anything it does meet and a
gut that can expand to accommodate nearly any meal.
The jaws and teeth of deep-sea fishes are often enor-
mous in proportion to the rest of the body. Many
bathypelagic fishes can be described as a large mouth
accompanied by a stomach (Figure 6-19).

Light Organs Many deep-sea fishes and invertebrates are
emblazoned with startling patterns formed by photo-
phores, organs that emit blue light, and distinctive bio-
luminescent patterns characterize the males and females
of many bathypelagic fishes. Tiny, light-producing photo-
phores are arranged on their bodies in species- and even
sex-specific patterns. The light is produced by symbiotic
species of Photobacterium and groups of bacteria related
to Vibrio. Some photophores, such as those in the fin-ray
lures of anglerfishes, probably attract prey. Others act as
signals to potential mates in the darkness of the deep sea.

Anglerfishes The life history of ceratioid anglerfishes
dramatizes how selection adapts a vertebrate to its hab-
itat. The adults typically spend their lives in lightless re-
gions below 1000 meters. Fertilized eggs, however, rise
to the surface, where they hatch into larvae. The lar-
vae remain mostly in the upper 30 meters, where they
grow, and later descend to the lightless region. Descent
is accompanied by metamorphic changes that differen-
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tiate females and males. During metamorphosis, young
females descend to great depths, where they feed and
grow slowly, reaching maturity after several years.

Female anglerfishes feed throughout their lives,
whereas males feed only during the larval stage. Males
have a different future—reproduction, literally by life-
long matrimony. During metamorphosis males cease
eating and begin an extended period of swimming. The
olfactory organs of males enlarge at metamorphosis,
and the eyes continue to grow. These changes suggest
that adolescent males spend a brief free-swimming
period finding a female. The journey is precarious, for
males must search vast, dark regions for a single female
while running a gauntlet of other deep-sea predators.
The sex ratio of young adults is unbalanced—often
more than 30 males for every female. Apparently, at
least 29 of those males will not locate a virgin female.

Having found a female, a male does not want to
lose her. He ensures a permanent union by attaching
himself as a parasite to the female, biting into her flesh
and attaching himself so firmly that their circulatory
systems fuse. Preparation for this encounter begins
during metamorphosis when the male’s teeth degener-
ate and strong toothlike bones develop at the tips of
the jaws. A male remains attached to the female for
life, and in this parasitic state, he grows and his tes-
tes mature. Monogamy prevails in this pairing, for fe-
males usually have only one attached male.

Coral Reef Fishes

Coral reefs have the highest primary productivity of
any marine habitat, and the assemblages of verte-
brates associated with coral reefs are the most diverse
on Earth. These vertebrates are almost all actinopter-
ygian teleosts—more than 600 species are found on a
single Indo-Pacific reef. Each of these species occupies a
unique ecological niche, and the niches available to spe-
cies on a coral reef are defined by the time of day a spe-
cies is active, what it eats, and how it captures its prey.
Ancestral actinopterygians had relatively unspecial-
ized jaws and preyed on invertebrates. Many reef in-
vertebrates became nocturnal to avoid these predators,
limiting their activity to night and remaining concealed
during the day. In response to the nocturnal activity of
their prey, early acanthopterygians evolved large eyes
that are effective at low light intensities. To this day,
their descendants, squirrel fishes and cardinal fishes, dis-
perse over the reef at night to feed. They use the irregular
contours of the reef to conceal their approach and rely on
a large protrusible mouth and suction to capture prey.
The evolution of jaws specialized to take food
items hidden in the complex reef surface was a major
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Figure 6-19 Deep-sea fishes. Prey is scarce in the deep sea, and fishes with large mouths and
distensible guts are able to eat most prey items they encounter. Some deep-sea fishes lure prey
with luminescent organs. (a) Pelican eel, Eurypharynx pelecanoides. (b) Deep-sea perch, Chiasmodus
niger, its belly distended by a fish bigger than itself. (c) Stomiatoid, Aristostomias grimaldii.

(d) Female anglerfish, Linophryne argyresca, with a parasitic male attached to her belly.

(e) Hatchetfish, Sternoptyx diaphana, with photophores on the ventrolateral region.
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Figure 6-20 A Caribbean coral reef. Fish activity and diversity change from day to night as
diurnal species retreat into the reef and nocturnal species emerge. Activity on the reef (a) at mid-
night and (b) at midday. Most reef fishes are Perciformes; of the fishes shown here, only the her-

ring, halfbeak, and squirrel fish are not Perciformes.

advance. Some species rely on suction, whereas oth-
ers use a forceps action of their protrusible jaws to
extract small invertebrates from their daytime hiding
places or to snip off coral polyps, bits of sponges, and
other exposed reef organisms. This mode of predation
demands high visual acuity that can be achieved only
in the bright light of day. These selection pressures
produced fishes capable of maneuvering through a
complex three-dimensional habitat in search of food.

A coral reef has day and night shifts—at dusk
the colorful diurnal fishes seek nighttime refuges in
the reef, and the nocturnal fishes leave their hiding
places and replace the diurnal fishes in the water col-
umn (Figure 6-20). The timing of the shift is controlled
by light intensity, and the precision with which each
species leaves or enters the protective cover of the
reef day after day indicates that this is a strongly se-
lected behavioral and ecological characteristic. Space,
time, and the food resources available on a reef are
partitioned through this activity pattern.

6./ Conservation of Fishes

Fishes face a host of problems. Like all extant organ-
isms, fishes suffer from changes in their habitats that
stem directly or indirectly from human activities. In
addition, the larval stages of many species occupy dis-
tinctly different habitats at different stages of their
lives and are vulnerable to changes in all of these habi-
tats. Unlike most other vertebrates, many fishes are
enormously important commercially as food and major
industries are based on capturing or culturing them.
Other species of fishes are captured for the pet trade,
sometimes using collection methods that destroy their
habitats. As a result of these factors, many species of
fishes that were once common have been brought to
the verge of extinction, just as we are discovering im-
portant new uses for some species.

Conservation Concerns for
Freshwater Fishes

Nearly 40 percent of fish species live in the world’s
freshwaters, and all of them are threatened by the al-
teration and pollution of lakes, rivers, and streams.
Draining, damming, canalization, and diversion of riv-
ers create habitats that no longer sustain indigenous
fishes. In addition to the loss and physical degradation
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of fish habitat, freshwaters in much of the world are
polluted by silt and toxic chemicals of human origin.
This is especially true of the Western nations and ur-
banized regions elsewhere.

The United States has had, in recent years, more
than 2400 instances annually of beaches and flowing
waterways closed to human use because of pollution.
Sites that are too dangerous for people to play in them
are often lethal to the organisms trying to live in them!
Sixty-one of the nearly 800 species of native freshwa-
ter fishes that once lived in the United States are ex-
tinct, and almost 40 percent of the remaining species
are imperiled. The situation is no better in Europe,
where 38 percent of the species of freshwater fishes
are threatened with extinction and 12 are already ex-
tinct. Assessments of this sort for Asian countries are
only now being initiated.

Conservation Concerns for Marine Fishes

Commercial overfishing is a sadly familiar problem.
Many of the world’s richest fisheries are on the verge
of collapse. The Georges Bank, which lies between
Cape Cod, Massachusetts and Cape Sable island, Nova
Scotia, is an example of what overfishing can do. For
years, conservation organizations called for a reduc-
tion in catches of cod, yellowtail flounders, and had-
dock, but their concerns were not heeded.

Not surprisingly, the populations of many commer-
cial fish species crashed dramatically in the 1990s. By
October 1994, the situation was so bad that a govern-
ment and industry group, the New England Fishery
Management Council, directed its staff to devise mea-
sures that would reduce the catch of those species
essentially to zero. Nearly 20 years later a few encour-
aging signs indicate that these draconian measures
have allowed some species to increase. Populations of
cod and haddock are on the rebound, although the
average size of the fishes is less than half what it was in
the pre-crash years, and increased populations of yel-
lowtail flounders allowed the National Oceanic and At-
mospheric Administration to raise the quota in 2011.

These gains, however, must be balanced against
losses. Also in 2011 the European Fisheries Commis-
sion determined that the fisheries policy that the
European Union had been following since 1983 has
been a failure and called for far more stringent regula-
tions beginning in 2013.
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Reproductive Biology and Overfishing Cod, flounders,
and haddock mature relatively fast (in as little as 2 years)
and produce vast numbers of eggs—up to 11 million
eggs per year for a large cod. Early maturity and high
fecundity are characteristics that give a species high re-
productive potential. Species of this sort are relatively
resistant to overharvesting, and they are able to rebuild
populations when excessive harvesting is stopped.

Maturing slowly and producing a small number of
eggs relative to adult body size are characteristics that
make a species vulnerable to overfishing, and large
predatory fishes, tunas and billfishes, fall into this cate-
gory. On a unit-weight basis, the egg production of blue-
fin tunas is less than 3 percent that of cod, and bluefins
take more than twice as long as cod to reach reproduc-
tive size. To make the situation even worse, tuna flesh
is considered a delicacy and bluefin tuna fetches high
market prices, which rise even higher as the supply falls.

A recent analysis by Bruce Collette of the National
Marine Fisheries Service and colleagues from similar
organizations around the world found that eight of
the ten large predatory fish species that have genera-
tion times of 6 years or longer meet the IUCN criteria
for being Vulnerable, Endangered, or Critically Endan-
gered. The study concluded that high value and long
life create double jeopardy for these species.

Impact of Overfishing on Ecosystems A study published
in 2009 reported declines in populations of mesope-
lagic and bathypelagic fishes at depths from 800 to
2500 meters. These are not commercially desirable
species, and in any case commercial trawlers do not
fish below 1600 meters. Apparently we are seeing the
effect of trawlers capturing the fish at night, when
they have moved upward, and the impact is spreading
to the deepest ocean basins.

Human-Caused Difficulties in Conservation of Marine
Fishes Overfishing is, of course, a problem that is directly
attributable to humans, but a different kind of threat to
marine fishes results from an activity that is often
portrayed as ecologically responsible—fish farming.

As populations of commercially important, over-
fished species have plummeted, the role of fish farming
has increased. Many fish farms are huge netted enclo-
sures that are anchored in rivers or in coastal waters.
Young fishes from a hatchery are placed in the enclo-
sures and fed until they have grown to harvestable size.
Although fish farming is promoted as an ecologically
sound alternative to catching wild fishes, it creates
both short-term and long-term problems.

Pollution, Parasites, and Disease In the short term, con-
centrating thousands of fishes in a small volume of
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water and feeding them artificial food create a tremen-
dous accumulation of feces and uneaten food that pro-
motes blooms of bacteria and algae. In addition, the
fishes crowded into pens are susceptible to disease and
parasites that can be transferred to wild fishes. Sea lice
are small copepod crustaceans that parasitize fishes,
and farmed salmon are heavily infected with them.

When wild salmon swim past the farm pens, they
become infected with sea lice—a recent study found
that a single fish farm in British Columbia increased
the infection of juvenile wild salmon by 73-fold and
the effect extended for 30 kilometers along the migra-
tion paths the wild fishes followed.

