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Vertebrate Biology is designed to provide a firm foundation
for students interested in the natural history of vertebrates.
While this may be the only course that some students will
take dealing with the biology of vertebrates, othes will sub-
sequently enroll in more specialized courses such as ichthy-
ology, herpetology, ornithology, and mammology.

In writing Vertebrate Biology, 1 have tried to keep the
needs and wishes of both instructors and students in mind.
As an instructor for more than 35 years, I know how chal-
lenging it is to teach a dynamic, balanced, up-to-date course
that is both relevant and interesting to students. I'm sure
you feel the same way. A book that draws the reader’s atten-
tion facilitates learning and an interested student is an avid
learner. As instructors, our job is to guide students in their
learning process.

As this text was taking shape, I pondered its length. If
I wrote a short textbook, many topics would have to be
omitted, and it would not meet the needs of many instruc-
tors. If I wrote a larger book, I could include more topics,
discuss certain ones in more detail, and even include some
supplemental information that would be interesting but not
absolutely essential. I chose the latter course.

In order to keep the book to a reasonable length, most
concepts are illustrated by one or two good examples for
each group to which the concept applies rather than a cata-
log of many possible ones. It is my hope that you will uti-
lize these examples to stimulate discussion of these concepts
with your students. The structure of the text allows for flex-
ibility in presenting the material and permits it to be adapt-
ed to a wide range of teaching styles. Chapters need not be
taught in order but can be adapted to any sequence that best
meets your curriculum.

Vertebrate biology is a broad field: there is no reason
to ignore parts that may be currently unpopular or that do
not engage us personally. Therefore, I have tried to
achieve balance in terms of the whole field of vertebrate
biology: systematics, paleontology, physiology, ecology,
etc. I have also tried to achieve balance both taxonomi-
cally and geographically.

Following each chapter are several questions designed to
encourage your students to apply what they have learned. You
can use these in various ways: for discussion, for out-of-class
assignment, or as potential short essay questions on tests.

Also at the end of each chapter is a list of supplemen-
tal readings and a listing of World Wide Web sites relevant
to the material in that particular chapter that you (as well as

your students) might find of interest. These can be used as
a guide to the literature for student papers or used as a
source of additional information on a topic of particular
interest. All web addresses listed are up-to-date as of press
time, and are, for the most part, maintained by universities,
governmental agencies, institutions, museums, etc. Thus,
the information they contain should be accurate and the
web site should be more-or-less permanent. These address-
es can be found as “hot links” by visiting the publisher’s web
page at www.mhhe.com/zoology.

I have tried to keep the vocabulary as plain as possible
for the sake of clarity. I see no reason to use extensive tech-
nical terminology when simpler words will suffice. The use
of technical terms is unavoidable in some cases, but when
overdone, it makes the learning process more difficult for
the student. Lucidity has been one of the two major goals of
my writing. Interest for the reader has been the second goal.

Almost any textbook is certain to have some typo-
graphical and other errors. Although all errors are my sole
responsibility, I would like to request your help in improving
future editions of this book. Please send any errors you find,
and your comments and suggestions for improvements, to
Marge Kemp, Sponsoring Editor, Life Sciences, c/o
McGraw-Hill Publishers, 2460 Kerper Blvd., Dubuque,
Towa 52001. She will send them to me. Please be assured
that all comments and suggestions will be given serious con-
sideration. As time allows, I will respond personally.

Thomas Jefferson once said that, “...difference of
opinion leads to inquiry, and inquiry to truth.” It is my hope
that Vertebrate Biology will stimulate inquiry among our stu-
dents and will enable them to become better informed
future biologists.

Donald W. Linzey
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SUPPLEMENTS

For the Instructor

Please contact your McGraw-Hill sales representative to
learn more about these helpful supplementary products for
your course:

Life Science Animations Visual Resource Library (VRL)
CD-ROM contains 125 animations of important
biological concepts and processes. This CD-ROM is
perfect for use to support your lectures.

Zoology Visual Resource Library (VRL) CD-ROM
contains 1000 photos and figures to support your
zoology course. These can be inserted into your own
lecture presentations, printed, and can be easily
found through a key word search function.

For the Student

A variety of print and media products are available from
McGraw-Hill to supplement student learning, in addition
to the titles below. Visit www.mhhe.com or contact your
bookstore to order these products:

Kardong/Zalisko:  Comparative Anatomy Laboratory
Dissection Guide (0-697-37879-9) is a laboratory man-
ual that weaves functional and evolutionary concepts
into the morphological details of laboratory exercises.

Chiasson/Radke: Laboratory Anatomy of the Vertebrates
(0-697-10160-6) uses a systemic approach to the
study of vertebrate morphology and discusses the
shark, Necturus, and cat in each system chapter.

Marchuk: Life Sciences Living Lexicon CD ROM (0-697-
37993-0) is an interactive CD-ROM that includes



xii

Linzey: Vertebrate Biology Front Matter

Preface fo the Instructor

complete glossaries for all life science disciplines, a
section describing the classification system, an
overview of word construction, and more than 500
vivid illustrations and animations of key processes.

Waters/Janssen: Web-Based Cat Dissection Review for
Human Anatomy and Physiology (0-07-232157-1) is
a new web-based dissection program that identifies
approximately 600 different anatomical structures,
with sound profiles to provide pronunciations for
each of these 600 terms. Also featured on the site
are 100 high-resolution photographs. By clicking
anywhere on the structures of the cat, an informa-
tion frame will provide the name of the structure, as
well as a smaller image that highlights and puts the
structure in its human anatomical context. In addi-
tion, approximately 30 QuickTime movies demon-
strate joint movements.

TITLES OF RELATED INTEREST

Comparative Anatomy Laboratory Dissection Guide,
Second Edition ©1998, by Kardong/Zalisko (ISBN:
0-697-37879-9) is a complete dissection guide that
is organized systematically to present basic animal
architecture and anatomy. The exercises can be cus-
tomized to suit most vertebrate course needs.

Mammalogy: Adaptation, Diversity and FEcology, ©1999,
by Feldhamer, Drickamer, Vessey, and Merritt
(ISBN: 0-697-16733-X) is an introductory mam-
malogy text for use in upper level undergraduate or
graduate level courses, and assumes students have a
basic background in zoology of the vertebrates.

Zoology, Fourth Edition ©1999, by Miller/Harley (ISBN:
0-697-34555-6) is a comprehensive, principles-
oriented full-color text with an unmatched pedagog-
ical system, Internet references, and a comprehensive
web page.

Integrated Principles in Zoology, Eleventh Edition
©2001, by Hickman/Roberts/Larson (ISBN: 0-
072-90961-7) remains the leading text in zoology.
With outstanding artwork and a continued compre-
hensive and straightforward approach, the new edi-
tion includes current issues such as biotechnology,
immunity, and conservation, and provides chapter
web links for further study. This text is also sup-
ported by a comprehensive web page.

Biology of Animals, Seventh Edition ©1998, by Hickman/
Roberts/Larson (ISBN: 0-697-28933-8) is an intro-
ductory zoology text which features a variety of ped-
agogical aids and a supporting web page.

Animal Diversity, Second Edition ©2000, by Hickman/
Roberts/Larson (ISBN: 0-070-12200-8) covers the
animal kingdom in sixteen survey chapters and is
prefaced by evolution, animal architecture, and clas-
sification. Internet references are included in the
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text for further research, and the text is supported by
a web site that includes additional student aids.

Laboratory Studies in Integrated Principles of Zoology,
Tenth Edition ©2001, by Hickman/Kats (ISBN: 0-
072-90966-8) uses a comprehensive, phylogenetic
approach in emphasizing basic biological principles,
animal form and function, and evolutionary con-
cepts. This introductory lab manual is ideal for a
one- or two-semester course. The new edition
incorporates interactivity for students
throughout the laboratory exercises, and also has
new molecular exercises. This text may be cus-
tomized to include only the exercises that best suit
your course needs.

General Zoology Laboratory Guide, Thirteenth Edition
©2000, by Lytle (ISBN: 0-07-012220-2) empha-
sizes the dissection and microscopic study of live
and preserved specimens. This laboratory guide is
also customizable to contain only the exercises that
best fit your course.

Understanding FEwvolution, Sixth Edition ©2000, by
Volpe/Rosenbaum (ISBN: 0-697-05137-4) is an
introduction to principles of evolution text that is
ideally suited as a main text for general evolution or
as a supplement for General Biology, Genetics,
Zoology, Botany, Anthropology, or any life science
course that utilizes evolution as the underlying
theme of all life.

Foundations of Parasitology, Sixth Edition ©2000, by
Roberts/Janovy (ISBN: 0-697-42430-8) is written
for biological/zoological students at the undergrad-
uate level and emphasizes principles with related
information on the biology, physiology, morpholo-
gy, and ecology of the major parasites of humans
and domestic animals.

Biology of the Invertebrates, Fourth Edition ©2000, by
Pechenik (ISBN: 0-070-12204-0) is the most con-
cise and readable invertebrates book in terms of
detail and pedagogy. All phyla of invertebrates cov-
ered (comprehensive) with an emphasis on unifying
characteristics of each group.

Animal Behavior: Mechanisms, Ecology, Evolution, Fifth
Edition ©2001, by Drickamer/Vessey/Jakob (ISBN:
0-070-12199-0) is a unique balance of the necessary
elements of mechanisms, ecology, and evolution that
support a comprehensive study of behavior. This one-
semester text is suitable for upper-level courses.

Marine Biology, Third Edition ©2000, by Castro/Huber
(ISBN: 0-07-012197-4) is appropriate for introduc-
tory courses and features a global approach, using
examples from numerous regions and ecosystems.
This edition also includes Internet references for
further study, and is supported by a complete web
site with additional student study aids.

more
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The field of vertebrate biology is changing constantly. As
discoveries are made, old concepts fade away and new ones
emerge. We are now at a point in time where acceptable
solutions must be found to major environmental problems
such as global warming, fragmentation of habitats, isolation
of populations, and the decline in biodiversity—all of which
play a role in the distribution and abundance of vertebrate
populations. Trying to discover the knowledge that is really
worth knowing is an exciting and never-ending process.

This is why vertebrate biology is so important: it is not
just another college course to be passed for credit. It is an
opportunity for you to learn about the other organisms
most closely related to us with whom we share this ever-
more-crowded planet. During this course we will use
information from physical sciences such as chemistry and
geology as well as from a wide variety of biological special-
izations such as botany, genetics, cell biology, physiology,
anatomy, and ecology.

While many biologists become more specialized and
restrict their reading and research to a narrow area of interest,
a general textbook author is forced to be a generalist, who
understands (in my case) the whole field of vertebrate biolo-
gy: to this end the author must illustrate the interrelation-
ships and synthesize available information into some kind of
coherent whole. My objective has been to write a general text
that reflects the broad diversity of subjects that make verte-
brate biology such an exciting field. The need for a readable,
user-friendly book covering the biology of vertebrates has
been recognized for many years. Vertebrate Biology is designed
to provide a broad and basic background of vertebrate biolo-
gy: to explain how vertebrates function, evolve, and interact
with each other and their nonliving surroundings.

A second objective of writing Vertebrate Biology is to
provide a balanced overview of the various areas of verte-
brate biology—origin, phylogeny, fossil history, adapta-
tions, distribution, and population dynamics; to explore
these areas in some detail; to provide a basic reference
source; and to produce a readable, user-friendly text. All
sources are documented in order to assist you in your search
for more detailed information than this text provides.

I could have written a short textbook that omitted
many topics, but that strategy would not meet the needs of
many instructors. On the other hand, I could have written
a larger book and designed it to be flexible enough to be
used in many different ways. I chose the latter. This text has
been designed to be used in courses with different lengths

and emphases. As a result, your instructor has great flexibil-
ity in designing the course you are taking according to the
time available.

Numerous features enable this textbook to stand out
above all others. Among these are review questions at the
end of each chapter, supplemental sources of information
including relevant journals, a glossary of well over 300
terms, an extensive bibliography, an appendix of endan-
gered species, and a directory of World Wide Web sites
dealing with various aspects of vertebrate biology. This lat-
ter feature is unique because if you become interested in a
particular topic, you can access relevant web sites through-
out the world. The World Wide Web is an excellent
resource for vertebrate biology and contains a wide array of
information. The web addresses listed are up-to-date as of
press time, and are, for the most part, maintained by uni-
versities, governmental agencies, institutions, museums, etc.
The information they contain should be factual and these
sites will be kept up-to-date by the publisher. You can
access these weblinks at www.mhhe.com/zoology.

Vertebrate Biology begins with an introductory chapter
relating vertebrates to other chordates. This chapter also
gives a broad overview and comparison of major vertebrate
characters, introduces relevant terminology, discusses the
significance of vertebrates, and highlights future research
topics. Chapter 2 traces the development of systematics as
it relates to vertebrates and discusses evolutionary concepts
including natural selection, speciation, and geographic vari-
ation. Zoogeography is covered in Chapter 3. Chapters 4
through 9 discuss the evolution and biology of each verte-
brate group—jawless fishes, fishes, amphibians, reptiles,
and mammals. The remaining chapters draw out common
themes across all of the vertebrates: population dynamics
(10); movements (11); intraspecific behavior (12); interspe-
cific interactions (13); techniques for ecological and behav-
ioral studies (14); extinction and extirpation (15); and con-
servation and management (16). Subsection headings are
included where appropriate to make it easier for you to
retrieve specific pieces of information. Thus, I have
attempted to blend the two approaches (taxonomic and
concept). At the end of each chapter is a set of discussion
questions designed to help you develop your critical think-
ing skills and apply what you have learned.

My goal is to communicate with you, not confuse you.
I have tried to write in a clear, interesting, and informal style.
I keep sentences and paragraphs fairly short. I try not to use
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long words and excessive technical terms when short words
and nontechnical terms can express an idea just as clearly.
Information is presented in a very straightforward, readable
manner. It is not weighed down with excessive terminology.

Writing and publishing a textbook is an extremely com-
plex process. Even though the manuscript has been
reviewed, copy edited, checked, and rechecked by a large
number of teachers and experts, almost any textbook is cer-
tain to have some errors. Although all errors are my sole
responsibility, I need your help in improving future editions
of this book. Please send any errors you find and your com-
ments and suggestions for improvement to Marge Kemp,
Sponsoring Editor, Life Sciences, ¢/o McGraw-Hill
Publishers, 2460 Kerper Blvd., Dubuque, Iowa 52001. She
will send them to me. Please be assured that all comments
and suggestions will be seriously evaluated and considered.
As time allows, I will respond personally to your suggestions.

It is my hope that this text will give you a deeper
understanding of the biology of a unique group of ani-
mals—including ourselves—and an appreciation of the
complexity of issues such as the problems of speciation and
phylogeny, the thermal physiology of dinosaurs, and the
origin of flight in birds, to name but a few.

Relax and enjoy yourself as you learn more about one
of the exciting groups of animals with whom we share
this planet.

Donald W. Linzey

SUPPLEMENTARY MATERIALS

For the Student

A variety of print and media products are available from
McGraw-Hill to supplement your learning, in addition to
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the titles listed below. Visit www.mhhe.com or contact your
bookstore to order these products:

Kardong/Zalisko: Comparative Anatomy Laboratory
Dissection Guide (0-697-37879-9) is a laboratory
manual that weaves functional and evolutionary
concepts into the morphological details of laborato-
Iy exercises.

Chiasson/Radke: Laboratory Anatomy of the Vertebrates
(0-697-10160-6) uses a systemic approach to the
study of vertebrate morphology and discusses the
shark, Necturus, and cat in each chapter.

Marchuk: Life Sciences Living Lexicon CD ROM (0-697-
37993-0) is an interactive CD-ROM that includes
complete glossaries for all life science disciplines, a
section describing the classification system, an
overview of word construction, and more than 500
vivid illustrations and animations of key processes.

Waters/Janssen: Web-Based Cat Dissection Review for
Human Anatomy and Physiology (0-07-232157-1) is
a new web-based dissection program that identifies
approximately 600 different anatomical structures,
with sound profiles to provide pronunciations for
each of these 600 terms. Also featured on the site
are 100 high-resolution photographs. By clicking
anywhere on the structures of the cat, an informa-
tion frame will provide the name of the structure, as
well as a smaller image that highlights and puts the
structure in its human anatomical context. In addi-
tion, approximately 30 QuickTime movies demon-
strate joint movements.
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CHAPTER 1

The Vertebrate Story:

An Overview

B INTRODUCTION

Life on Earth began some 3.5 billion years ago when a series
of reactions culminated in a molecule that could reproduce
itself. Although life forms may exist elsewhere in our uni-
verse or even beyond, life as we know it occurs only on the
planet Earth. From this beginning have arisen all of the vast
variety of living organisms—viruses, bacteria, fungi, proto-
zoans, plants, and multicellular animals—that inhabit all
parts of our planet. The diversity of life and the ability of
life forms to adapt to seemingly harsh environments is
astounding. Bacteria live in the hot thermal springs in Yel-
lowstone National Park and in the deepest parts of the
Pacific Ocean. Plants inhabit the oceans to the lower limit
of light penetration and also cover land areas from the trop-
ics to the icepacks in both the Northern and Southern
Hemispheres. Unicellular and multicellular animals are
found worldwide. Life on Earth is truly amazing!

Our knowledge of the processes that create and sustain
life has grown over the years and continues to grow steadily
as new discoveries are announced by scientists. But much
remains to be discovered—new species, new drugs, improved
understanding of basic processes, and much more.

All forms of life are classified into five major groups known
as kingdoms. The generally recognized kingdoms are Mon-
era (bacteria), Fungi (fungi), Protista (single-celled organisms),
Plant (plants), and Animal (multicellular animals). Within
each kingdom, each group of organisms with similar charac-
teristics is classified into a category known as a phylum.

Whereas many members of the Animal kingdom pos-
sess skeletal, muscular, digestive, respiratory, nervous, and
reproductive systems, there is only one group of multicellu-
lar animals that possess the following combination of struc-
tures: (1) a dorsal, hollow nerve cord; (2) a flexible supportive
rod (notochord) running longitudinally through the dorsum
just ventral to the nerve cord; (3) pharyngeal slits or pha-
ryngeal pouches; and (4) a postanal tail. These morpholog-
ical characteristics may be transitory and may be present only

during a particular stage of development, or they may be pre-
sent throughout the animal’s life. This group of animals
forms the phylum Chordata. This phylum is divided into
three subphyla: Urochordata, Cephalochordata, and Verte-
brata. The Urochordata and Cephalochordata consist of
small, nonvertebrate marine animals and are often referred
to collectively as protochordates. To clearly understand and
compare their evolutionary significance in relation to the ver-
tebrates, it is necessary to briefly discuss their characteristics.

Subphylum Urochordata (tunicates): Adult tunicates,
also known as sea squirts, are mostly sessile, filter-feeding
marine animals whose gill slits function in both gas
exchange and feeding (Fig. 1.1). Water is taken in through

. FIGURE 1.1
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an incurrent siphon, goes into a chamber known as the phar-
ynx, and then filters through slits into the surrounding
atrium. Larval tunicates, which are free-swimming, possess
a muscular larval tail that is used for propulsion. This tail
contains a well-developed notochord and a dorsal hollow
nerve cord. The name Urochordate is derived from the
Greek oura, meaning tail, and the Latin chorda, meaning
cord; thus, the “tail-chordates.” When the larva transforms
or metamorphoses into an adult, the tail, along with its
accompanying notochord and most of the nerve cord, is
reabsorbed (Fig. 1.2).

Subphylum Cephalochordata (lancelet; amphioxus):
Cephalochordates are small (usually less than 5 cm long),
fusiform (torpedo-shaped) marine organisms that spend most
of their time buried in sand in shallow water. Their bodies
are oriented vertically with the tail in the sand and the ante-
rior end exposed. A well-developed notochord and long dor-
sal hollow nerve cord extend from the head (cephalo means
head) to the tail and are retained throughout life. The numer-
ous pharyngeal gill slits are used for both respiration and filter-
feeding (Fig. 1.3). Cephalochordates have a superficial
resemblance to the larvae of lampreys (ammocoete), which
are true vertebrates (Fig. 1.3).

Serially arranged blocks of muscle known as myomeres
occur along both sides of the body of the lancelet. Because
the notochord is flexible, alternate contraction and relax-
ation of the myomeres bend the body and propel it. Other
similarities to vertebrates include a closed cardiovascular
system with a two-chambered heart, similar muscle pro-
teins, and the organization of cranial and spinal nerves. No
other group of living animals shows closer structural and
developmental affinities with vertebrates. However, even
though cephalochordates now are believed to be the clos-
est living relatives of vertebrates, there are some funda-
mental differences. For example, the functioning units of
the excretory system in cephalochordates are known as pro-
tonephridia. They represent a primitive type of kidney
design that removes wastes from the coelom. In contrast,
the functional units of vertebrate kidneys, which are known
as nephrons, are designed to remove wastes by filtering the
blood. What long had been thought to be ventral roots of
spinal nerves in cephalochordates have now been shown to
be muscle fibers (Flood, 1966). Spinal nerves alternate on
the two sides of the body in cephalochordates rather than
lying in successive pairs as they do in vertebrates (Hilde-
brand, 1995).