Thirty-five years of records of wild salmon popula-
tions were analyzed, comparing 7 rivers that flow into
channels with fish farms with 64 rivers in which the
wild salmon were not exposed to fish farms. These
findings were reached:

e Until 2001, when sea lice appeared in the fish farms,
there were no differences in the year-to-year popula-
tion changes in salmon in the two groups of rivers.

e From 2001 onward, the wild salmon populations
that were exposed to fish farms shrank every year,
whereas the salmon populations that were not
exposed to fish farms remained constant.

e The wild populations exposed to fish farms are
shrinking so fast that, if the current trend contin-
ues, they will be 99 percent gone in four generations.

In 2011, researchers at Simon Fraser University
in British Columbia reported the appearance in wild
salmon of a viral disease, infectious salmon anemia.
The virus has killed 70 percent or more of the salmon
in farms in Norway, Scotland, and Chile, but it had
been unknown in North America. The salmon farming
industry in British Columbia has imported millions of
Atlantic salmon eggs from Scotland, and the virus in-
fecting the Canadian fish is the European strain, sug-
gesting that it was carried with the imported eggs. If
those eggs were the source of the Canadian infection,
the virus could easily have spread to wild salmon be-
cause only a net would have separated the wild fish
from the infected salmon in the pens.

Some evidence suggests that wild Pacific salmon are
more resistant than Atlantic salmon to the European
form of the virus. That resistance might lessen the im-
pact of the disease on native salmon, at least initially.
However, the virus that causes infectious salmon
anemia is an orthomyxovirus, which is related to the
virus that causes human influenza. These are RNA vi-
ruses that mutate readily, so strains of the virus that
overcome the resistance mechanisms of Pacific salmon
could well evolve.



Depletion of Commercial Fish Stocks The rationale for
fish farming is that the availability of farmed fishes
will reduce the need to catch wild fishes. This reason-
ing is only partly correct, however, because farmed
salmon and sea trouts are raised on fish meal that is
produced by catching small fishes and invertebrates,
and depleting populations of prey species is likely to
deprive wild species of fishes of their food base.

Genetic Change and Evolution The conspicuous prob-
lems associated with fish farming, such as pollution,
disease, parasites, and depletion of prey species, are
not the only concerns. Recent work has focused at-
tention on the interaction of evolutionary processes
with ecological and commercial elements of fishery
biology.

For example, the reproductive physiologies of
farmed and wild salmon are different. One of the gen-
eral features of the life history of animals is a trade-off
between the number of eggs produced and the size of
each egg—many small eggs versus fewer large eggs.

The large eggs laid by wild salmon produce large
hatchlings that can survive the risks that wild hatch-
lings face. In contrast, hatchlings of farm-raised
salmon are protected from most of the hazards that
confront wild hatchlings. As a result, farmed salmon
have shifted toward producing many small eggs—in
just four generations, the egg size of farmed salmon
can decrease by 25 percent.

That change in egg size would not be a problem if
farmed fishes remained in farms, but not all of them
do—escapes are a regular occurrence and sometimes
involve large numbers of fishes. Storms have allowed
millions of farmed salmon to escape from their pens
and enter the wild salmon population, bringing with
them genotypes that produce small eggs. The influ-
ence of this sudden genetic input on wild populations
of salmon is unknown, but it is potentially harmful to
the wild genotype that has been shaped by millennia
of natural selection.

6.8 Sarcopterygii—The
Lobe-Finned Fishes

With at least three distinct lineages, sarcopterygians
are considered a polyphyletic group: Two lineages of
sarcopterygian fishes that first appeared in the Devo-
nian have survived as aquatic forms to the present day:
the dipnoans (lungfishes) and the actinistians (coel-
acanths). A third lineage, the tetrapodomorph fishes
(discussed in more detail in Chapter 9), contains the
ancestors of tetrapods.

Evolution of the Sarcopterygii

Early sarcopterygians were 20 to 70 centimeters long
and cylindrical. They had two dorsal fins, an epichordal
lobe on the heterocercal caudal fin (a fin area sup-
ported by the dorsal side of the vertebral column), and
paired fins that were fleshy and scaled and had a bony
central axis.

Extant Sarcopterygian
Fishes—Lungfishes and Coelacanths

Although they were abundant in the Devonian, the
number of sarcopterygian fishes dwindled in the late
Paleozoic and Mesozoic eras. Today only four non-
tetrapod genera remain (Figure 6-21): the freshwater
dipnoans or lungfishes (Neoceratodus in Australia,
Lepidosiren in South America, and Protopterus in Af-
rica) and the marine actinistian Latimeria (the coel-
acanths) in waters 100 to 300 meters deep off East
Africa and central Indonesia.

Dipnoans—Lungfishes Extant Dipnoi are distinguished
by the derived features of the loss of the tooth-bearing
dermal bones (the premaxilla, maxilla, and dentary)
and the fusion of the palatoquadrate to the cranium.
Teeth are scattered over the dermal bones of the pal-
ate and fused into tooth ridges (tooth plates) along the
lateral palatal margins to form a dentition capable of
crushing hard foods. This durophagous apparatus has
persisted throughout lungfish evolution.

The earliest dipnoans were marine. The group was
diverse during the Paleozoic, but by the Mesozoic most
species belonged to the ceratodonts, the lineage that
includes the living forms.

By the Carboniferous, lungfishes had evolved a
body form quite distinct from that of the other Os-
teichthyes. The dorsal, caudal, and anal fins are fused
into one continuous fin that extends around the entire
posterior third of the body. In addition, the caudal fin
has changed from heterocercal to symmetrical, and the
mosaic of small dermal bones of the earliest dipnoan
skulls has changed to a pattern of several large ele-
ments. Most of this transformation can be explained
as a result of paedomorphosis (Greek paedo = child
and morph = form; the retention of juvenile characters
in an adult).

The Australian lungfish Neoceratodus forsteri, which
is native to parts of southeastern Queensland, is simi-
lar in morphology to Paleozoic and Mesozoic dipnoans,
retaining lobelike fins and heavier scales than those in
the other genera (see Figure 6-21a). Having compara-
tively well-developed gills and simple lung structure,
Neoceratodus inhabits large lakes and rivers. These are
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Figure 6-21 Extant sarcopterygian fishes. (a) Australian lungfish, Neoceratodus forsteri; (b) South
American lungfish, Lepidosiren paradoxa, male; (c) African lungfish, Protopterus; (d) Latimeria

chalumnae, the best known of the extant coelacanths.

permanent water bodies, and the Australian lungfish
does not estivate.

Neoceratodus attains a length of 1.5 meters and
a reported weight of 45 kilograms. It swims by body
undulations or slowly walks across the bottom of a
pond using its pectoral and pelvic appendages. Chemi-
cal senses seem important to lungfishes, and their
mouths contain numerous taste buds.

Australian lungfishes have a complex courtship
that may include male territoriality, and they are
selective about the vegetation upon which they lay
their adhesive eggs; however, no parental care has
been observed after spawning. The jelly-coated eggs,
3 millimeters in diameter, hatch in 3 to 4 weeks, but
the young are elusive and nothing is known of their
juvenile life.

Surprisingly little is known about the South Amer-
ican lungfish, Lepidosiren paradoxa, but the closely
related African lungfishes, Protopterus, with four
recognized species, are better known. All are thin-
scaled, heavy-bodied, elongate fishes with mobile,
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filamentous paired appendages. Both genera have
weakly developed gills and rely on their lungs to obtain
oxygen; they drown if they are prevented from breath-
ing air. The gills are important in eliminating carbon
dioxide. Male Lepidosiren develop vascularized exten-
sions on their pelvic fins during the breeding season
that probably deliver oxygen from the male’s blood to
the young that he is guarding in the nest cavity.

Unlike Australian lungfishes, African lungfishes live
in areas that flood during the wet season and bake dur-
ing the dry season—habitats that are not available to
actinopterygians except by immigration during floods.
The lungfishes enjoy the flood periods, feeding heav-
ily and growing rapidly. When the floodwaters recede,
a lungfish digs a vertical burrow in the mud with an
enlarged chamber at the end. As drying proceeds, the
lungfish becomes more lethargic and breathes air from
the burrow opening. Eventually the water in the bur-
row dries up, and the lungfish enters the final stages
of estivation—folded into a U shape with its tail over
its eyes. Heavy secretions of mucus that the fish has



produced since entering the burrow dry and form a
protective envelope around its body. Only an opening
at its mouth remains to permit breathing.

Estivation is an ancient trait of dipnoans. Fossil
burrows containing lungfish tooth plates have been
found in Carboniferous- and Permian-era deposits in
North America and Europe. Without the unwitting as-
sistance of the lungfishes such fossils might not exist.

Coelacanths Coelacanths are first known from the
Early Devonian, around 408 million years ago. They
have two derived characters: a first dorsal fin that
is supported by a plate of bone but lacks an internal
lobe, and a symmetrical three-lobed tail with a central
fleshy lobe that ends in a fringe of rays. Coelacanths
lack a maxilla and branchiostegal rays, and they have a
unique pattern of bones in their paired fins.

Extant coelacanths retain the ancestral fusiform
fish shape, but during the Carboniferous there was an
explosive radiation resulting in a greater diversity of
body forms, including some deep-bodied species with
reduced fin lobes that were originally mistaken for
actinopterygians. By the Late Devonian coelacanths
differed only slightly from the extant species, but
during the Cretaceous there was a huge predatory
coelacanth, Mawsonia, in South America that reached
lengths in excess of 4 meters. Some early coelacanths
lived in shallow freshwaters, but the fossil remains of
coelacanths during the Mesozoic are largely marine.

The fossil record for coelacanths was not believed to
extend beyond the Cretaceous period, and until about
70 years ago coelacanths were thought to be extinct.
But in 1938 an African fisherman bent over an unfamil-
iar catch from the Indian Ocean and nearly lost his hand
to its ferocious snap. Imagine the astonishment of the
scientific community when J. L. B. Smith of Rhodes Uni-
versity announced that the catch was an actinistian. This
large fish was so similar to Mesozoic fossil coelacanths
that its systematic position was unquestionable. Smith
named this living fossil Latimeria chalumnae in honor of
his former student Marjorie Courtenay Latimer, who
saw the strange catch, recognized it as unusual, and
brought the specimen to his attention.

Since then more than 150 specimens, ranging in
length from 75 centimeters to slightly more than 2 me-
ters, have been caught in the Comoro Archipelago or in
nearby Madagascar or Mozambique. Coelacanths are
hooked near the bottom, usually in 260 to 300 meters
of water about 1.5 kilometers offshore. Strong and ag-
gressive, Latimeria chalumnae is steely blue-gray with
irregular white spots and golden eyes.

Rather than having a ventral lung that can be used
for respiration, as in lungfishes and basal actinopteryg-

ians, Latimeria has a “lung” (sometimes called a swim
bladder) that is filled with fat and has ossified walls.
Fat is less dense than water and the “lung” is prob-
ably a hydrostatic organ, akin to the lipid-filled livers
of sharks. Latimeria also has a unique rostral organ, a
large cavity in the midline of the snout with three gel-
filled tubes that open to the surface through a series
of six pores: this organ is almost certainly an electro-
receptor.