Subphylum Vertebrata (vertebrates): Vertebrates (Fig. 1.4)
are chordates with a “backbone”—either a persistent notochord
as in lampreys and hagfishes, or a vertebral column of carti-
laginous or bony vertebrae that more or less replaces the noto-
chord as the main support of the long axis of the body. All
vertebrates possess a cranium, or braincase, of cartilage or bone,
or both. The cranium supports and protects the brain and major
special sense organs. Many authorities prefer the term Crani-
ata instead of Vertebrata, because it recognizes that hagfish and
lampreys have a cranium but no vertebrae. In addition, all ver-
tebrate embryos pass through a stage when pharyngeal pouches
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. FIGURE 1.2

Free-swimming larva

Notochord

Attached, early metamorphosis

Late metamorphosis

Degenerating
notochord

Metamorphosis of a free-swimming tunicate [class Ascidiacea) tadpole-
like larva into a solitary, sessile adult. Note the dorsal nerve cord, noto-
chord, and pharyngeal gills slifs.



Linzey: Vertebrate Biology 1. The Vertebrate Story: An | Text © The McGraw-Hill

Overview Companies, 2003
The Vertebrate Story: An Overview 3
. FIGURE 1.3
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Heart Stomach Notochord

Oral hood Gill  Gill Hepatic Atriopore Intestine Anus Endostyle Pharyngeal clefts

with tentacles slits bars cecum

(a) Cephalochordate (b) Larval tunicate

Brain (posterior part)

Brain Stomach Dorsal  Nerve Myomeres Pharyngeal clefts
Median
nostril Notochord
Nerve cord
Oral Oral Gill Heart Liver Coelom Intestine Anus
hood papillae bar
(c) Larval lamprey (ammocoete) (d) Tetrapod embryo, early development stage

Three chordate characters (dorsal tubular nerve cord, notochord, and pharyngeal clefts) as seen in (a) a cephalochordate {[amphioxus), (b) a larval
tunicate, (c) a larval lamprey, and (d) a fetrapod embryo.

. FIGURE 1.4
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Representative vertebrates: (a) wood frog, class Amphibia; (b) fence lizard, class Reptilia; (c] spotted salamander, class Amphibia; (d) tuatara,
class Reptilia; (e] giraffe, class Mammalio; (f] garter snake, class Reptilia; (g) lamprey, class Cephalaspidomorphi; (h) brook trout, class Osteichthyes;
i) gopher fortoise, class Reptilia; (j) red-tailed hawk, class Aves; and (k) leatherback sea turile, class Reptilia.
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are present (Fig. 1.3). Most living forms of vertebrates also pos-
sess paired appendages and limb girdles.

Vertebrate classification is ever-changing as relationships
among organisms are continually being clarified. For example,
hagfish and lampreys, which were formerly classified together,
each have numerous unique characters that are not present in
the other. They have probably been evolving independently for
many millions of years. Reptiles are no longer a valid taxonomic
category, because they have not all arisen from a common
ancestor (monophyletic lineage). Although differences of opin-
ion still exist, most vertebrate biologists now divide the more
than 53,000 living vertebrates into the following major groups:

Approx. #

Group of Species
Hagfish (Myxinoidea) 43
Lampreys (Petromyzontoidea) 41
Sharks, skates/rays, and ratfish

(Chondrichthyes) 850
Ray-finned fish (Actinopterygii) 25,000 +
Lobe-finned fish (Sarcopterygii) 4
Salamanders, caecilians (Microsauria) 552
Frogs (Temnospondyli) 3,800
Turtles (Anapsida or Testudomorpha) 230
Diapsids (Diapsida)

Tuatara, lizards, snakes

(Lepidosauromorpha) 8,702
Crocodiles, birds (Archosauromorpha) 9,624
Mammals (Synapsida) 4,629
Total 53,475

Adult vertebrates range in size from the tiny Brazilian
brachycephalid frog (Psyllophryne didactyla) and the Cuban
leptodactylid frog (Eleutherodactylus iberia), with total lengths
of only 9.8 mm, to the blue whale (Balaenoptera musculus),
which can attain a length of 30 m and a mass of 123,000 kg
(Vergano, 1996; Estrada and Hedges, 1996).

Wide-ranging and diverse, vertebrates successfully
inhabit areas from the Arctic (e.g., polar bears) to the Antarc-
tic (e.g., penguins). During the course of vertebrate evolu-
tion, which dates back some 500 million years, species within
each vertebrate group have evolved unique anatomical, phys-
iological, and behavioral characteristics that have enabled
them to successfully inhabit a wide variety of habitats. Many
vertebrates are aquatic (living in salt water or fresh water);
others are terrestrial (living in forests, grasslands, deserts, or
tundra). Some forms, such as blind salamanders (7yphlo-
molge, Typhlotriton, Haideotriton), mole salamanders (Amby-
stoma), caecilians (Gymnophiona), and moles (Talpidae) live
beneath the surface of the Earth and spend most or all of
their lives in burrows or caves.

Most fishes, salamanders, caecilians, frogs, turtles, and
snakes are unable to maintain a constant body temperature
independent of their surrounding environmental temperature.
Thus, they have a variable body temperature, a condition
known as poikilothermy, derived from heat acquired from
the environment, a situation called ectothermy. Although
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lizards are poikilothermic, many species are very good ther-
moregulators. Birds and mammals, on the other hand, are
able to maintain relatively high and relatively constant body
temperatures, a condition known as homeothermy, using heat
derived from their own oxidative metabolism, a situation called
endothermy. During periods of inactivity during the summer
(torpor) or winter (hibernation), some birds and mammals
often become poikilothermic. Under certain conditions, some
poikilotherms, such as pythons (Py#hon), are able to increase
their body’s temperature above that of the environmental tem-
perature when incubating their clutch of eggs (see discussion
of egg incubation in Chapter 8 ).

B VERTEBRATE FEATURES

Although vertebrates have many characteristics in common,
they are very diverse in body form, structure, and the manner
in which they survive and reproduce. A brief overview and
comparison of these aspects of vertebrate biology at this point,
as well as the introduction of terminology that applies to all
classes, will provide a firm foundation for more substantive dis-
cussions throughout the remainder of the text. Specific adap-
tations of each class are discussed in Chapters 4-6, 8, and 9.

Body Form. Most fish are fusiform (Fig. 1.5a), which
permits the body to pass through the dense medium of water
with minimal resistance. The tapered head grades into the
trunk with no constriction or neck, and the trunk narrows
gradually into the caudal (tail) region. The greatest diame-
ter is near the middle of the body. Various modifications on
this plan include the dorsoventrally flattened bodies of skates
and rays; the laterally compressed bodies of angelfish; and the
greatly elongated (anguilliform) bodies of eels (Fig. 1.5g).
Many larval amphibians also possess a fusiform body; how-
ever, adult salamanders may be fusiform or anguilliform.
Aquatic mammals, such as whales, whose ancestral forms
reinvaded water, also tend to be fusiform.

As vertebrates evolved, changes to terrestrial and aerial
locomotion brought major changes in body form. The head
became readily movable on the constricted and more or less
elongated neck. The caudal region became progressively con-
stricted in diameter, but usually remained as a balancing
organ. The evolution of bipedal locomotion in ancestral rep-
tiles and in some lines of mammals brought additional
changes in body form. Saltatorial (jumping) locomotion is
well developed in modern anuran amphibians (frogs and
toads), and it brought additional shortening of the body,
increased development of the posterior appendages, and loss
of the tail (Fig. 1.6a). In saltatorial mammals such as kan-
garoos and kangaroo rats, the tail has been retained to provide
balance (Fig. 1.6b). Elongation of the body and reduction or
loss of limbs occurred in some lineages (caecilians, legless
lizards, snakes) as adaptations for burrowing.

Aerial locomotion occurred in flying reptiles (pterosaurs),
and it is currently a method of locomotion in birds and some
mammals. Although pterosaurs became extinct, flying has
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. FIGURE 1.5

Tuna, Scombridae Sunfish, Centrarchidae Lumpsucker, Cyclopteridae Skate, Rajidae

.

(a) Fusiform (b) Compressiform (c) Globiform (d)  Depressiform

o

Pike, Esocidae Gunnel, Pholidae Eel, Anguillidae Snipe Eel, Nemichthyidae
(0]
(e) Sagittiform ) Taeniform (9) Anguilliform (h) Filiform

Representative body shapes and typical cross sections of fishes: (a) fusiform (tuna, Scombridae); (b) compressiform (sunfish, Centrarchidae; (c] globi-
form (lumpsucker, Cyclopteridae); (d) depressiform [skate, Rajidae), dorsal view; (e) sagittiform (pike, Esocidael; (f) taeniform (gunnel, Pholidae);
(g anguilliform (eel, Anguillidae); (h) filiform (snipe eel, Nemichthyidae).

. FIGURE 1.6

Sacral joint

Sacral joint

(a)

(b)
Saliatorial locomotion in {a] a frog and (b) a kangaroo. Saltatorial locomotion provides a rapid means of travel, but requires enormous development of
hind limb muscles. The large muscular tail of the kangaroo is used for balance.



Linzey: Vertebrate Biology
Overview

6 Chapter One

become the principal method of locomotion in birds and
bats. The bodies of gliding and flying vertebrates tend to be
shortened and relatively rigid, although the neck is quite long
in many birds (see Fig. 8.63).

Integument. The skin of vertebrates is composed of an
outer layer known as epidermis and an inner layer known as
dermis and serves as the boundary between the animal and
its environment. Among vertebrates, skin collectively func-
tions in protection, temperature regulation, storage of cal-
cium, synthesis of vitamin D, maintenance of a suitable water
and electrolyte balance, excretion, gas exchange, defense
against invasion by microorganisms, reception of sensory
stimuli, and production of pheromones (chemical substances
released by one organism that influence the behavior or phys-
iological processes of another organism). The condition of
an animal’s skin often reflects its general health and well-
being. Significant changes, particularly in the epidermis,
occurred as vertebrates adapted to life in water and later to
the new life on land.

The entire epidermis of fishes consists of living cells.
Numerous epidermal glands secrete a mucus coating that
retards the passage of water through the skin, resists the
entrance of foreign organisms and compounds, and reduces
friction as the fish moves through water. The protective func-
tion of the skin is augmented by dermal scales in most fishes.

The move to land brought a subdivision of the epider-
mis into an inner layer of living cells, called the stratum ger-
minativum, and an outer layer of dead cornified cells, called
the stratum corneum. In some vertebrates, an additional two
to three layers may be present between the stratum germina-
tivum and stratum corneum. The stratum corneum is thin in
amphibians, but relatively thick in the more terrestrial lizards,
snakes, crocodilians, birds, and mammals, where it serves to
retard water loss through the skin. Terrestrial vertebrates
developed various accessory structures to their integument
such as scales, feathers, and hair as adaptations to life on
land. Many ancient amphibians were well covered with scales,
but dermal scales occur in modern amphibians only in the
tropical, legless, burrowing caecilians, in which they are rudi-
mentary or degenerate (vestigial) and embedded in the der-
mis. The epidermal scales of turtles, lizards, snakes, and
crocodilians serve in part to reduce water loss through the
skin, serve as protection from aggressors, and in some cases
(snakes), aid in locomotion. The evolution of endothermy in
birds and mammals is associated with epidermal insulation
that arose with the development of feathers and hair, respec-
tively. Feathers are modified reptilian scales that provide an
insulative and contouring cover for the body; they also form
the flight surfaces of the wings and tail. Unlike feathers,
mammalian hair is an evolutionarily unique epidermal struc-
ture that serves primarily for protection and insulation.

Some land vertebrates have epidermal scales underlain
by bony plates to form a body armor. For example, turtles
have been especially successful with this type of integumen-
tal structure. Among mammals, armadillos (Dasypus) and
pangolins (Manis) have similar body armor (Fig. 1.7).
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FIGURE 1.7

The interlocking plates of the nine-banded armadillo (Dasypus novem-
cinclus) provide protection for the back and soft undersides. Armadillos,
which can run rapidly and burrow info loose soil with lightninglike
speed, are also good swimmers.

. FIGURE 1.8
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A composite vertebra. The neural arch is dorsal to the cenfrum and
encloses the spinal cord. The hemal arch, when present, is ventral fo
the centrum and encloses blood vessels.

Cornified (keratinized) epidermal tissue has been mod-
ified into various adaptive structures in terrestrial vertebrates,
including scales, feathers, and hair. The tips of the digits are
protected by this material in the form of claws, nails, or
hooves. The horny beaks of various extinct diapsids, living
turtles, and birds have the same origin.

Skeleton. The central element of the skeleton is the ver-
tebral column, which is made up of individual vertebrae.
There is no typical vertebra; a composite is shown in Fig. 1.8.
Each vertebra consists of a main element, the centrum, and
various processes.
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The vertebral column of fish consists of trunk and cau-
dal vertebrae, whereas in tetrapods (four-legged vertebrates),
the vertebral column is differentiated into a neck (cervical)
region, trunk region, sacral region, and tail (caudal) region.
In some lizards and in birds and mammals, the trunk is
divided into a rib-bearing thoracic region and a ribless lum-
bar region. Two or more sacral vertebrae often are fused in
tetrapods for better support of body weight through the
attached pelvic girdle; this is carried to an extreme in birds
with the fusion of lumbars, sacrals, and some caudals. Neural
arches project dorsally to enclose and protect the nerve cord,
and in fishes, hemal arches project ventrally to enclose the
caudal artery and vein.

The skull supports and protects the brain and the major
special sense organs. In hagfish, lampreys, and cartilaginous
fish, the skull is cartilaginous and is known as the chondro-
cranium, but in other vertebrates, bones of dermal origin
invade the chondrocranium and tend to progressively obscure
it. It is believed that primitive vertebrates had seven gill
arches and that elements of the most anterior gill arch evolved
into the vertebrate jaw, which was braced by elements of the
second gill arch (see discussion in Chapter 5). As vertebrates
continued to evolve, dermal plates enclosed the old carti-
laginous jaw and eventually replaced it.

Teeth are associated with the skull, although they are
derived embryologically from the integument and, function-
ally, are a part of the digestive system. The original function
of teeth was probably simple grasping and holding of food
organisms. These teeth were simple, conical, and usually
numerous. All were similar in shape, a condition called
homodont dentition. In fish, teeth may be located on vari-
ous bones of the palate and even on the tongue and in the
pharynx, in addition to those along the margin of the jaw.
Teeth adapted for different functions, a situation called het-
erodont dentition, have developed in most vertebrate lines
from cartilaginous fish to mammals (Fig. 1.9). The teeth of
modern amphibians, lizards, snakes, and crocodilians are of
the conical type. The teeth of mammals are restricted to the
margins of the jaw and are typically (but not always) differ-
entiated into incisors (chisel-shaped for biting), canines
(conical for tearing flesh), premolars (flattened for grinding),
and molars (flattened for grinding). Many modifications
occur, such as the tusks of elephants (modified incisors) and
the tusks of walruses (modified canines). Teeth have been lost
completely by representatives of some vertebrate lines, such
as turtles and birds, where the teeth have been replaced by a
horny beak.

Appendages. All available evidence (Rosen et al., 1981;
Forey, 1986, 1991; Panchen and Smithson, 1987; Edwards,
1989; Gorr et al., 1991; Meyer and Wilson, 1991; Ahlberg,
1995; and many others) suggests that tetrapods evolved from
lobe-finned fishes; therefore, tetrapod limbs most likely
evolved from the paired lobe fins. Fins of fishes typically are
thin webs of membranous tissue, with an inner support of
hardened tissue, that propel and stabilize the fish in its
aquatic environment. With the move to land, the unpaired
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. FIGURE 1.9
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Heterodont dentition of a wolf (Canis lupus).

fins (dorsal, anal) were lost, and the paired fins became mod-
ified into limbs for support and movement. Lobed-finned
fishes of today still possess muscular tissue that extends into
the base of each fin, and a fin skeleton that in ancestral forms
could have been modified into that found in the limbs of
tetrapods by losing some of its elements (Fig. 1.10). The ear-
liest known amphibians had a limb skeletal structure inter-
mediate between a lobe-finned fish and the limb skeleton of
a terrestrial tetrapod.

Tetrapod limbs differ from fish fins in that the former are
segmented into proximal, intermediate, and terminal parts,
often with highly developed joints between the segments.
Limbs of tetrapods generally contain large amounts of mus-
cular tissue, because their principal function is to support and
move the body. Posterior limbs are usually larger than the
anterior pair, because they provide for rapid acceleration and
often support a greater part of the body weight. Enormous
modifications occurred in the types of locomotion used by
tetrapods as they exploited the many ecological niches avail-
able on land; this is especially evident in mammals (Fig. 1.11).
Mammals may be graviportal (adapted for supporting great
body weight; e.g., elephants), cursorial (running; e.g., deer),
volant (gliding; e.g., flying squirrels), aerial (flying; e.g., bats),
saltatorial (jumping; e.g., kangaroos), aquatic (swimming; e.g.,
whales), fossorial (adapted for digging; e.g., moles), scansor-
ial (climbing; e.g., gray squirrels), or arboreal (adapted for life
in trees; e.g., monkeys). A drastic reduction in the number of
functional digits tends to be associated with the development
of running types of locomotion, as in various ancient diapsids,
in ostriches among living birds, and in horses, deer, and their
relatives among living mammals.

A similar structure found in two or more organisms
may have formed either from the same embryonic tissues in
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. FIGURE 1.10

(a) Rhipidistian
lobe-finned fish

(b) Primitive Tetrapod (c) Bird

(d) Dog

(e) Human (f) Bat (g) Whale

|. Humerus |:| Radius . Ulna

|:| Wrist and hand|

Homologous bones in the front limbs of various vertebrates: (a) rhipidistian lobe-finned fish (Eusthenopteron); (b primitive tefrapod (Eryops); (c) bird;
(d) dog; (e) human; (f] bat; (g) whale. (Key: dark shading: humerus; light shading: radius; black: ulna; white: wrist and hand.)

each organism or from different embryonic tissues. A struc-
ture that arises from the same embryonic tissues in two or
more organisms sharing a common ancestor is said to be
homologous. Even though the limb bones may differ in size,
and some may be reduced or fused, these bones of the fore-
limb and hindlimb of amphibians, diapsids, and mammals are
homologous to their counterparts (Fig. 1.12a). The wings of
insects and bats, however, are said to be analogous to one
another (Fig. 1.12b). Although they resemble each other
superficially and are used for the same purpose (flying), the
flight surfaces and internal anatomy have different embry-
ological origins.

The return of various lines of tetrapods to an aquatic
environment resulted in modification of the tetrapod limbs
into finlike structures, but without the loss of the internal
tetrapod structure. This is seen in various lines of extinct ple-
siosaurs, in sea turtles, in birds such as penguins, and in mam-
mals such as whales, seals, and manatees. All are considered
to be homologous structures, because they arise from modi-
fications of tetrapod limb-buds during embryogenesis.

The forelimbs of sharks, penguins, and porpoises pro-
vide examples of convergent evolution. When organisms that
are not closely related become more similar in one or more
characters because of independent adaptation to similar envi-
ronmental situations, they are said to have undergone con-
vergent evolution, and the phenomenon is called
convergence. Sharks use their fins as body stabilizers; pen-
guins use their “wings” as fins; porpoises, which are mam-
mals, use their “front legs” as fins. All three types of fins have
become similar in proportion, position, and function. The

overall shape of penguins and porpoises also converged
toward that of the shark. All three vertebrates have a stream-
lined shape that reduces drag during rapid swimming.

Musculature. The greatest bulk of the musculature of
fishes is made up of chevron-shaped (V-shaped) masses of
muscles (myomeres) arranged segmentally (metamerically)
along the long axis of the body and separated by thin sheets
of connective tissue known as myosepta (Fig. 1.13). A hor-
izontal septum divides the myomeres into dorsal, or epax-
ial, and ventral, or hypaxial, muscles. Coordinated
contractions of the body (axial) wall musculature provide
the main means of locomotion in fish. In the change to ter-
restrial life, the axial musculature decreased in bulk as the
locomotory function was taken over by appendages and their
musculature. The original segmentation became obscured
as the musculature of the limbs and limb girdles (pectoral
and pelvic) spread out over the axial muscles. In fishes, the
muscles that move the fins are essentially within the body
and are, therefore, extrinsic (originating outside the part on
which it acts) to the appendages. As vertebrates evolved the
abilities to walk, hop, or climb, many other muscles devel-
oped, some of which are located entirely within the limb
itself and are referred to as intrinsic muscles. In flying ver-
tebrates such as birds and bats, the appendicular muscula-
ture reaches enormous development, and the axial
musculature is proportionately reduced.

Respiration. Gas exchange involves the diffusion of oxy-
gen from either water or air into the bloodstream and car-
bon dioxide from the bloodstream into the external medium.
Fish acquire dissolved oxygen from the water that bathes the
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Types of locomotion in mammals. The specialized types of locomotion probably resulted from modifications of the primitive ambula-

tory (walking] method of locomotion.

gills located in the pharyngeal region. Gas exchange is
accomplished by diffusion through the highly vascularized
gills, which are arranged as lamellar (platelike) structures in
the pharynx (Fig. 1.14). An efficient oxygen uptake mecha-
nism is vital, because the average dissolved oxygen concen-
tration of water is only 1/30 that of the atmosphere.