Latimeria resembles chondrichthyans in retaining
urea to maintain a blood osmolality close to that of
seawater. This osmoregulatory physiology may be an
ancestral gnathostome condition. Like chondrichthy-
ans, Latimeria has a rectal gland that excretes salt. A
fascinating glimpse of the life of the coelacanth was
reported by Hans Fricke and his colleagues, who used
a small submarine to observe fishes and divers using
special deep-water diving techniques. Fricke saw six
coelacanths at depths between 117 and 198 meters off
a short stretch of the shoreline of one of the Comoro
Islands. Coelacanths were seen only in the middle of
the night and only on or near the bottom. Divers have
found coelacanths in waters 100 to 130 meters deep
off the southeastern coast of Africa and the western
coast of Madagascar. There they hide in underwater
caves during the day and venture out at night to dine
on small fishes, squid, and octopuses. Unlike extant
lungfishes, the coelacanths did not use their paired
fins as props or to walk across the bottom. However,
when they swam, the pectoral and pelvic appendages
were moved in the same sequence as tetrapods move
their limbs.

In 1927, D. M. S. Watson described two small skel-
etons from inside the body cavity of Undina, a Juras-
sic coelacanth, and suggested that coelacanths were
viviparous. In 1975, dissection of a 1.6-meter Lati-
meria confirmed this prediction, revealing five young,
each 30 centimeters long and at an advanced stage of
embryonic development. Several other females with
young in advanced stages of development have now
been collected. Internal fertilization must occur, but
how copulation is achieved is unknown because males
show no specialized copulatory organs.

In 1998 ichthyologists were again surprised when
a second species of coelacanth was discovered 10,000
kilometers to the east of the Comoro Islands by Mark
Erdmann, a graduate student studying coral reef in-
vertebrates, and his wife Arnaz, who spotted the fish
in a market and brought it to Mark’s attention. Other
specimens have subsequently been caught in shark-
fishing nets set 100 to 150 meters deep off the north-
east tip of Sulawesi, a large Indonesian island near
Borneo.
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Subsequently named Latimeria menadoensis after
the nearest major city, the new coelacanth appears
from DNA data to have separated from the East African
species 1.8 to 11.0 million years ago.

Extinct Tetrapodomorph Fishes

This group (at one time known as “rhipidisteans”)
was a predominant part of the Devonian fauna and

Summary

included many large carnivorous forms. Both mor-
phological and molecular data place lungfishes as the
sister group to the tetrapodomorphs, and the Early
Devonian fish Styloichthyes displays anatomical fea-
tures shared with lungfishes and tetrapodomorphs,
placing it close to the ancestry of these two clades.
The origin of tetrapods, the terrestrial descendants of
the tetrapodomorph fishes, is described in Chapter 9.

At their first appearance in the fossil record, osteich-
thyans, the largest vertebrate taxon, are separable
into two lineages, both first known from the Late
Silurian period: the Sarcopterygii (lobe-finned fishes,
including coelacanths, lungfishes, and tetrapods) and
the Actinopterygii (ray-finned fishes). Extant sar-
copterygian fishes, predominant in the Devonian but
reduced to four genera today, provide information
about the fishes immediately ancestral to tetrapods.
Actinopterygians inhabit the 73 percent of the Earth’s
surface that is covered by water, and they are a numer-
ous and species-rich lineage of vertebrates. Several
trends in the development of food-gathering and lo-
comotor structures characterize actinopterygian evo-
lution. The radiations of these levels are represented

Di ion Questi

today by small numbers of species that are relicts of
groups that once had many more species: polypteri-
forms (bichirs and reedfishes), acipenseriforms (stur-
geons and paddlefishes), and the most ancestral of the
surviving lineages of neopterygians (gars and the bow-
fin). The most derived level of bony fishes, teleosteans,
display a wealth of adaptations in their morphology,
ecology, behavior, and physiology. Examination of the
way teleosts have adapted to habitats like the deep sea
and coral reefs helps us to understand how evolution
has acted upon the basic teleost body plan, but looking
at how humans have overexploited commercial fisher-
ies and changed fish habitats explains why so many
fishes are now in danger of extinction.

1. How do actinopterygian fishes and sarcopterygian
fishes use their pectoral fins? Evaluate the struc-
ture of the pectoral fins in those two lineages in the
context of the differences in how they are used.

2. Explain briefly why the modifications of the jaws of
early neopterygians (see Figure 6-5) represent an
important advance in feeding, and how the further
modifications seen in the jaws of teleosts (see Fig-
ure 6-6) allow still more specialization.

3. What do the pharyngeal jaws of bony fishes do?
How is this different from the actions of the ante-
rior jaws (the premaxilla and maxilla)?

4. In general, freshwater teleosts lay adhesive eggs
that remain in one place until they hatch, whereas
marine teleosts release free-floating eggs that are
carried away by water currents. (There are exceptions
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to that generalization in both freshwater and ma-
rine forms.) What can you infer about differences
in the biology of newly hatched freshwater and ma-
rine teleosts on the basis of that difference in their
reproduction?

5. Teleosts have a bewildering variety of patterns of
sex change, but protogyny and protandry are the
most common. Describe the evolutionary principle
that underlies those two patterns.

6. Nowadays we consider lungfishes to be more closely
related to tetrapods than the coelacanths are, but
in earlier times coelacanths were thought to be the
more closely related forms. How have changes in
our way of thinking about phylogenetic relation-
ships changed our opinion in this case?
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Websites

General Information

FishBase provides information about the biology of fishes
as well as photographs and a searchable database of fish
names. http://www.fishbase.org/home htm

Fish Online is a companion site for FishBase that focuses
on ichthyology as a subject. http://www.fishbase.org/
FishOnLine/English/index.htm

The Online Catalog of Fishes of the California Academy
of Sciences provides an up-to-date list of the extant
species of fishes. http://research.calacademy.org/
redirect?url=http://researcharchive.calacademy.org/
research/Ichthyology/catalog/fishcatmain.asp

The ichthyology program at the University of Florida pro-
vides information about the biology of fishes. http://
www.flmnh.ufl.edu/fish/default.htm
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Geography and Ecology
of the Paleozoic Era

—|;e Paleozoic world was very differ-
ent from the one we know—the continents were in dif-
ferent places, climates were different, and initially there
was little structurally complex life on land. By the Early
Devonian period, terrestrial environments supported a
substantial diversity of plants and invertebrates, setting
the stage for the first terrestrial vertebrates (tetrapods)
in the Late Devonian. Early plants were represented by
basal groups such as horsetails, mosses, and ferns. The
evolution of plants resulted in the production of soils
that trapped carbon dioxide. Removal of carbon dioxide
from the atmosphere had a profound effect on Earth’s
climate, resulting in a reverse greenhouse effect—global
cooling. Extensive glaciation occurred during the Late
Carboniferous and Early Permian periods, when the
tetrapods lived in equatorial regions. Terrestrial ecosys-
tems became more complex in the Carboniferous and

Permian; some modern types of plants, such as conifers,
appeared; tetrapods diversified; and the first flying in-
sects took to the air. Fluctuations of atmospheric oxy-
gen and carbon dioxide during this time may underlie
many events and patterns in vertebrate evolution.
Extinctions occurred in terrestrial ecosystems at the
end of the Early Permian, and a major extinction (the
largest in Earth’s history) occurred both on land and in
the oceans at the end of the Paleozoic era.

/.1 Earth History, Changing
Environments, and
Vertebrate Evolution

It is important to realize that the world of today is very
different from the world of times past. Our particular
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pattern of global climates, including such features as
ice at the poles and the directions of major winds and
water currents, results from the present-day positions
of the continents. The world today is, in general, cold
and dry in comparison with many past times. It is also
unusual because the continents are widely separated
from one another, and the main continental landmass
is in the Northern Hemisphere. Neither of these condi-
tions existed for most of vertebrate evolution.

The Earth’s Time Scale and the
Early History of the Continents

Vertebrates are known from the portion of Earth’s history
called the Phanerozoic eon (Greek phanero = visible and
zoo = animal). The Phanerozoic began 542 million years
ago and contains the Paleozoic (Greek paleo = ancient),
Mesozoic (Greek meso = middle), and Cenozoic (Greek
ceno = recent) eras. Our own portion of time, the Recent
epoch, lies within the Cenozoic era. Each era contains a
number of periods, and each period in turn contains a
number of subdivisions (see the inside front cover of this
textbook). At least 99 percent of described fossil species
occur in the Phanerozoic, although the oldest known fos-
sils are from around 3.5 billion years ago, and the origin
of life is estimated to be around 4 billion years ago.

The time before the Phanerozoic is often loosely re-
ferred to as the Precambrian, because the Cambrian is
the first period in the Paleozoic era and thus marks the
beginning of the Phanerozoic. However, the Precam-
brian actually represents seven eighths of the entire
history of Earth! Precambrian time is better perceived
as two eons, comparable to the Phanerozoic eon: the
Archean (Greek archeo = first or beginning), commenc-
ing with Earth’s formation around 4.5 billion years ago
(the earlier part of this time period is sometimes re-
ferred to as the Hadean), and the Proterozoic (Greek
protero = former), which began around 2.5 billion years
ago. The start of the Proterozoic is marked by the ap-
pearance of the large continental blocks seen in today’s
world. (The entire pre-Proterozoic world would have
looked rather like the South Pacific does now—many
little volcanic islands separated by large tracts of ocean.)

Although life dates from the Archean, organisms
more complex than bacteria are not known until the
Proterozoic. The evolution of eukaryotic organisms,
which depend on oxygen for respiration, followed
shortly after the first appearance of atmospheric oxy-
gen in the middle Proterozoic (around 2.2 billion years
ago). Multicellular organisms are first known near the
end of the Proterozoic, about 1 billion years ago, and
metazoans (animals) started to radiate in earnest by the
start of the Phanerozoic, around 540 million years ago.

Continental Drift—History of Ideas
and Effects on Global Climate

Our understanding of the dynamic nature of Earth
and the variable nature of Earth’s climate over time is
fairly recent. The notion of mobile continents, or con-
tinental drift, was established in the late 1960s as the
theory of plate tectonics. Oceanographic research has
demonstrated the spreading of the seafloor as a plau-
sible mechanism for movements of the tectonic plates
that underlie the continents. These movements are
responsible for the sequence of fragmentation, coales-
cence, and refragmentation of the continents that has
occurred during Earth’s history. Plants and animals
were carried along as continents slowly drifted, col-
lided, and separated. When continents moved toward
the poles, they carried organisms into cooler climates.

As continents collided, terrestrial floras and faunas
that had evolved in isolation were mixed together, and
populations of marine organisms were separated. A
recent (in geological terms) example of this phenome-
non is the joining of North and South America around
2.5 million years ago. The faunas and floras of the two
continents mingled, which is why we now have arma-
dillos (of South American origin) in Texas and deer (of
North American origin) in Argentina. In contrast, the
marine organisms originally found in the sea between
North and South America were separated, and the pop-
ulations on the Atlantic and Pacific sides of the land
bridge became increasin'gly different from each other
with the passage of time.