In most air-breathing vertebrates, oxygen from a mixture
of gases diffuses through moist, respiratory membranes of
the lungs that are located deep within the body. Filling of the
lungs can take place either by forcing air into the lungs as in
amphibians or by lowering the pressure in and around the
lungs below the atmospheric pressure, thus allowing air to be
pulled into the lungs as is the case with turtles, lizards, snakes,
and crocodilians as well as with all birds and mammals. The
moist skin of amphibians permits a considerable amount of

integumental gas exchange with land-living members of one
large family of lungless salamanders (Plethodontidae) using
no other method of respiration as adults. Structures known
as swim bladders that are homologous to the lungs of land
vertebrates first appeared in bony fish; some living groups of
fish (lungfishes, crossopterygians, garfishes, bowfins) use
swim bladders as a supplement to gill breathing. In most liv-
ing bony fish, however, these structures either serve as hydro-
static (gas-regulating) buoyancy organs, or they are lost.
Circulation. Vertebrate cardiovascular systems consist of
a heart, arteries, veins, and blood. The blood, which con-
sists of cells (erythrocytes or red blood cells, leucocytes or
white blood cells, thrombocytes or platelets) and a liquid
(plasma), is designed to transport substances (e.g., oxygen,
waste products of metabolism, nutrients, hormones, and
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FIGURE 1.12
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Salamander 400 Alligator
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(a) Homology: hindlimbs of a hawk, a salomander, a plesiosaur, an
alligator, and an elk. Bones with the same infensity of shading are
homologous, although they are modified in size and in details of
shape by reduction or, even, fusion of bones (as in the elk and the
hawk). Identical sfructures have been modified by natural selection to
serve the needs of quite different animals. (b) Analogy: wings of an
insect, a bird, a bat, and a pterosaur. In each, the flight surfaces and
internal anatomy have different embryological origins; thus, the resem-
blances are only superficial and are not based on common ancestry or
embryonic origin.

antibodies) rapidly to and from all cells in the body. In
homeotherms, cardiovascular systems also regulate and
equalize internal temperatures by conducting heat to and
from the body surface. In fish, a two-chambered (atrium
and ventricle) tubular heart pumps blood anteriorly, where
it passes through aortic arches and capillaries of the gill
tissues before being distributed throughout the body
(Fig. 1.15a). The blood is oxygenated once before each sys-
temic circuit through the body.
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Musculature of a teleost with two myomeres removed fo show the shape
of the myosepta. Abductor muscles move a fin away from the midline of
the body; depressors lower the fin. The horizontal septum divides the
myomeres info dorsal (epaxial) and ventral (hypaxial) muscles.

The evolutionary change to lung breathing involved
major changes in circulation, mainly to provide a separate
circuit to the lungs (Fig. 1.15b). The heart became pro-
gressively divided into a right side that pumps blood to the
lungs after receiving oxygen-depleted blood from the gen-
eral circulation and a left side that pumps oxygen-rich blood
into the systemic circulation after receiving it from the lungs.
This separation of the heart into four chambers (right and
left atria, right and left ventricles) first arose in some of the
bony fish (lungfishes) and became complete in crocodilians,
birds, and mammals.

Digestion. Vertebrates, like other animals, obtain most of
their food by eating parts of plants or by eating other ani-
mals that previously consumed plants. Fish may ingest food
along with some of the water that they use for respiration.
In terrestrial vertebrates, mucous glands are either present in
the mouth or empty into the mouth to lubricate the recently
ingested food.

The digestive tube is modified variously in vertebrates,
mostly in relation to the kinds of foods consumed and to the
problems of food absorption. The short esophagus of fish
became elongated as terrestrial vertebrates developed a neck,
and as digestive organs moved posteriorly with the develop-
ment of lungs. In most vertebrate groups, the stomach has
been a relatively unspecialized structure; however, it has
become highly specialized in many birds, where it serves to
both grind and process food, and in ruminant mammals,
where a portion of the stomach has been modified into a
fermentation chamber. The intestine, which generally is
longer in herbivorous vertebrates than in carnivorous verte-
brates as an adaptation for digesting vegetation, is modified
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. FIGURE 1.14
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Vertebrate gills: Infernal gills of (o] a lamprey, (b] a shark, and (c) a bony fish. External gills of (d) African lungfish and (e} a salamander. Gills allow
aquatic verfebrates to acquire oxygen from water by diffusion across the gill lamellae.

variously internally to slow the passage of food materials and
to increase the area available for absorption. A spiral valve
that also increases the absorptive area of the intestine is pre-
sent in cartilaginous and some bony fishes and in some
lizards. Pyloric caecae (blind-ended passages at the junction
between the stomach and first part of the intestine) serve the
same function in most bony fishes (teleosts are one type of
bony fish) and also may be present in some diapsids and
mammals. In teleosts, caecae number from several to nearly
200 and serve as areas for digestion and absorption of food.
The mammalian small intestine is lined with tiny fingerlike
projections known as villi that serve to increase the absorp-
tive surface area.

Control and Coordination. The nervous and endocrine
systems control and coordinate the activities of the vertebrate

body. The brain, as the most important center of nervous
coordination, has undergone great changes in the course of
vertebrate evolution. In addition, various sense organs have
developed to assist in coordinating the activities of the verte-
brate with its external environment.

The relative development of the different regions of the
brain in vertebrates is related largely to which sense organs
are primarily used in obtaining food and mates. The forebrain
(telencephalon and diencephalon) consists of the olfactory
bulb, cerebrum, optic lobe, parietal eye, pineal body, thala-
mus, hypothalamus, and hypophysis (pituitary). In hagfish,
lampreys, and cartilaginous fishes, the forebrain is highly
developed because these vertebrates locate food mainly
through olfactory stimuli (Fig. 1.16). The cerebral hemi-
spheres of the forebrain (formerly olfactory in function only)
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From Hildebrand, Analysis of Vertebrate Structure, 44 edition. Copyright © 1995 John Wiley & Sons, Inc. Reprinted by permis-

sion of John Wiley & Sons, Inc.

become increasingly important association centers of the
brain. The midbrain (mesencephalon) is most highly devel-
oped in many bony fish and in birds because of the impor-
tance of vision in obtaining food and for flight. The
hindbrain (rhombencephalon) consists of the cerebellum,
medulla oblongata, and pons. The cerebellum is responsible
for muscular control and coordination; the medulla and pons
serve as relay centers and also contain control centers that
regulate such functions as respiration and blood pressure.

Both the brain and spinal cord are enclosed in protective
membranes known as meninges.

Olfaction

All vertebrates possess a sense of smell (olfaction). In hag-
fish, in lampreys, and in all fish except the sarcopterygians
(lobe-finned fish), the olfactory receptors are recessed in
paired, blind-ended pits known as nasal sacs. In all other ver-
tebrates, the olfactory region is connected to the oral cavity.
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Vision
The paired eyes of vertebrates are remarkably constant struc-
tures throughout the vertebrates (Fig. 1.17). They tend to be
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reduced or lost, however, in vertebrates that have adapted to
cave or subterranean life where light is dim or absent. An addi-
tional medial, unpaired eye is present in hagfish, lampreys,
and some diapsids. Among diapsids, this well-developed pari-
etal eye functions as a light-sensitive organ in the tuatara
(Sphenodon), and a vestigial parietal eye may be seen as a
light-colored spot beneath a medial head scale in many kinds
of lizards.

Hearing and Vibration Receptors

The ability to detect sound is essential to most vertebrates.
The receptors for sound waves, as well as the receptors for
equilibrium, are located within the labyrinth in the inner ear
(Fig. 1.18). Sound may be used as a warning, for attracting
mates, for aggression, for locating food, and for maintain-
ing contact between members of a group. Some vertebrates
can detect sound below and above the range of human hear-
ing, called infrasound and ultrasound, respectively. Some
aquatic vertebrates have systems of neuromasts, hair cells
imbedded in a gelatinous matrix widely distributed over the
body surface. Neuromasts open to the outside and are
responsive to vibrations in the water; they have been lost in
terrestrial vertebrates.

Endocrine System
Chemical control of coordination is accomplished by means
of hormones secreted by endocrine glands. In most cases,
endocrine organs of different groups of vertebrates are
homologous, and similar endocrine controls operate through-
out all vertebrates. However, similarities among hormones of
different vertebrate groups do not necessarily imply similar
function. Prolactin, for example, regulates such activities as
nest building, incubation of eggs, and protection of young in
many vertebrates. In female mammals, however, prolactin
stimulates milk production by the mammary glands.
Kidney Excretion. The vertebrate kidney has evolved
through several stages: pronephros, opisthonephros, and
metanephros. The pronephros develops from the anterior
portion of tissue (nephrogenic mesoderm) that gives rise to
the kidney and forms as a developmental stage in all verte-
brates. It is functional, however, only in larval fish and
amphibians, and it remains throughout life only in lampreys,
hagfishes, and a few teleosts. Even then it functions as an
adult kidney only in hagfishes; in all other vertebrates, it
ceases to function as a kidney and becomes a mass of lym-
phoid tissue. An opisthonephros serves as the functional kid-
ney of adult lampreys, as well as fishes and amphibians. The
kidneys of birds and mammals (metanephros) develop from
the posterior portion of the nephrogenic mesoderm.
Nitrogenous wastes from metabolism and excess salts
mostly are removed through the kidney by functional units
called nephrons (Fig. 1.19). Excretion maintains proper con-
centrations of salts and other dissolved materials in body
fluids. Freshwater fish live in water that has lower salt con-
centrations than their own body fluids; they have large
nephrons and use water freely to dilute metabolic wastes
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during excretion. Marine fish, on the other hand, live in excreting salt through their gills. Cartilaginous marine fish
water in which the salt concentrations are higher than in solve the problem by retaining nitrogenous wastes in the
their own body fluids, and as a result, they are in danger of body fluids in the form of urea, thereby raising the total
losing water to their environment. Bony marine fish solve osmotic pressure of their internal fluids without increasing

this problem by reducing the size of their nephrons and by the salt concentration.
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From Hildebrand, Analysis of Vertebrate Structure, 425 edition. Copyright
© 1995 John Wiley & Sons, Inc. Reprinted by permission of John Wiley &
Sons, Inc.

Lagena (curved)
(f) Mammal

Terrestrial vertebrates also face the problem of water con-
servation when excreting metabolic wastes. The filtering por-
tion of the nephron (renal corpuscle) is relatively small, and
much water is reabsorbed in the tubule portion of the nephron.
Many turtles, lizards, snakes, crocodilians, and most birds
excrete crystalline uric acid; mammals, however, excrete a solu-
tion of urea, although the solution may be very concentrated
in desert inhabitants such as kangaroo rats (Dipodomys).

Reproduction. Reproductive output among vertebrates is
influenced by sexual state, method of fertilization, and envi-
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ronmental factors such as temperature, photoperiod, and
availability of water. Much of this variation in reproductive
output arises because some vertebrates are ectothermic (ani-
mals whose body temperature is variable and fluctuates with
that of the thermal environment), whereas others are
endothermic (animals that use heat derived from their own
oxidative metabolism to elevate their internal body tempera-
ture independently of the thermal environment). Hormones
and environmental factors such as temperature, rainfall, and
sunlight control the periodicity of breeding and exert a much
greater influence on ectothermic species. The age at which an
organism reaches sexual maturity and can breed is a major fac-
tor in determining growth and size of its population, whereas
factors such as floods, droughts, extreme temperatures, para-
sites, predators, and availability of food can significantly affect
the number of individuals reaching sexual maturity.