The positions of continents affect the flow of ocean
currents; and, because ocean currents transport enor-
mous quantities of heat, changes in their flow affect
climates worldwide. For example, the breakup and
northward movements of the continents during the
late Mesozoic and Cenozoic led first to the isolation of
Antarctica and the formation of the Antarctic ice cap
(around 45 million years ago) and eventually to the
isolation of the Arctic Ocean, with the formation of
Arctic ice by around 5 million years ago. The presence
of this ice cap influences global climatic conditions in a
variety of ways, and the world today is colder and drier
than it was earlier in the Cenozoic.

/.2 Continental Geography
of the Paleozoic

The world of the early Paleozoic contained at least six
major continental blocks (Figure 7-1). Laurentia included
most of present-day North America plus Greenland,
Scotland, and part of northwestern Asia. Gondwana
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(also known as Gondwanaland) included most of what
is now the Southern Hemisphere (South America,
Africa, Antarctica, and Australia), and additionally at
this time it included portions of Asia and Europe. Four
smaller blocks contained other parts of what is now
the Northern Hemisphere.

In the Late Cambrian (around 500 million years
ago), Gondwana and Laurentia straddled the equator,
and the positions of the modern continents within
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Gondwana were different from their positions today—
Africa and South America appear to be upside down (see
Figure 7-1a). By the Late Silurian (around 420 million
years ago), the eastern portion of Gondwana was over
the South Pole, and Africa and South America were in
positions similar to those they occupy today (see Fig-
ure 7-1b). Laurentia was still in approximately the
same position and had collided with a northward-moving
Baltica.
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dots indicate fossil localities where Devonian tetrapods have been found. Laurentia, Greenland,
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and the northern continents.

The most dramatic radiation of animal life had oc-
curred by the start of the Cambrian, with the so-called
Cambrian explosion of animals with hard (preserv-
able) parts, many lineages of which were extinct by
the end of the period. A further radiation of marine
animals occurred in the Ordovician period, and many
of the groups that were to dominate the ecosystem of
the rest of the Paleozoic appeared and radiated at this
time. Although vertebrates date from the Early Cam-
brian, their major early diversification apparently took
place during the Ordovician.

From the Devonian through the Permian, the con-
tinents were drifting together (Figure 7-2). The con-
tinental blocks that correspond to parts of modern
North America, Greenland, and Western Europe had
come into proximity along the equator. With the later
addition of Siberia, these blocks formed a northern

supercontinent known as Laurasia. Most of Gondwana
was in the far south, overlying the South Pole. The
Tethys Sea, which separated Gondwana from Laurentia,
did not close completely until the Late Carboniferous,
when Africa moved northward to collide with the east
coast of North America (Figure 7-3).

During the Carboniferous, the process of coalescence
continued, and by the Permian most of the continen-
tal surface was united in a single continent, Pan-
gaea (sometimes spelled Pangea). At its maximum
extent, the land area of Pangaea covered 36 percent
of Earth’s surface, compared with 31 percent for the
present arrangement of continents. This supercontinent
persisted for 160 million years, from the mid-
Carboniferous to the mid-Jurassic period, and pro-
foundly influenced the evolution of terrestrial plants
and animals.
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map illustrates an early stage of the supercontinent Pangaea. The location and extent of conti-
nental glaciation are shown by the dashed lines and arrows radiating outward from the South
Pole. The extent of the forests that formed today’s coal beds is marked by the heavy lines enclos-
ing each letter “C.” The triangles mark the locations of Carboniferous tetrapods.

7.3 Paleozoic Climates

During the early Paleozoic, sea levels were at or near an
all-time high for the Phanerozoic, and atmospheric car-
bon dioxide levels were also apparently very high. The
oxygen level fluctuated, but in general was lower than the
current level of 21 percent. The high levels of carbon diox-
ide would have resulted in a greenhouse effect, with the
land experiencing very hot and dry climates during the
Cambrian and much of the Ordovician. These conditions
would have been unsuitable for the invasion of the ter-
restrial realm by early plants. However, a major glaciation
in the Late Ordovician—combined with falling levels of
atmospheric carbon dioxide—created cooler and moister
conditions in at least some places, setting the scene for
the development of the Silurian terrestrial ecosystems.
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Atmospheric oxygen levels rose during the Silurian,
and this may be the reason that the gnathostomes,
which had higher energy needs than the agnathans
(see Chapter 3), radiated rapidly at this time. Oxygen
levels reached a maximum of about 25 percent in the
Early Devonian, but by the mid-Devonian they had
plummeted to around 12 percent. The increased use
of lungs by the sarcopterygian fish precursors of tet-
rapods may be related to the low level of atmospheric
oxygen at this time. A liter of water contains far less
oxygen than a liter of air, and when atmospheric oxy-
gen concentrations are low, aquatic oxygen concen-
trations are lower still. Thus, low atmospheric oxygen
concentrations could have spurred not only greater air
breathing by fishes but also the emergence of tetra-
pods onto land in the Late Devonian.



A relatively equable climate continued through the
mid-Devonian, but glaciation recurred in the Late
Devonian, and ice sheets covered much of Gondwana
from the mid-Carboniferous until the mid-Permian.
Glaciers regressed in the mid-Permian and an essen-
tially ice-free world persisted until the mid-Cenozoic.

The waxing and waning of the glaciers created oscilla-
tions in sea level, which resulted in the cyclic formation
of coal deposits, especially in eastern North America
and Western Europe (see Figure 7-3). The climate over
Pangaea was fairly uniform in the Early Carboniferous,
but in the Late Carboniferous and Early Permian it was
highly differentiated as the result of glaciation, with
significant regional differences in the flora. Most verte-
brates were found in equatorial regions during this time.

The spread of land plants in the Devonian, and their
resultant modification of soils, profoundly affected
Earth’s atmosphere and climate, leading to climatic
cooling. The formation of soils would speed the break-
down of the underlying rocks as plant roots penetrated
them and organic secretions and the decomposition
of dead plant material dissolved minerals in the rock.
The evidence points to a sharp decrease (by around
90 percent) in atmospheric carbon dioxide levels dur-
ing the Late Devonian, possibly related to the spread
of land plants. Atmospheric levels of carbon dioxide
reached an extreme low during the Late Carbonifer-
ous and Early Permian, resembling the levels of today’s
world. (Even with the increase in carbon dioxide con-
centrations that has occurred during the past century,
atmospheric concentrations are much lower now than
they were in most of the Phanerozoic.) In contrast,
oxygen levels were high during this time, reaching
present-day levels by the start of the Carboniferous
and peaking at around 30 percent in the later Permian.
The reverse greenhouse effect of this low level of atmo-
spheric carbon dioxide probably caused the extensive
Permo-Carboniferous glaciations.

74 Paleozoic Terrestrial
Ecosystems

Photosynthesizing bacteria (cyanobacteria) prob-
ably existed in wet terrestrial habitats from the time
of their origin in the Archean, and algae, lichens, and
fungi have probably occurred on land since the late
Proterozoic, but the earliest known complex terrestrial
ecosystems, with evidence of associated plants, fungi,
and animals (arthropods), appeared in the Early Silu-
rian. There is no firm evidence for any animal life on
land until the mid-Ordovician, although some fossil
fragments and trackways suggest that arthropods may

have come onto land as early as the Cambrian. Frag-
ments of cuticle from the mid-Ordovician suggest the
presence of very early plants. Land plants appear to
represent a single terrestrial invasion from a particu-
lar group of green algae (the charophytes). These earli-
est plants were actually the first vascular plants, and
the plants we consider basal today (bryophytes, repre-
sented now by mosses, liverworts, and hornworts) are
not known as fossils until the Devonian. The landscape
would have looked bleak by our standards—mostly
barren, with a few kinds of low-growing vegetation
limited to moist areas.

Silurian ecosystems consisted of a minimal terres-
trial food web of primary producers (plants, still small
forms), decomposers (fungi), secondary consumers
(fungus-eating arthropods), and predators (larger ar-
thropods such as millipedes and scorpions). Terrestrial
ecosystems increased in complexity through the Early
and Middle Devonian, with the appearance of more
derived vascular plants at the start of the period, but
food webs remained simple. Vascular plants have in-
ternal channels for the conduction of water through
the tissues, and are thus able to grow taller than non-
vascular plants such as mosses. Today plants form the
base of the terrestrial food chain, but there is no evi-
dence that Devonian invertebrates fed on living plants.
Instead, arthropods such as springtails, millipedes,
and mites were probably detritivores, consuming dead
plant material and fungi. This process would recycle
the plant nutrients to the soil. Spiders (initially bur-
rowing forms rather than web builders) and scorpions
were abundant and probably preyed on the smaller in-
vertebrates.

In the Early Devonian the land would still have ap-
peared fairly barren. However, the diversity of plant
species was greater than it had been in the Silurian.
By the Middle Devonian, the vascular plants attained
heights of around 2 meters, and the canopy they cre-
ated would have modified microclimatic conditions
on the ground. Treelike forms evolved independently
among several ancient plant lineages, and by the Mid-
dle Devonian, there were stratified forest communi-
ties consisting of plants of different heights. However,
these plants were not closely related to modern trees
and were not really like modern trees in their struc-
ture. It would not be possible to make furniture out of
Devonian trees; they had narrow trunks and would not
have provided enough woody tissue.

Although the terrestrial environment of the mid-
Devonian was quite complex, it differed in many re-
spects from the modern ecosystems to which we are
accustomed. In the first place, there were no terrestrial
vertebrates—the earliest of those appeared in the Late
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Devonian. Furthermore, plant life was limited to wet
places—low-lying areas and the margins of streams,
rivers, and lakes. Flying and plant-eating insects were
absent.

Terrestrial ecosystems became increasingly com-
plex during the remainder of the Paleozoic. Plants
with large leaves first appeared in the Late Devo-
nian. The evolution of large leaves probably coincided
with the drop in levels of atmospheric carbon diox-
ide because leaves with more stomata (pores) admit
carbon dioxide more readily. The Late Devonian saw
the spread of forests of the progymnosperm Archae-
opteris, an early seed plant with a trunk up to a meter
in diameter and a height of at least 10 meters. Giant
horsetails reached heights of several meters, and
there were also many species of giant clubmosses
(lycophytes), a few of which survive today as small
ground plants. Other areas were apparently covered
by bushlike plants, vines, and low-growing ground
cover. The diversity and habitat specificity of Late
Devonian floras continued to expand in the Carbon-
iferous. Most of the preserved habitats represent
swamp environments, and vegetation buried in these
swamps formed today’s coal beds. (The word carbonif-
erous means “coal-bearing.”)

Most of the major groups of plants evolved during
the Early Carboniferous, although the flowering seed
plants (angiosperms) that are abundant today were as
yet unknown. Seed ferns (the extinct pteridosperms)
and ferns (which survive today) lived in well-drained
areas, and swamps were dominated by clubmosses,
with horsetails, ferns, and seed ferns also present. There
were forests consisting of trees of varying heights,
giving stratification to the canopy, and vinelike plants
hung from their branches. The terrestrial vegetation
would have looked superficially as it does today, al-
though the actual types of plants present were com-
pletely different.