Vertebrate young typically are born or hatched during
the period of the year when environmental conditions are
most favorable for their survival. In tropical and subtrop-
ical areas, many species are able to breed throughout the
year, so that distinct periods of breeding (breeding seasons)
are not as pronounced as they are in areas of greater lati-
tude or altitude. In nonequatorial regions, breeding is con-
trolled by cyclic environmental factors such as photoperiod,
temperature, and the availability of water. Other factors,
such as availability of food and the production of hor-
mones, are influenced by these cyclic environmental fac-
tors. Thus, breeding in many vertebrates has a periodicity
correlated with the environmental conditions in their
region of the world.

Some species have high reproductive rates and produce
a large number of offspring with rapid developmental rates
but low survival. Such species, which are generally small and
provide minimal parental care, are known as r-strategists
(Table 1.1) They are opportunistic and often inhabit unsta-
ble or unpredictable environments where mortality is envi-
ronmentally caused and is relatively independent of
population density (Smith, 1990). Species that are r-strate-
gists allocate more energy to reproductive activities and less
to growth and maintenance. They are good colonizers and
are usually characteristic of early successional stages.

Other species have low reproductive rates and produce
relatively few young that mature slowly but are long-lived.
These species, known as K-strategists, are relatively large
and provide care for their young. They are competitive
species whose stable populations are limited by available
resources. Mortality is generally caused by density-dependent
factors rather than by unpredictable environmental factors.
K-strategists allocate more energy to nonreproductive activ-
ities, are poor colonizers, and are characteristic of later stages
of succession.

The ability of the sexes of a given species to recognize
one another is of utmost importance for generating offspring.
This is accomplished in a variety of ways that involve one or
more of the sense organs of smell, sight, touch, and hearing.
Colorful features, pheromones, vocalizations, and courtship
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behavior may all be employed by one sex in their search for
a suitable mate.

The complexity of courtship ranges from being almost
nonexistent to very elaborate and extensive, such as that
found in humans. In each vertebrate group members of some
species come together solely to breed, whereas members of
other species mate for life. A great deal of variation between
these two extremes also occurs.

Most vertebrates are dioecious, meaning that male and
female reproductive organs are in separate individuals. A few
hagfish and lampreys, as well as some fish, are hermaphro-
ditic (both male and female reproductive organs develop in
the same individual, but normally do not function simulta-
neously). A few genera of bony fish and lizards have
parthenogenetic species in which females produce young
without being fertilized by males.

Modes of reproduction vary among vertebrates. They
include oviparous development (egg laying) and viviparous
development (giving birth to nonshelled young). Oviparity is
probably the ancestral mode of reproduction, whereas vivipar-
ity represents an evolutionary advance, because a smaller
number of larger offspring that have a better chance of sur-
vival are produced. According to Blackburn (1992), vivipar-

ity originated on at least 132 independent occasions among
vertebrates, with 98 of these having occurred in reptiles.

Ova are fertilized in a variety of ways. Fertilization occurs
outside the body of the female, called external fertilization,
in some species; in others, it occurs within the female’s body,
called internal fertilization. In some species, sperm is stored
within the body of the female for extended periods of time.
Howarth (1974) reports that the extended storage of sperm
and the resultant delayed fertilization is represented in every
vertebrate class with the exception of jawless fishes (classes
Myxini and Cephalaspidomorphi). Female diamondback ter-
rapins (Malaclemys terrapin), for example, have been reported
to lay fertile eggs 4 years following mating (Hildebrand,
1929). Other examples include most temperate species of
bats, which mate in the fall just prior to entering hibernation,
with viable sperm remaining in the female’s reproductive tract
until her emergence from hibernation in the spring.

Most ray-finned fish and many amphibians reproduce by
external fertilization. Eggs are discharged into the water, and
sperm are released in the general vicinity of the eggs. Many
eggs and sperm must be produced to ensure that enough of
the eggs are fertilized; even so, fertilized eggs (zygotes) may
be exposed immediately to the uncertainties of independent



Linzey: Vertebrate Biology 1. The Vertebrate Story: An
Overview

TABLE 1.1

Text

© The McGraw-Hill
Companies, 2003

The Vertebrate Story: An Overview

Demographic and Life-History Attributes Associated with 7- and K-Type
Populations of Amphibians and Reptiles

Attributes
Population size (density)

Age structure

Sex ratio

Population turnover

Age at sexual maturity
Longevity

Body size

Clutch size

r-type
Seasonally variable; highest
after breeding season, lowest at
beginning of breeding season

Seasonally and annually
variable; most numerous in
younger classes, least in adults

Variable, often balanced

Usually annual, rarely beyond
2 years

K-type
High to low, but relatively
stable from year to year

Adult age classes relatively
stable; most numerous in
adult classes

Variable, often balanced

Variable, often >1.5 times
age of sexual maturity;

to decades
Usually <2 years Usually >4 years
Rarely >4 years Commonly >8 years

Small, relative to taxonomic
group

Moderate to large

Small to large

Small to large

Multiple breeding seasons,
usually once each season

17

Clutch frequency Usually single breeding
season, often multiple times
within season

Annual reproductive effort High

Low to moderate

From G.R. Zug, Herpetology, 1993. Copyright © Academic Press, New York. Reprinted by permission.

existence. Internal fertilization, on the other hand, increases
the chances of fertilization and consequently reduces the
number of eggs and sperm that must be produced. Internal
fertilization has appeared in various groups of ray-finned fish,
some amphibians, and universally in cartilaginous fish, tur-
tles, lizards, snakes, crocodilians, birds, and mammals. Reten-
tion of developing zygotes within the reproductive tract of
the mother (viviparous development) provides a more stable
environment for development and has the advantage of pro-
tecting the developing young at a stage when they cannot
escape predators or unfavorable environmental conditions.
Most fish that use internal fertilization are viviparous.
Zygotes are retained within the mother’s body until they are
ready to emerge as free-swimming juveniles. Among terrestrial
vertebrates, turtles, lizards, and crocodilians lay eggs (oviparous).
Snakes may be oviparous or viviparous. All birds are oviparous.
Two mammals, the duck-billed platypus and the spiny anteater
are oviparous; all other mammals are viviparous. Mammalian
zygotes retained by the mother must be attached to the wall of
the reproductive tract by a highly efficient connection (pla-

centa) so that they can receive nourishment and oxygen from
the mother and have their wastes removed.

Embryos of reptiles, birds, and mammals are enclosed in
a protective membrane known as an amnion. The amnion,
which forms a fluid-filled sac in which the embryo floats dur-
ing its development, is one of four extraembryonic mem-
branes that are present in these groups of vertebrates.
Therefore, reptiles, birds, and mammals are referred to as
amniotes; fishes and amphibians, which lack an amnion, are
known as anamniotes.

Some kinds of fish, such as bluegills, protect their nest
(redd) until the young have hatched, and some even carry the
zygotes in their mouth (some catfishes, mouthbreeders in
the family Cichlidae) or in a pouch (sea horses) until they
hatch (see Fig. 4.53). Many salamanders (Fig. 1.20), some
anurans, some lizards, some snakes, all crocodilians, most
birds, and all egg-laying mammals guard and protect their
eggs during incubation. Some birds and mammals are well
developed at birth, have their eyes and ears open, are covered
with feathers or hair, and can walk or swim shortly after birth
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. FIGURE 1.20

Female dusky salamander (Desmognathus) guarding her eggs. Many
salamanders and some frogs remain with their eggs to prevent predation
by arthropods (such as anfs, beetles, and millipedes| and by other sala-
manders and frogs. In some cases, the male parent guards the eggs.

(Fig. 1.21). Ducks, geese, jackrabbits, and deer are examples
of such precocial young. Other birds and mammals are born
naked and with their eyes and ears sealed, called altricial
young. Parents of altricial young show more highly developed
parental care than parents of precocial young, feeding and
caring for the young during their early helpless stages of
development. In birds, extensive parental care seems related
to the fact that young are mostly helpless until they have
learned to fly. In mammals, nourishment is provided by the
mammary glands of the mother.

Growth and Development. Prenatal (embryonic) devel-
opment in all vertebrates follows the same basic pattern: gen-
eral characters develop first, then the more specific characters.
For example, the dorsal nerve tube, notochord, and pharynx
are among the first structures to develop. These are followed
by gill pouches, aortic arches, and pronephric kidneys in all
vertebrates. Then, in tetrapods, pentadactyl limbs, meso-
nephric and metanephric kidneys, and specific amphibian,
reptilian, avian, and mammalian characters appear.

Parental care among vertebrates ranges from being
nonexistent in many species to lasting many years in some
higher primates. The young of many species are born as
miniature adults and do not pass through a larval stage of
development. Others, such as many salamanders and frogs,
pass through a larval stage of development before trans-
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One-day-old meadowlark

Precocial
One-day-old ruffed grouse

Comparison of 1-day-old alrricial and precocial young. The alricial
meadlowlark (left) is born nearly naked, blind, and helpless. The preco-
cial ruffed grouse (right), however, is born covered with down, is alert,
and is able to walk and feed itself.

forming or metamorphosing into the adult form. The time
required to reach sexual maturity ranges from several weeks
in some fishes to several years in some birds and mammals.

The length of time an animal survives depends on its
species as well as on factors such as food availability, shelter,
and competition. Few animals die of old age in the wild.
They may be eaten, killed by hunters, succumb to parasites
and/or disease, suffer from climatic events such as drought
or flooding, or die because their habitat has become polluted,
reduced, or destroyed.

B ROLE OF VERTEBRATES

Vertebrates play major roles in the ecosystems of the Earth.
They form an essential link in the ecological processes of
life and often have close-knit interactions with plants and
invertebrates. For example, hummingbirds and some bats
(Fig. 1.22) pollinate plants, whereas other birds and mam-
mals assist in transporting seeds (Chapters 9 and 10). Seeds
may pass through the digestive tract and are often dispersed
long distances from their place of origin, or they may be
transported by attachment to the fur of mammals. Some
species, such as gopher tortoises (Gopherus) and woodchucks
and marmots (Marmota), excavate burrows that may be used
by a wide array of invertebrates as well as by other verte-
brate species (Chapter 13). Many feed on invertebrates,
including insects. Conversely, many vertebrates serve as
food for other species (Chapter 13).

Humans are playing an ever-increasing role in the dis-
tribution and abundance of vertebrates. The contamination
of natural resources (soil, water, air) has a negative impact on
most forms of life. The release of human-made chemicals,
the destruction of ozone molecules, global warming, the
buildup of estrogen compounds—all have had detrimental
effects on other species (Chapter 16). Thus, a critical role for
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Although insects and hummingbirds are widely known as pollinators,
some bats, such as this lesser long-nosed bat (leptonycteris curasoae)
also facilitate the fransfer of pollen. Note the Saguaro cactus pollen on
the bat's face.

humanity is to develop a sustainable, nondestructive lifestyle
in order to live in harmony with all other vertebrates.

Humans long have hunted other vertebrates for their
meat, fur, skin, feathers, ivory, and oil (Chapters 13 and 15).
The commercial fishing industry forms a major component
of the economy of many nations, and whaling was formerly
a significant activity in many countries. Sport fishing and
hunting are of major importance in some regions. In recent
years, many countries have commercialized wildlife species
in order to attract tourists for tours and photographic safaris,
a practice called ecotourism (Chapter 16). Such activities
offer an excellent means of using renewable resources in a less
destructive way, while providing educational and economic
opportunities.

The domestication of many species has provided humans
with food, clothing, work animals, and companionship. Many
new laws and regulations have affected the collection of native
vertebrates, as well as the importation of certain foreign
species that are considered endangered (Chapters 13 and 15,
Appendix II). Zoos, theme parks, and aquariums typically
feature vertebrate species. In the past, zoos have been com-
posed largely of caged animals whose natural instincts and
behavior generally deteriorated the longer they were in cap-
tivity. The emphasis now is on providing natural habitats for
as many species as possible, supplying educational informa-
tion about each species, and creating suitable conditions for
selected species to breed and produce offspring. Captive
breeding programs, which have been established at various
zoos around the world, exchange zoo-reared offspring as a
means of helping maintain genetic diversity within the species.

© The McGraw-Hill
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B FUTURE RESEARCH

The literature on vertebrates is voluminous. In 1991 alone,
Wildlife Review (formerly an abstracting service of the U.S.
Fish and Wildlife Service) listed 13,632 citations just for
articles on amphibians, reptiles, birds, and mammals. By
1995, the number of citations had risen to 15,586. A great
deal of time and effort is required to keep current with
research and developments involving even one group of ver-
tebrates. For this reason, most vertebrate biologists concen-
trate their attention on only one group, on one aspect of
vertebrate life such as reproductive physiology, or on a par-
ticular aspect of comparison among two or more groups, such
as their systematic relationships.

Much important and significant information has yet to
be discovered concerning the biology, ecology, genetics, evo-
lution, and behavior of vertebrate species. For example, what
mechanisms are used for communication? How do many
species communicate with one another? Is infrasound impor-
tant in more than just a few species? Which species possess
color vision and/or vision outside of the visible spectrum,
and exactly what can they see? Why can some vertebrates
regenerate limbs and other portions of their bodies, whereas
others cannot? Can domestic animals produce beneficial sub-
stances such as hemoglobin and hormones in significant
quantities for human use? Can squalamine, a compound dis-
covered in the stomachs and livers of dogfish sharks, cure
cancer in humans? Squalamine inhibits the growth of tumor-
induced new blood vessels in animal systems and also reduces
the spread of tumor metastases. Can the toxic alkaloid com-
ponents of dart poison frogs be beneficial as a drug for
humans (Fig. 1.23)? Research currently under way with poi-
son dart frogs indicates that at least one epidermal opioid
compound—epibatidine—may act as a potent painkiller
(Bradley, 1993).

Efforts to control wild populations of certain abundant
mammals such as white-tailed deer (Odocoileus), wild horses

. FIGURE 1.23

Blue dart poison frogs (Dendrobates azureus) produce foxic alkaloids in
their skin as a chemical defense against predation.
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(Equus), raccoons (Procyon), skunks (Mephitis, Spilogale), and
woodland voles (Microtus) continue. Fertility-inhibiting
implants and contraceptive vaccines are the latest techniques
being tested for birth control purposes and are discussed in
Chapter 14.

The mysteries of migration have yet to be fully under-
stood. How do some young birds, migrating alone for the
first time and with no previous knowledge of the terrain,
successfully migrate to their overwintering grounds?

New undescribed species continue to be discovered, par-
ticularly in tropical areas (Fig. 1.24). New techniques such
as DNA sequencing and hybridization will continue to pro-
vide data concerning the relationships of living populations
and also of some forms now extinct. DNA dated at least
47,000 years B.P. (before the present) has been recovered
from Siberian woolly mammoths (Mammuthus primagenius)
(Hagelberg et al., 1994). These are the oldest dated verte-
brate remains from which intact DNA has been amplified.
Paleontological discoveries will continue to add to our
knowledge of vertebrate species that previously inhabited
the earth.

A great deal of future research will be directed toward
saving endangered species—both wild populations and
those in captive breeding programs. New techniques and
procedures will need to be developed to enhance the suc-
cess of these programs. The reintroduction of such species
as the red wolf and timber wolf into suitable areas must be

. FIGURE 1.24
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The number of new mammal species discovered [some resulfing from
taxonomic revisions) from 1760 to 1990. While the biggest burst of
discovery is over, the number of new mammals is rising again, with
additions from mice fo monkeys.

Source: Data from V. Morrell, “New Mammals Discovered by Biology’s New
Explorers,” in Science, 273:1491, September 13, 1996.
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based on sound biological data and not political rhetoric.
Public education will be critical to the success of every one
of these programs.

Many exciting and challenging research activities await
interested researchers. You may be one of those researchers
who one day will add to our knowledge of this large and fas-
cinating group of animals.

FIGURE 1.25

(b)

[a) The black-headed sagui dwarf marmoset (Callithrix humulis) is
the seventh new monkey discovered in Brazil since 1990. (b) The
free kangaroo (Dendrolagus mbaiso), another newly discovered
mammal, inhabits an area of Indonesia so remote that the kanga-
roo had never before been seen by scientisfs.
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. BIO-NOTE 1.1
Discovering New Vertebrate Species

The discovery of a new species is an exciting part of sci-
entific research. Although the majority of newly described
animals are invertebrates, many vertebrates are still
“unknown” to science. In 1993, the smallest known tetra-
pod, a leptodactylid frog (Eleutherodactylus iberia) was dis-
covered in Cuba (Estrada and Hedges, 1996). In
November 1994, a tiny acrobatic bird (Acrobatornis
Jonsecai) that spends most of its time upside down, run-
ning back and forth along the undersides of branches, was
discovered in Brazil (Pacheco, 1996). Between 1937 and
1993 at least 16 “new” large mammal species were discov-
ered, three of which also represented undescribed genera.
They included two porpoises (Lagenodelphis hosei , Pho-
coena sinus), four beaked whales (Zasmacetus shepherdi,
Mesaoplodon ginkgodens, M. carlhubbsi, M. peruvianus), a
wild pig (Sus heureni), the Chacoan peccary (Catagonus
wagneri), four deer (Mazama chunyi, Moschus fuscus,
Muntiacus atherodes, Muntiacus gongshanensis), the kouprey
(Bos sauwveli), a gazelle (Gazella bilkis), a wild sheep
(Pseudots schaeferi), and a bovid (Pseudoryx nghetinhensis).

Smaller mammals also are being discovered. In just
the last decade, 11 new species of primates, several bats,
and several genera and species of rodents have been iden-
tified. In 1988, a new species of tarsier (Zarsius dianae)
was recorded from Indonesia. In 1990, Bernhard Meier
captured the world’s second smallest lemur, the hairy-
eared dwarf lemur (A/locebus trichotis), in Madagascar.
This was the first time that scientists had ever seen this
animal alive.

Seven new species of Brazilian primates have been
found since 1990. The black-faced lion tamarin (Callithrix
caissara) was found in 1990. The Rio Maues marmoset
(Callithrix mauesi) was discovered in 1992, in an undis-
turbed area near the Maues River, a tributary of the Ama-
zon 800 miles upriver from the Amazon delta. The Satere
marmoset (Callithrix saterei) was found in the rain forests of
Amazonia in 1996. Other recently discovered species of pri-
mates from Brazil include Kaapor’s capuchin (Cebus kaa-
pori), the black-headed marmoset (Callithrix nigriceps), and
Marca’s marmoset (Callithrix marcai). The most recent new
species from Brazil is the black-headed sagui dwarf mar-
moset (Callithrix humulis) (Fig. 1.252); its discovery was
announced in August 1997 (Pennisi, 1997¢), and a full sci-

entific description was published in the Brazilian journal
Goeldiana (Roosmalen et al., 1998). It is the second smallest
monkey species, with an average adult measuring 9-10 cm
and weighing between 170 and 190 g. This newly discov-
ered monkey may also have the world’s smallest distribution
for a primate: It is found only between the Amazon tribu-
taries Rio Madeira and Rio Aripuana, in an area 250,000 to
300,000 hectare in size, an area smaller than the state of
Rhode Island. This is by far the smallest distribution of any
primate in the Amazon.

During a two-week period in July 1996, evolutionary
biologist James L. Patton discovered four new species of
mice, a shrew, and a marsupial in Colombia’s central
Andes. In 1991, Patton discovered a new species of spiny
mouse (Scolomys juaraense) in Brazil whose nearest relatives
had been known only from the Andean foothills in
Ecuador, 1,500 km away. Lawrence Heaney of Chicago’s
Field Museum recently discovered 11 new mammals in the
Philippine Islands. Between 1991 and 1996, Philip Her-
shkovitz, also of the Field Museum, discovered two new
genera and 16 new species of field mice in Brazil’s Cerrado
grasslands. In late 1994, a new species of tree-dwelling
kangaroo (Dendrolagus mbaiso) was discovered in Indonesia
(Fig. 1.25b). In late 1997, a plump, 9-in.-long, almost tail-
less bird known as an antpitta was discovered for the first
time in the Ecuadorian Andes (Milius, 1998b). In August
1999, the Ammonite rabbit, a previously unknown species,
was discovered in the remote, forested mountains between
Laos and Vietnam (in press).

When all of the new genera are officially named and
described, researchers estimate that the number of known
mammals alone will jump by at least 15%. Russell Mitter-
meir, a primatologist and president of Conservation Inter-
national in Washington, D.C., estimates that ten more
species of primates will be found in the next decade.

Niemitz et al., 1991
Wilson and Reeder, 1993
Chan, 1994

Pine, 1994

Flannery et al., 1995
Morell, 1996
Anonymous, 1997a
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1. Why are tunicates and cephalochordates classified in the phy- 7. What are the two main control systems in the body of a ver-
lum Chordata? What do they have in common with vertebrates? tebrate?