A fundamental transition in global vegetation
types occurred near the end of the Late Carbonifer-
ous (around 305 million years ago). The coal deposits
disappeared, signifying global drying and the collapse
of the earlier types of rain-forest biomes. Seed plants
such as conifers became an important component of
the flora, replacing spore-bearing plants, and by the
end of the Paleozoic they were the major group of
plants worldwide. This vegetational change had a pro-
found effect on the fauna.

Terrestrial invertebrates diversified during the
Carboniferous. Flying insects are known from late
in the Early Carboniferous, and fossils of damaged
leaves show that herbivorous insects had become well
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established by the end of the Carboniferous. Higher
levels of atmospheric oxygen at this time would have
made flight easier to evolve, in part because flight
requires high levels of activity and thus large quanti-
ties of food and oxygen, and also because an atmo-
sphere with higher oxygen levels is somewhat denser.
Higher oxygen levels also enabled insects to attain
much larger body sizes than those seen today. Huge
dragonflies (one species with a wingspan of 63 centi-
meters) flew through the air, and the extinct predatory
arthropleurids were nearly 2 meters long. New arthro-
pod types appearing in the Permian include hemipter-
ans (bugs), beetles, and forms resembling mosquitoes
but not closely related to true mosquitoes.

Terrestrial vertebrates appeared in the Late Devo-
nian and diversified during the Carboniferous. The
first amniotes were mid-Carboniferous in age; and,
by the Late Carboniferous, amniotes had split into
two major lineages—one leading to the mammals
(synapsids) and the other to modern reptiles and
birds (sauropsids). The diversity of tetrapods in the
fossil record correlates with the number of ecological
niches occupied. The earliest tetrapods would have
radiated into new ecological niches, and their diver-
sity increased as they evolved new and different ways
of life.

The Carboniferous was characterized by a diversity
of semiaquatic early tetrapods (Figure 7-4), but toward
the end of the period there was a dramatic extinction
of many types of aquatic tetrapods and an increase in
the diversity of terrestrial forms, including both amni-
otes and some derived non-amniotes, such as the her-
bivorous genus Diadectes.

This is the time when the first herbivorous
tetrapods appeared and, with them, the capacity to
exploit the primary productivity of plants directly.
By the Early Permian several vertebrate lineages had
given rise to small insectivorous predators, rather
like modern salamanders and lizards. Larger verte-
brates (up to 1.5 meters long) were probably preda-
tors of these small species, and still larger predators
topped the food web.

The Late Carboniferous and Early Permian terres-
trial faunas showed more regional differentiation than
had been the case, probably reflecting habitat fragmen-
tation following the demise of the rain forests. By the
Late Permian, terrestrial communities were assuming
the pattern we know today, with a multitude of her-
bivorous vertebrates supporting a smaller variety of
carnivorous forms, although the kinds of plants and
animals in those ecosystems were still almost entirely
different from the ones we know today.
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7.5 Paleozoic Extinctions

The Paleozoic era saw a large number of extinctions,
beginning with a major extinction among marine in-
vertebrates in the Ordovician. (The record of verte-
brates from that time is too poor to know whether this
event affected them as well.) The next two major ex-
tinctions, both during the Late Devonian, had severe
effects on aquatic organisms. The first affected mainly
marine invertebrates, but the second, which occurred
at the end of the Devonian, affected both marine and
freshwater vertebrates. Thirty-five families of fishes
(76 percent of the existing families) became extinct,
including the ostracoderms, the placoderms, and many
of the lobe-finned fishes.

A smaller, though significant, extinction occurred
among land vertebrates at the end of the Early Perm-
ian. Fifteen families of tetrapods became extinct, in-
cluding many non-amniote tetrapods (“amphibians” in
the broad sense) and pelycosaurs (early “mammal-like
reptiles”). These extinctions may have been related to
climatic changes associated with the end of the Permo-
Carboniferous glaciations and perhaps also with the
accompanying changes in the atmosphere—a decrease
in the level of oxygen and an increase in the level of
carbon dioxide.

The background extinction rate increased in the Late
Permian, suggesting that the environment was becom-
ing less suitable for vertebrates, and the most severe
extinctions in the history of life on Earth occurred in
both terrestrial and marine environments at the end
of the Paleozoic. Approximately 57 percent of marine
invertebrate families and 95 percent of all marine
species, including 12 families of fishes, disappeared.
Twenty-seven families of tetrapods (49 percent) be-
came extinct, with especially heavy losses among the
synapsids (“mammal-like reptiles”).

Levels of atmospheric oxygen were falling during
this time, which may have caused hypoxic stress for
the amniotic vertebrates that had evolved and radi-
ated under conditions of oxygen abundance during the
Early Permian. Furthermore, lower atmospheric oxy-
gen levels may have limited the maximum altitude at
which vertebrates could live. Restricting vertebrates to
low altitudes would have reduced the habitat diversity
available to them and limited their ability to migrate.

Hypotheses abound for the reason for the massive
end-Permian extinction, including the possibility of
an asteroid impact. The Permo-Triassic boundary coin-
cides with massive volcanic eruptions in Siberia con-
centrated in a time period of less than a million years.
Enough molten lava was released to cover an area
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about half the size of the United States. Carbon iso-
tope changes in the boundary sediments indicate that
massive amounts of carbon dioxide and/or methane
were released, probably from the interaction of volca-
nic magma with organic-rich shales and petroleum-
bearing evaporates. This rapid change in atmospheric
composition would have resulted in profound and
rapid global warming. Such warming would have had a
direct effect not only on organisms but also on oceanic
circulation, resulting in stagnation and low oxygen
levels, with profound effects on marine organisms.

Additional Inf ion

Charcoal and soot-bearing sediments are evidence of
extensive wildfires on land, which would have resulted
in habitat destruction and terrestrial ecosystem col-
lapse. Recovery of rainforest ecosystems did not occur
until at least 5 million years into the Triassic.

The Permo-Triassic boundary was apparently marked
by a runaway greenhouse effect, with a positive feed-
back loop of events causing increasing global warming
that disrupted the normal global environmental mecha-
nisms for hundreds of thousands of years and resulted
in the extinction of almost all life on Earth.
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Living on Land

—|:1e spread of plants and then in-
vertebrates across the land in the late Paleozoic era
provided a new habitat for vertebrates and imposed
new selective forces. The demands of terrestrial life are
quite different from those of an aquatic environment
because water and air have different physical proper-
ties. Air is less viscous and less dense than water, so
streamlining is a minor factor for tetrapods, whereas
a skeleton that supports the body against the pull of
gravity is essential. Respiration, too, is different be-
cause of the properties of air and water. Gills don’t
work in air because the gill filaments collapse on each
other without the support of water. When that hap-
pens, the surface area available for gas exchange is
greatly reduced. And because water is both dense and
viscous, pumping water into and out of a close-ended
gas-exchange structure is prohibitively expensive;
aquatic animals have flow-through gas-exchange struc-
tures. Terrestrial animals need a gas-exchange organ
that won'’t collapse; given the low density and viscosity
of air, tetrapods can use a tidal flow of air into and out
of a saclike lung. Heat capacity and heat conductivity
are additional differences between water and air that
are important to terrestrial animals. Terrestrial habi-
tats can have large temperature differences over a very
short distance, and even small tetrapods can maintain
body temperatures that are
substantially
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different from air temperatures. As a result, terrestrial
animals have far more opportunity than aquatic or-
ganisms for regulation of their body temperatures.

8.1 Support and Locomotion
on Land

Perhaps the most important difference between water
and land is the effect of gravity on support and loco-
motion. Gravity has little significance for a fish living
in water because the bodies of vertebrates are approxi-
mately the same density as water, and hence fishes are
essentially weightless in water. Gravity is a very impor-
tant factor on land, however, and the skeleton of a tet-
rapod must be able to support the body.

Water and air also require different forms of loco-
motion. Because water is dense, a fish swims merely
by passing a sine wave along its body—the sides of
the body and the fins push backward against the
water, and the fish moves forward. Pushing backward
against air doesn’t move a tetrapod forward unless it
has wings. Most tetrapods (including fliers when they
are on the ground) use their legs and feet to transmit
a backward force to the substrate. Thus, both the skel-
etons and modes of locomotion of tetrapods are differ-

ent from those of fishes.
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Bone

The skeleton is composed of bone, which must be rigid
enough to resist the force of gravity and the forces
exerted as an animal starts, stops, and turns. The re-
modeling capacity of bone is of great importance for
a terrestrial animal as the internal structure of bone ad-
justs continuously to the changing demands of an animal’s
life. In humans, for example, intense physical activity
results in an increase in bone mass, whereas inactivity
(prolonged bed rest or being in space) results in loss of
bone mass. In addition, remodeling allows broken bones
to mend, and the skeletons of terrestrial animals experi-
ence greater stress than those of aquatic animals and are
more likely to break. (Chapter 2 provides a background
on bone in vertebrates, including a contrast between the
endoskeleton of endochondral bone and the “exoskel-
eton” of dermal bone.)

Amniotes have bone that is arranged in concentric
layers around blood vessels forming cylindrical units
called Haversian systems (Figure 8-1a). The structure
of a bone is not uniform. If it were, animals would be
very heavy. The external layers of a bone are formed
of dense, compact or lamellar bone, but the internal
layers are lighter, spongy (cancellous) bone. The joints
at the ends of bones are covered by a smooth layer of
articular cartilage that reduces friction as the joint
moves. (Arthritis occurs when this cartilage is dam-
aged or worn.) The bone within the joint is composed
of cancellous bone rather than dense bone, and the en-
tire joint is enclosed in a joint capsule, containing sy-
novial fluid for lubrication (Figure 8-1b).

The Axial System: Vertebrae and Ribs

The vertebrae and ribs of fishes stiffen the body so it will
bend when muscdles contract, rather than shortening. In
tetrapods, the axial skeleton is modified for support on
land. Processes called zygapophyses (singular zygapophy-
sis) on the vertebrae of tetrapods (Figure 8-2 on page 170)
interlock and resist twisting (torsion) and bending (com-
pression), allowing the spine to act like a suspension bridge
to support the weight of the viscera on land (Figure 8-3 on
page 170). (Tetrapods that have permanently returned
to the water, such as whales and many of the extinct
Mesozoic marine reptiles, have lost the zygapophyses.)
Bony fishes use the opercular bones, formed from
the dermal bone, to protect the gills, and these bones
play a vital role in gill ventilation. A series of dermal
bones behind and above the operculum (the supra-
cleithral series) connect the head to the pectoral girdle.
A fish cannot turn its head—instead it must pivot its
entire body. Tetrapods have lost the bony connection
between the head and pectoral girdle, and, as a result,
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tetrapods have a flexible neck region and can move the
head separately from the rest of the body. This is also
the condition in Titktaalik, the fish most closely related
to tetrapods (see Chapter 9). The cervical (neck) verte-
brae (see Figure 8-3) allow the head to turn from side
to side and up and down relative to the trunk, and the
muscles that support and move the head are attached
to processes on the cervical vertebrae. The two most
anterior cervical vertebrae are the atlas and axis, and
they are highly differentiated in mammals.

The trunk vertebrae are in the middle region of the
body and bear the ribs. In mammals, the trunk verte-
brae are differentiated into two regions: the thoracic
vertebrae (those that bear ribs) and the lumbar verte-
brae (those that have lost ribs).

The sacral vertebrae, which are derived from the
trunk vertebrae, fuse with the pelvic girdle and allow
the hind limbs to transfer force to the appendicular
skeleton. Early tetrapods and extant amphibians have
a single sacral vertebra, extant reptiles usually have two
sacral vertebrae, mammals usually have two to five, and
some dinosaurs had a dozen or more. The caudal verte-
brae, found in the tail, are usually simpler in structure
than the trunk vertebrae.

The ribs of early tetrapods were fairly stout and
more prominently developed than those of fishes. They
may have stiffened the trunk in animals that had not
yet developed much postural support from the axial
musculature (Figure 8-4 [number 7] on page 171). The
trunk ribs are the most prominent ones in tetrapods
in general, and many basal tetrapods had small ribs ex-
tending throughout the entire vertebral column. Mod-
ern amphibians have almost entirely lost their ribs; in
mammals, ribs are confined to the thoracic vertebrae.

Axial Muscles

The axial muscles assume two new roles in tetrapods:
postural support of the body and ventilation of the
lungs. These functions are more complex than the
side-to-side bending produced by the axial muscles of
fishes, and the axial muscles of tetrapods are highly
differentiated in structure and function. Muscles are
important for maintaining posture on land because
the body is not supported by water; without muscular
action, the skeleton would buckle and collapse. Like-
wise, the method of ventilating the lungs is different
if the chest is surrounded by air rather than by water.
The axial muscles still participate in locomotion in
basal tetrapods, producing the lateral bending of the
backbone also seen during movement by many amphib-
ians and reptiles. However, in birds and mammals, limb
movements have largely replaced the lateral flexion of
the trunk by axial muscles. The trunks of birds are rigid,
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Figure 8-1 Structure of bone and joints. (2) Bone from
a section of the shaft of a long bone of a mammal, showing
Haversian systems. (b) Section through a human knee joint,
showing the gross internal structure of a long bone and the
structure of a joint capsule. Note that the patella (kneecap)
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Figure 8-2 Gnathostome vertebrae and ribs. In aquatic
vertebrates, the vertebral column primarily stiffens the body
so that it bends instead of telescoping when muscles on one
side of the body contract. Terrestrial vertebrates require more
rigidity. Articulating surfaces (zygapophyses) on adjacent ver-
tebrae of tetrapods allow the vertebral column to resist gravity
(additional articulations are seen in some derived tetrapods).
In derived tetrapods, the centrum is a single solid structure,
obliterating the notochord in the adult form.

but dorsoventral flexion is an important component of
mammalian locomotion. In secondarily aquatic mam-
mals (e.g., whales), the axial muscles again assume a
major role in locomotion in powering the tail.

In fishes and modern amphibians, the epaxial mus-
cles form an undifferentiated single mass. This was
probably their condition in the earliest tetrapods (see
Figure 8-4 [number 11]). The epaxial muscles of extant
amniotes are distinctly differentiated into three major
components, and their primary role is now postural
rather than locomotory.

The hypaxial muscles form two layers in bony fishes
(the external and internal oblique muscles), but in tet-
rapods a third inner layer is added, the transversus
abdominis (see Figure 8-4 [number 12]). This muscle
is responsible for exhalation of air from the lungs of mod-
ern amphibians (which, unlike amniotes, do not use their
ribs to breathe), and it may have been essential for respi-
ration on land by early tetrapods. Air-breathing fishes use
the pressure of the water column on the body to force air
from the lungs, but land-dwelling tetrapods need muscu-
lar action. In unspecialized amphibians, such as salaman-
ders, both epaxial and hypaxial muscles contribute to
the bending motions of the trunk while walking on land,
much as they do in fishes swimming in water.

Trunk vertebrae

Figure 8-3 Skeleton of a cat.
The muscles and ligaments of
postural support are shown in
comparison with the support
elements of a suspension
bridge. The front and back legs
of the cat are like the pillars of
the bridge: the ligaments that
run between the vertebrae

in the trunk act like the arch
of the bridge to support the
weight of the body. The nuchal
ligament acts in a similar fashion

\VAS
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Nuchal
ligament

abdominis
muscle

to support the head, while

the rectus abdominis muscle
acts like the string of a bow to
maintain the arch in the verte-
bral column.
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(a) Generalized
lobe-finned fish

9@ |
(b) Generalized primitive
non-amniotic tetrapod

(c) Generalized early
amniotic tetrapod

The rectus abdominis is another new hypaxial muscle
in tetrapods. It runs along the ventral surface from the
pectoral girdle to the pelvic girdle, and its role appears
to be primarily postural. (This is the muscle responsible
for the six-pack stomach of human bodybuilders.) The
costal muscles in the rib cage of amniotes are formed by
all three layers of the hypaxial muscles and are respon-
sible for inhalation as well as for exhalation. The use of
the ribs and their associated musculature as devices to
ventilate the lungs was probably an amniote innovation.

Thus, in tetrapods, the axial skeleton and its muscles
assume very different roles from their original func-
tions in aquatic vertebrates. The skeleton now partici-
pates in postural support and ventilation of the lungs,
as well as in locomotion, and some of these functions

Figure 8-4 Comparison of morphological
and physiological characteristics

of fishes, basal tetrapods, and
amniotes. Numbers indicate the various
systems that are referred to in the text,

and comparing the three drawings shows
where the change occurred—for example,
the length of the snout (number 3) changed
between fishes and primitive tetrapods.

1. Mode of reproduction. 2. Presence of
midline and tail fins. 3. Length of snout. 4.
Length of neck. 5. Form of lungs and tra-
chea. 6. Interlocking of vertebral column.

7. Form of ribs. 8. Attachment of pelvic
girdle to vertebral column. 9. Form of the
limbs. 10. Form of the ankle joint. 11. Dif-
ferentiation of epaxial muscles. 12. Differ-
entiation of hypaxial muscles. 13. Presence
of urinary bladder. (Note that the kidneys
of fishes and non-amniotic tetrapods are

in fact elongated structures lying along the
dorsal body wall. The kidneys have been
portrayed in all the animals as a mammalian
bean-shaped form, for familiarity and con-
venience.) 14. Form of the acousticolateralis
system and middle ear.

are incompatible. For example, the side-to-side bend-
ing of the trunk that occurs when a lizard runs means
that it has difficulty using its ribs for lung ventilation,
creating a conflict between locomotion and respiration.
More derived tetrapods such as mammals and birds
have addressed this conflict by a change in posture from
sprawling limbs to limbs that are held more directly un-
derneath the body. These tetrapods are propelled by
limb movements rather than by trunk bending.

The Appendicular Skeleton

The appendicular skeleton includes the limbs and limb
girdles. In the ancestral gnathostome condition, illus-
trated by sharks, the pectoral girdle (supporting the
front fins) is formed solely from the endoskeleton; it is
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a simple cartilaginous rod, called the coracoid bar, with
a small ascending scapular process. In bony fishes, the
endoskeletal portion of the pectoral girdle (the scapu-
locoracoid) is joined with some dermal bones (the clav-
icle and cleithrum), and these dermal bones are in turn
connected to bones that form the posterior portion
of the dermal skull roof (Figure 8-5). The pelvic girdle in
both kinds of fishes is represented by the puboischiatic
plate, which has no connection with the vertebral col-
umn but merely anchors the hind fins in the body wall.
Neither arrangement works well on land.

The tetrapod limb is derived from the fin of fishes.
The basic structure of a fin consists of fanlike basal ele-
ments supporting one or more ranks of cylindrical radi-
als, which usually articulate with raylike structures that
support most of the surface of the fin web. The tetrapod
limb is made up of the limb girdle and five segments
that articulate end to end. All tetrapods have jointed

Eusthenopteron (basal lobe-finned fish)

Orbit

Nostril

Humerus Cleithrum

Panderichthys (derived lobe-finned fish)
Orbit

Nostril

Anocleithrum

Cleithrum

Dermal head bone

- Opercular series (dermal)

- Supracleithral series (dermal)

Dermal bones of pectoral girdle

limbs, wrist/ankle joints, and hands and feet with
digits (see Figure 8-4 [number 9]). The feet of basal
tetrapods were used mainly as holdfasts, providing
frictional contact with the ground. Propulsion is mainly
generated by the axial musculature of the body. In con-
trast, the feet of amniotes play a more complex role in
locomotion. They are used as levers to propel the ani-
mal: the knee turns forward, the elbow turns backward,
and the ankle forms a distinct hinge joint (mesotarsal
joint; see Figure 8-4 [number 10]). Some non-amniotes
(e.g., frogs) are like amniotes in this condition.

The basic form of the tetrapod skeleton is illus-
trated in Figure 8-6. The pelvic girdle is fused directly
to modified sacral vertebrae, and the hind limbs are
the primary propulsive mechanism. The pelvic girdle
contains three paired bones on each side (a total of six
bones): ilium (plural ilia), pubis (plural pubes), and ischium
(plural ischia). The ilia on each side connect the pelvic limbs

Acanthostega (basal early tetrapod)

Anocleithrum

Scapulocoracoid

Dendrerpeton (more derived early tetrapod)
Orbit

Cleithrum
Humerus

Endochondral bone

© 2002 Indiana University Press

Figure 8-5 Development of the neck in tetrapods. The bones of the skull are connected to
the pectoral girdle by the supracleithral bones in the basal lobe-finned fish Eusthenopteron and
the derived lobe-finned fish Panderichthys. Note that the posterior edge of the operculum is not
joined to the bones behind it: the operculum is mobile, and this is where water exits from the
gills. The opercular bones and supracleithral series have been lost in the basal tetrapod

Acanthostega and the more derived tetrapod Dendrerpeton.
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Figure 8-6 Generalized tetrapod skeleton. This is the basal amniote Hylonomus.

to the vertebral column, forming an attachment at the
sacrum via one or more modified ribs (see Figure 8-4
[number 8]).

Support of the forelimb is only a minor role of the
pectoral girdle of fishes, which mainly anchors the
muscles that move the gills and lower jaw. In bony
fishes, the pectoral girdle and forelimb are attached to
the back of the head via a series of dermal bones (see
Figure 8-5). In tetrapods these bones are lost, and
the pectoral girdle is freed from the dermal skull roof.
The main endochondral bones are the scapula and the
coracoid; the humerus (upper arm bone) articulates
with the pectoral girdle where these two bones meet.
However, some dermal bones (the anocleithrum, the
cleithrum, the clavicle, and the interclavicle) become
incorporated into the pectoral girdle along the anterior
border of the scapula. The cleithrum and anocleithrum
are seen only in extinct tetrapods. The clavicle (the collar
bone of humans) connects the scapula to the sternum
or to the interclavicle. The interclavicle is a single mid-
line element lying ventral to the sternum, seen today
in lizards and crocodiles. It has been lost in birds and in
most mammals but is still present in the monotremes.

Unlike the pelvic girdle, the pectoral girdle does not
articulate directly with the vertebral column: this is why
you can shrug your shoulders but you can’t shrug your
hips. (Only in some pterosaurs [extinct flying reptiles]
is there an equivalent of a sacrum in the anterior ver-
tebral column, a structure called the notarium.) In all
other vertebrates the connection between the pecto-
ral girdle and the vertebral column consists of muscles

and connective tissue that hold the pectoral girdle to
the sternum and the ribs. The sternum is a midventral
structure, formed from endochondral bone and usually
segmented, that links the lower ends of right and left
thoracic ribs in amniotes. The sternum is extensively os-
sified only in birds and mammals. Bones in the shoulder
girdle of frogs and salamanders (called sternal elements)
may not be homologous with the amniote sternum.

The midline fins of fishes—the dorsal and anal
fins—help to reduce roll, but they have no function
on land and are not present in terrestrial animals (al-
though a dorsal “fin,” without any internal fin struc-
ture, may be present in secondarily aquatic tetrapods
such as dolphins and ichthyosaurs [extinct marine
reptiles]). The pectoral and pelvic fins are used for hy-
drodynamic lift, steering, and braking but not usually
for propulsion except in rays and some coral reef fishes.
The pectoral and pelvic fins of fishes become the limbs
of tetrapods. The appendicular muscles of tetrapods
are more complicated and differentiated than those of
fishes. The ancestral fish pattern of a major levator and
a major depressor is retained, but derived fishes (hu-
mans, for example) have many additional muscles in the
shoulder region alone—not to mention the ones that
move the other joints, including the fingers and toes.

Size and Scaling

Body size is one of the most important things to know
about an organism. Because all structures are subject
to the laws of physics, the absolute size of an animal
profoundly affects its anatomy and physiology. The
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Cat

Elephant

Figure 8-7 Which is bigger? Even though they are drawn to the same size, it is instantly apparent
that the animal on the right (an elephant) is larger than the animal on the left (a cat) because of

the proportions of the bones, especially the limbs.

structure of the skeletomuscular system is especially
sensitive to absolute body size in tetrapods because
of the effects of gravity on land. The skeleton must be
built not only to support the actual weight of the ani-
mal, but must additionally be strong enough to with-
stand forces generated during locomotion. Vertebrate
skeletons are actually “overbuilt” to withstand forces
5-10 times the amount of the simple support of the
body weight while standing still. This is known as the
“safety factor.”

The study of scaling, or how shape changes with
size, is also known as allometry (Greek allo = differ-
ent and metric = measure). If the features of an animal
showed no relative changes with increasing body size
(i.e., if a larger animal appeared just like a photo en-
largement of a smaller one), then all of its component
parts would be scaled with isometry (Greek iso = the
same). However, animals are not built this way, and
very few body components scale isometrically.

Underlying all scaling relationships is the issue of how
the linear dimensions of an object relate to its surface
area and volume: when linear dimensions double (i.e., a
twofold change), the surface area increases as the square
of the change in linear dimensions (a fourfold change)
and the volume increases as the cube of the change in
linear dimensions (an eightfold change). Thus, an animal
that is twice as tall as another is eight times as heavy.

It is the cross-sectional area of a limb bone that actu-
ally supports an animal’s weight on land. If an animal
increased in size isometrically, its weight would rise as
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the cube of its linear dimensions, but the cross section
of its bones would increase only as the square of its lin-
ear dimensions. As a result, its limbs would be unable
to support the increased weight. Thus, the limb bones
must have greater cross-sectional area to keep up with
increases in weight, and bone diameter scales with pos-
itive allometry; that is, bigger animals have proportion-
ally thicker limb bones than smaller ones The skeleton
of a bigger animal can easily be distinguished from that
of a smaller animal, even when they are drawn to the
same size, by the proportionally thicker bones of the
large animal (Figure 8-7).

Although the cross-sectional area of the limb bones
of terrestrial vertebrates does scale with positive al-
lometry, the area does not increase in proportion to the
stress the bones experience. Consequently, the limbs of
large animals are relatively more fragile than the limbs
of small animals, and large animals have a different
posture than small animals. Small animals stand with
flexed joints, but large animals stand erect on straight
legs. (Compare the posture of the limbs of the cat and
the elephant in Figure 8-7.) The reason for this dif-
ference lies in the mechanical aspects of bone: A bone
withstands compressive forces (forces exerted parallel
to the long axis of the bone) much better than shearing
forces (those exerted at an angle to the long axis). The
larger the animal, the less flexed are its limb joints. The
pillarlike weight-bearing stance of very large animals,
such as elephants and the huge sauropod dinosaurs, re-
duces the effect of shearing on their limb bones.



Locomotion on Land

The basic form of tetrapod locomotion, still seen today in
salamanders, combines lateral axial movements with di-
agonal pairs of legs moving together, but with the limbs
used more as holdfasts than for propulsion. The right
front and left hind move as one unit and the left front
and right hind move as another in a type of gait known as
the walking-trot. Lizards retain a modified version of this
mode of locomotion, although their limbs are more im-
portant for propulsion. Even though humans are bipedal,
relying entirely on the hind legs for locomotion, we retain
this ancestral coupling of the limbs in walking, swinging
the right arm forward when striding with the left leg, and
vice versa. This type of coupled, diagonally paired limb
movement is probably an ancestral feature for gnathos-
tomes because sharks also move their fins in this fashion
when bottom-walking over the substrate. Figure 8-8 shows
the modes of locomotion used by tetrapods in a phyloge-
netic perspective.

Amniotes employ the “walk” gait, in which each leg
moves independently in succession, usually with three
feet on the ground at any one time. The “amble” is a
speeded-up walk in which only one foot or two feet are
on the ground at any time. The “trot” is used by all am-
niotes for faster movement. In this gait diagonal pairs
of limbs move together (e.g., right front and left rear) as
in the ancestral tetrapod condition, but often with a pe-
riod of suspension when all four legs are off the ground.

Derived amniotes, such as mammals and archosaurs
(birds, dinosaurs, and crocodiles), have an upright pos-
ture and hold their limbs more nearly underneath the
body. While archosaurs tended toward bipedalism,
mammals devised some new modes of locomotion with
the evolution of the dorsoventral flexion of the verte-
bral column. The new fast gait that is characteristic of
mammals is the “bound,” which involves jumping off
the hind legs and landing on the forelegs, with the flex-
ion of the back contributing to the length of the stride. In
larger mammals the bound is modified into the “gallop”—
as seen, for example, in horses—and there is less flexion
of the backbone (Figure 8-9 on page 177).

8.2 Eating on Land

The difference between water and air profoundly af-
fects feeding by tetrapods. In water, most food items
are nearly weightless, and aquatic animals can suck the
food into their mouth and move it within the mouth
by creating currents of water. Aquatic vertebrates,
from the tiniest tadpoles to the largest whales, use suc-
tion feeding to capture food items suspended in the
water column. In contrast, terrestrial animals use their

jaws, tongues, and teeth to seize food items and to ma-
nipulate items in the mouth.

The skull of early tetrapods is much like that of early
bony fishes, with extensive dermal skull bones. (These
bones are retained in most extant tetrapods—most
of the bones of the human skull represent the legacy
of this bony fish dermatocranium.) However, the gill
skeleton and the bones connecting the pectoral girdle to
the head have been lost in all but the very eatliest known
tetrapods, and no tetrapod has retained the operculum.
The skull of bony fishes has a short snout; movements
of the jaws, hyoid apparatus (the lower part of the hyoid
arch), and operculum cause water to be sucked into the
mouth for both gill ventilation and feeding.

Early tetrapods had wide, flat skulls and longer
snouts than their fish ancestors so that most of the
tooth row was now in front of the eye. Their flat heads
and long snouts combined the functions of feeding
and breathing, as do the heads of extant amphibians,
which use movements of the hyoid apparatus to venti-
late the lungs. This method of lung ventilation is called
a positive-pressure mechanism, or buccal pumping.
The same expansion of the buccal cavity is used for
suction feeding in water. Suction feeding is not an op-
tion on land, however, because air is much less dense
than the food particles. (You can suck up the noodles
in soup along with the liquid, but you cannot suck up
the same noodles if you put them on a plate.)

The tongue of jawed fishes is small and bony,
whereas the tongue of tetrapods is large and muscu-
lar. (The muscular tongues of lampreys and hagfishes
are not homologous with the tongues of tetrapods,
and they are innervated by different cranial nerves.)
The tetrapod tongue works in concert with the hyoid
apparatus and is probably a key innovation for feeding
on land. Most tetrapods use the tongue to manipulate
food in the mouth and transport it to the pharynx.
Most terrestrial salamanders and lizards have sticky
tongues that help to capture prey and transport it into
the mouth—a phenomenon called “prehension.” In ad-
dition, some tetrapods—such as frogs, salamanders,
and the true chameleon lizards—can project their
tongue to capture prey. (The mechanism of tongue pro-
jection is different in each group; tongue projection is
an example of convergent evolution.)

Salivary glands are known only in terrestrial verte-
brates, probably because lubrication is not required to
swallow food in water. Saliva also contains enzymes
that begin the chemical digestion of food while it is still
in the mouth. Some insectivorous mammals, two spe-
cies of lizards, and several lineages of snakes have elab-
orated salivary secretions into venoms that kill prey.
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Figure 3-8 Phylogenetic view of tetrapod terrestrial stance and locomotion. (a) Ancestral tetrapod condition, retained
today in salamanders: movement mainly via axial movements of the body, limbs moved in diagonal pairs (basic walking-trot gait).
(b) Derived jumping form of locomotion in the frog, with highly specialized hind limbs. (c) Ancestral amniote condition, seen in
many extant lizards: limbs used more for propulsion, with development of the walk gait (limbs moved one at a time/independently).
(d) Diapsid amniote condition with hind limbs longer than forelimbs; tendency for bipedal running, seen in some extant lizards.
(e) Derived limbless condition with snakelike locomotion; evolved convergently several times among early tetrapods (e.g., several
types of lepospondyls), lissamphibians (caecilians and salamanders), and lepidosaurs (many lizards, snakes, amphisbaenians). (f)
Ancestral archosaur condition, with upright posture and tendency to bipedalism. (g) Secondary return to sprawling posture and
quadrupedalism in crocodilians. (h) Obligate bipedality in early dinosaurs and (i) birds. (j) Return to quadrupedality several times
within dinosaurs. (k) Ancestral mammalian condition: upright posture and the use of the bound as a fast gait with dorsoventral
flexion of the vertebral column (all mammals use the walk as a slow gait). In the bound the animal jumps off the two hind limbs,
flies through the air with limbs outstretched, and lands on the two forelimbs (or on one forelimb and then the other, as in this half-
bounding cat). () Condition in larger mammals where the bound is turned into the gallop: the limbs move one at a time, and the
period of suspension when all four feet are in the air occurs when the legs are bunched up, as shown. (m) The trot is used at inter-
mediate speeds between the walk and the gallop. The canter is essentially a slower version of the gallop. (n) The ricochet, a derived
hopping gait of kangaroos and some rodents. (0) The amble, a speeded-up walk gait seen in the fast gait of elephants and in some
horses (e.g., Paso Finos and Icelandic ponies). (p) The unique human condition of upright bipedal striding. Penguins can also walk
with an upright trunk, but they waddle rather than stride.
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Thomson's gazelle (15 kg), bounding

Eland (250 kg), galloping

Figure 8-9 Bounding and galloping. Small species of antelopes, such as the Thomson’s
gazelle, bound, whereas larger species, represented by the eland, gallop. The dark bars represent

the vertebral column.

With the loss of gills in tetrapods, much of the as-
sociated branchiomeric musculature was also lost, but
the gill levators are a prominent exception. In fishes,
these muscles are combined into a single unit, the
cucullaris, and this muscle in tetrapods becomes the tra-
pezius, which runs from the top of the neck and shoul-
ders to the shoulder girdle. In mammals, this muscle
helps to rotate and stabilize the scapulae (shoulder
blades) in locomotion, and we use it when we shrug our
shoulders.

Understanding the original homologies of the trape-
zius muscle explains an interesting fact about human
spinal injuries. Because the trapezius is an old branchio-
meric muscle, it is innervated directly from the brain by
cranial nerves (cranial nerve XI, which is actually part of
nerve X), not by the nerves exiting from the spinal cord
in the neck. Thus people who are paralyzed from the
neck down by a spinal injury can still shrug their shoul-
ders. Small muscles in the throat—for example, those
powering the larynx and the vocal cords—are other
remnants of the branchiomeric muscles associated with
the gill arches. Ingenious biomedical engineering allows
quadriplegic individuals to use this remaining muscle
function to control prosthetic devices.

The major branchiomeric muscles that are retained in
tetrapods are associated with the mandibular and hyoid
arches and are solely involved in feeding (Figure 8-10). The
adductor mandibulae remains the major jaw-closing
muscle, and it becomes increasingly complex in more
derived tetrapods. The hyoid musculature forms two

Eardrum

Adductor

mandibulae (deep part) Trapezius

Depressor

Mylohyoid mandibulae

Sternocleidomastoid

Adductor mandibulae

Sphincter
(superficial part) colli

Figure 8-10 Head and neck musculature. This is the gen-
eralized tetrapod condition as seen in a tuatara (Sphenodon).
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new important muscles in tetrapods. One is the de-
pressor mandibulae, running from the back of the jaw
to the skull and helping the hypobranchial muscles to
open the mouth. The other is the sphincter colli that
surrounds the neck and aids in swallowing food. In
mammals the sphincter colli has become the muscles
of facial expression.

8.3 Reproduction on Land

Sauropsids and synapsids, the tetrapods that are most
specialized for terrestrial life, are amniotes, and that
observation suggests that the amniotic egg has some
special advantage for animals that reproduce on land.
More than one mechanism may be involved, and the
presence of an egg shell in amniotic eggs may be a key
element. An egg shell provides support for the egg,
and the shell may be the reason that all the large tet-
rapods are amniotes. In addition, a shell restricts water
movement into or out of the egg, and the shell may
allow amniotes to deposit eggs in sites that are not
suitable for non-amniotes.

84 Breathing Air

In some respects air is an easier medium for respira-
tion than is water. The low density and viscosity of air
make tidal ventilation of a saclike lung energetically
feasible, and the high oxygen content of air reduces
the volume of fluid that must be pumped to meet an
animal’s metabolic requirements.

The lung is an ancestral feature of bony fishes, and
lungs were not evolved for breathing on land. For many
years it was assumed that lungs evolved in fishes liv-
ing in stagnant, oxygen-depleted water where gulping
oxygen-rich air would supplement oxygen uptake by
the gills. However, although some lungfishes are found
in stagnant, anoxic environments, other air-breathing
fishes (e.g., the bowfins) are active animals found in
oxygen-rich habitats. An alternative explanation for
the evolution of lungs is that air breathing evolved in
well-aerated waters in active fishes in which the addi-
tional oxygen is needed primarily to supply the heart
muscle itself rather than the body tissues.

In contrast to the positive-pressure buccal pump
that non-amniotic tetrapods use to inflate the lungs,
amniotes use a negative-pressure aspiration pump.
Expansion of the rib cage by the intercostal hypaxial
muscles creates a negative pressure (i.e., below atmo-
spheric pressure) in the abdominal cavity and sucks air
into the lungs. Air is expelled by compression of the
abdominal cavity, primarily through elastic return of
the rib cage to a resting position and contraction of the
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elastic lungs, as well as by contraction of the transver-
sus abdominis muscle.

The lungs of many extant amphibians are simple sacs
with few internal divisions. They have only a short cham-
ber leading directly into the lungs. In contrast, amniotes
have lungs that are subdivided, sometimes in very com-
plex ways, to increase the surface area for gas exchange.
They also have a long trachea (windpipe), strengthened
by cartilaginous rings, that branches into a series of
bronchi in each lung (see Figure 8-4 [number 5]).

The form of lung subdivisions is somewhat different
in mammals and other amniotes, suggesting indepen-
dent evolutionary origins. The combination of a trachea
and negative-pressure aspiration has allowed many am-
niotes to develop longer necks than those seen in mod-
ern amphibians or in extinct non-amniotic tetrapods.
Amniotes also possess a larynx (derived from pharyngeal
arch elements) at the junction of the pharynx and the
trachea that may be used for sound production.

8.5 Pumping Blood Uphill

Blood is weightless in water, and the heart needs to
overcome only fluid resistance to move blood around
the body. Circulation is more difficult for a terrestrial
animal because blood tends to pool in low spots, such as
the limbs, and it must be forced through the veins and
back up to the heart by more blood pumped into the ar-
teries. Thus, tetrapods have blood pressures high enough
to push blood upward through the veins against the pull
of gravity and valves in the limb veins to resist backflow.

The walls of capillaries are somewhat leaky, and
high blood pressure forces some of the blood plasma
(the liquid part of blood) out of the vessels and into
the intercellular spaces of the body tissues. This fluid
is recovered and returned to the circulatory system by
the lymphatic system of tetrapods. The lymphatic sys-
tem is a one-way system of blind-ended, veinlike ves-
sels that parallel the veins and allow fluid in the tissues
to drain into the venous system at the base of the neck.
(A lymphatic system is also well developed in teleost
fishes, but it is of critical importance on land, where
the cardiovascular system is subject to the forces of
gravity.) In tetrapods, valves in the lymph vessels pre-
vent backflow, and contraction of muscles and tissues
keeps lymph flowing toward the heart.

Lymph nodes, concentrations of lymphatic tis-
sues, are found in mammals and some birds at inter-
vals along the lymphatic channels. Lymphatic tissue is
also involved in the immune system; white blood cells
(macrophages) travel through lymph vessels, and the
lymph nodes can intercept foreign or unwanted mate-
rial, such as migrating cancer cells.



With the loss of the gills and the evolution of a
distinct neck in tetrapods, the heart has moved pos-
teriorly. In fishes the heart lies in the gill region in
front of the shoulder girdle, whereas in tetrapods
it lies behind the shoulder girdle in the thorax. The
sinus venosus and conus arteriosus are reduced or
absent in the hearts of tetrapods.

Tetrapods have evolved a double circulation in which
the pulmonary circuit supplies the lungs with deoxygen-
ated blood and the systemic circuit supplies oxygenated
blood to the body. The atrium of the heart is divided into
left and right chambers (atria) in lungfishes and tetra-
pods, and the ventricle is divided either by a fixed barrier
or by the formation of transiently separate chambers as
the heart contracts. The right side of the heart receives
deoxygenated blood returning from the body via the
systemic veins, and the left side of the heart receives
oxygenated blood returning from the lungs via the pul-
monary veins. The double circulation of tetrapods can
be pictured as a figure eight, with the heart at the inter-
section of the loops (Figure 8-11).

The aortic arches have undergone considerable
change in association with the loss of the gills in tet-
rapods. Arches 2 and 5 are lost in most adult tetra-
pods (although arch 5 is retained in salamanders).
Three major arches are retained: arch 3 (carotid arch)
going to the head, arch 4 (systemic arch) going to the
body, and arch 6 (pulmonary arch) going to the lungs
(Figure 8-12 on pages 180 and 181).

Carotid arteries

Dorsal aorta

Modern amphibians retain a fishlike condition, in
which the aortic arches do not arise directly from the
heart. This condition, with retention of a prominent
conus arteriosus and a ventral arterial trunk (the
ventral aorta of fishes and the truncus arteriosus of
amphibians), was probably found among the earliest
tetrapods. In amniotes, the pulmonary artery receives
blood from the right ventricle, and the right systemic
and carotid arches receive blood from the left ven-
tricle, although details of the heart anatomy suggest
that this condition may have evolved independently in
mammals and in other amniotes.

In modern amphibians, the skin is of prime impor-
tance in the exchange of oxygen and carbon dioxide.
In frogs, the pulmonary arch is actually a pulmocuta-
neous arch, with a major artery branching off the pul-
monary artery to supply the skin. The cutaneous vein,
now carrying oxygenated blood, feeds back into the
systemic system via the subclavian vein and hence into
the right atrium. A similar, but less well-differentiated,
system exists in other amphibians. Thus, oxygenated
blood enters the amphibian ventricle from both the
left atrium (supplied by the pulmonary vein) and the
right atrium (supplied by veins that return blood from
the skin). This type of heart in modern amphibians,
with the absence of any ventricular division (in con-
trast to the lungfish condition with a partial ventric-
ular septum), may be a derived condition associated
with using the skin as well as the lungs for respiration.
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Figure 8-11 Double-circuit cardiovascular system in a tetrapod.
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(b) Teleost or derived ray-finned fish
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Figure 8-12 Arrangement of the heart and aortic arches in jawed fishes and basal
tetrapods. (a) The ancestral bony fish condition is to have lungs and some sort of pulmonary
circuit, as shown in the extant actinopterygian with lungs, Polypterus. (b) Teleosts have converted
the lung into a swim bladder and lost the pulmonary circuit; they have also lost aortic arch 2.
(c) The generalized sarcopterygian condition above the level of coelacanths. Some living lung-
fishes have reduced the number of aortic arches from this condition. Here the pulmonary artery
feeds back into the left atrium directly, and the ventricle is partially divided. (d) The inferred
early tetrapod (above the Acanthostega/Ichthyostega level) is similar to lungfishes; however, the
internal gills have been lost, and aortic arch 2 may also have been lost by this stage (as seen in all
extant tetrapods). (e) In the frog, arch 5 and the connection of the dorsal aorta between arches 3
and 4 (the ductus carotidus) have been lost, but both these features are retained in salamanders,
so this condition cannot have been inherited from an early tetrapod ancestor. A derived condi-
tion in some modern amphibians (frogs, as shown here) is to have