2. Differentiate between poikilothermy and homeothermy. Give 8. Discuss the adaptations that freshwater bony fish, marine bony
several examples of vertebrates exhibitng each type of ther- fish, and cartilaginous fish have evolved to maintain the proper
moregulation. concentrations of salts and other dissolved materials in their

3. Compare the adaptive advantages of hair, feathers, and reptil- body fluids.
ian scales. 9. Differentiate between viviparous and oviparous. Give examples

4. List the four types of teeth that may be found in mammals. of each.

Give the function of each type. 10. List several characteristics that distinguish altricial from pre-

5. Define the terms homologous and analogous. Give two examples cocial species. Give several examples.
for each.

6. Distinguish among the following types of locomotion in mam-

mals: cursorial, volant, arboreal, aerial, saltatorial, and fossorial.
Give an example for each.
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Visit the zoology website at http://www.mhhe.com/zoology to find
live Internet links for each of the references listed below.

. Introduction to the Urochordata.

Provides an introduction to the urochordates.

. Introduction to the Cephalochordata.

Provides an introduction to the cephalochordates.

. Morphology of the Chordata.

Discusses morphological characteristics of the chordates and
serves as a link to additional information.

. The Tree of Life.

Contains information about phylogenetic relationships,
characteristics of vertebrates, their origin and evolution, and
a bibliography.

. Paleontology Without Walls.

Provides links to phylogeny, geologic time, morphology, sys-
tematics, and evolutionary thought.

6.

Careers in Biology: Emporia State University.
Serves as a link to sites listing job opportunities in the bio-
logical sciences.

. CalPhotos: Animals.

An immense database, which has information and photos of
nearly any animal you could imagine. A good resource for pho-
tos to include in research papers.

. Links to Many Specific Career Descriptions.

At least 200 links to websites can be found through this site,
which is updated frequently. An alphabetical listing of occu-
pations in biology allows the user to see web sites under many
of the listings that include detailed descriptions of careers.

. Iternet Resource Guide for Zoology.

From Biosis, a searchable index.
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CHAPTER 2

Systematics and
Vertebrate Evolution

B INTRODUCTION

Biologists attempt to classify living things according to their
evolutionary relationships. Because these relationships prob-
ably can never be known exactly, several systematic schools
of thought have developed, each of which has developed its
own classification system.

The first step in classification is the grouping together
of related forms; the second is the application of names to
the groups. Some refer to the first step as systematics and the
second as taxonomy; others use the two terms interchange-
ably to describe the entire process of classification.

Systematics comes from the Latinized Greek word sys-
tema, which was applied to early systems of classification. It
is the development of classification schemes in which related
kinds of animals are grouped together and separated from
less-related kinds. Simpson (1961) defined systematics as,
“the scientific study of the kinds and diversity of organisms
and of any and all relationships among them.” Systematics,
which endeavors to order the rich diversity of the animal
world and to develop methods and principles to make this
task possible, is built on the basic fields of morphology,
embryology, physiology, ecology, and genetics.

Taxonomy is derived from two Greek words: faxis,
meaning “arrangement,” and homos, meaning “law.” It is the
branch of biology concerned with applying names to each of
the different kinds of organisms. Taxonomy can be regarded
as that part of systematics dealing with the theory and prac-
tice of describing diversity and erecting classifications. Thus,
systematics is the scientific study of classification, whereas
taxonomy is the business and laws of classifying organisms.

Frequently, the two disciplines overlap. Taxonomists may
attempt to indicate the relationships of the organism they are
describing; systematists often have to name a new form
before discussing its relationships with other forms. In both
disciplines, distinction must be made among various levels of
differences. Individual differences must be eliminated from
consideration, and features characteristic of the populations
of different species must be used as the basis for forming

groups. A population is a group of organisms of the same
species sharing a particular space, the size and boundaries of
which are highly variable. Similar and related populations
are grouped into species, and species are then described.
Thus, the species, not individuals, are the fundamental units
of systematics and are the basis of classification.

If the fossil record was complete and all of the ancestors
of living animals were known, it would be straightforward to
arrange them according to their actual relationship. Unfor-
tunately, the fossil record is not complete. Many gaps exist.
As a result, the classification of organisms is based primar-
ily on the presence of similarities and differences among
groups of /iving organisms. These similarities and differences
reflect genetic similarities and differences, and in turn genetic
similarities and differences reflect evolutionary origins. Fos-
silized remains are used whenever possible to extend lineages
back into geologic time and to clarify the evolution of groups.
For example, paleontological discoveries have clarified our
understanding of the development of the tetrapod limb as
well as the groups from which birds and mammals arose.
Many controversies currently exist due to differences in inter-
preting the paleontological evidence (Gould, 1989). As tech-
niques improve and more fossils are discovered, the gaps in
the fossil record will become fewer, and our understanding
of vertebrate evolution and the relationships among the dif-
ferent taxa will increase.

B BINOMIAL NOMENCLATURE

The current system of naming organisms is based on a
method gradually developed over several centuries. It was
not finally formalized, however, until the mid-18th century.

In 1753, the Swedish naturalist Carl von Linne, better
known as Carolus Linnaeus (1707-1778), published a book,
Species Plantarum, in which he attempted to list all known
kinds of plants. In 1758, he published the tenth edition of a
similar book on animals entitled Systema Naturae. In that
edition, the binomial system of nomenclature (two names)




Linzey: Vertebrate Biology
Vertebrate Evolution

24 Chapter Two

was applied consistently for the first time. The scientific
name (binomen) of every species consisted of two Latin or
Latinized words: The first was the name of the genus to
which the organism was assigned, and the second was the
trivial name. In addition, this work was characterized by
clear-cut species descriptions and by the adoption of a hier-
archy of higher groupings, or taxa, including family, order,
and class.

Linnaeus’s methods by no means were entirely original.
Even before Linnaeus, there was recognition of the cate-
gories “genus” and “species,” which in part goes back to the
nomenclature of primitive peoples (Bartlett, 1940). Plato
definitely recognized two categories, the genus and the
species, and so did his pupil Aristotle. But Linnaeus’s system
was quickly adopted by zoologists and expanded because of
his personal prestige and influence. Thus, this was the begin-
ning of the binomial system of nomenclature and of the mod-
ern method of classifying organisms. Any zoological binomial
published in the year 1758 or later can be considered a valid
scientific name; those published prior to 1758 are not. For
this reason, Linnaeus is often called the father of taxonomy.

In his tenth edition of Systema Naturae, Linnaeus listed
4,387 species of animals. This was a substantial increase over
the 549 species mentioned in the first edition in 1735. Since
these represented a large variety of different forms, shapes,
and sizes of organisms, Linnaeus adopted a system of group-
ing similar genera together as orders, and groups of similar
orders as classes. He grouped all the classes of animals
together as members of the animal kingdom, as distinct from
the plant kingdom.

The classes established by Linnaeus were as follows:

1. Quadrupeds Hairy body; four feet; females vivip-
arous, milk-producing

Feathered body; two wings; two feet;
bony beak; females oviparous

Body naked or scaly; no molar

teeth; other teeth always present;

no feathers

II. Birds

III. Amphibia

IV. Fishes Body footless; possessing real fins;
naked or scaly

V. Insects Body covered with bony shell
instead of skin; head equipped with
antennae

VI. Worms Body muscles attached at a single

point to a quasi-solid base

Classes I, II, and IV correspond to the traditional evo-
lutionary taxonomic classes (mammals, birds, and fishes)
used today. Class III, however, included both amphibians
and reptiles.

Common names create difficulties because they often
vary with locality, country, or other geographic subdivision.
For example, the term salamander may mean an aquatic
amphibian, or (to many persons in the southeastern United
States) it may refer to a mammal, the pocket gopher
(Geomys). In the latter instance, it is probably a contraction
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of “sandy-mounder,” which refers to the characteristic
mounds constructed by the pocket gopher. The word /izard
is used by many persons to refer to a salamander. The word
gopher may be used to refer to a ground squirrel, to a pocket
gopher, to a mole, and in the southeastern United States, to
a turtle, the gopher tortoise (Gopherus polyphemus).

Scientific names are recognized internationally and allow
for more precise and uniform communication. Because Latin
is not a language in current use, it does not change and is
intelligible to scientific workers of all nationalities. An impor-
tant asset of the scientific name is its relative stability. Once
an animal is named, the name remains, or if it is changed,
the change is made according to established zoological rules.
The scientific name is the same throughout the world.

The mammal that once had the largest range of any
mammal in the Western Hemisphere is known variously as
puma, mountain lion, catamount, deer tiger, Mexican lion,
panther, painter, chim blea, Leon, and leopardo in various
parts of its range in Canada, the United States, and Central
and South America (Fig. 2.1). It is known to biologists in all

. FIGURE 2.1

iy T %
The mountain lion (Puma concolor) once had the largest range of any
mammal in the Western Hemisphere. Other common names for this
species include puma, panther, painter, catamount, and deer figer.
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of these countries, however, as Puma concolor. Other mem-
bers of the cat family (Felidae) are placed in different genera
such as the domestic cat (Fe/is), the ocelot and margay (Leap-
ardus), the jaguarundi (Herpailurus), the Canada lynx and
the bobcat (Lynx), and the jaguar (Panthera). In its complete,
official format, the name of the author who described a
species may follow the name of the species. For example, the
mink is designated as Mustela vison Schreber. If a species was
described in a given genus and later transferred to another
genus, the name of the author of the original species, if cited,
is enclosed in parentheses. Puma concolor (Linnaeus) indi-
cates that Linnaeus originally classified and named this
species. He classified it in the genus Fe/is, but it was later
reclassified in the genus Puma.

B CLASSIFICATION

The basic unit of classification, and the most important tax-
onomic category, is the species. Species are the “types” of
organisms. Each type is different from all others, yet the
species concept probably has been discussed and debated
more than any other concept in biology (Rennie, 1991; Gib-
bons, 1996a). An understanding of the concept of species is
indispensable for taxonomic work.

Through the early part of this century, a morphological
species concept was used. Populations were grouped together
as species based on how much alike they looked. In the 1930s
and 1940s, a more meaningful biological definition of a species
emerged. The biological species concept was first enunciated
by Mayr (1942), as follows: “Species are groups of actually or
potentially interbreeding natural populations, which are repro-
ductively isolated from other such groups.” Later, Mayr (1969)
reformulated his definition: “Species are groups of interbreed-
ing natural populations that are reproductively isolated from
other such groups.” Thus, a species is a group of organisms that
has reached the stage of evolutionary divergence where the
members ordinarily do not interbreed with other such groups
even when there is opportunity to do so, or if they do, then
the resulting progeny are selected against.

Classification involves the recognition of species and the
placing of species in a system of higher categories (taxa) that
reflect phylogenetic relationships. Mayr (1969) referred to
classification as “a communication system, and the best one
is that which combines greatest information content with
greatest ease of information retrieval.” Related species are
grouped together in a genus. A genus, therefore, is a group
of closely related species or a group of species that have
descended from a common ancestral group (or species).
Because morphological and physiological features are, in part,
the result of gene action, more identical genes should be
shared by members of a given genus than by members of dif-
ferent genera. In general, members of the various species of
a given genus have more morphological and functional fea-
tures in common than they have in common with species of
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a related genus. For example, the domestic dog together with
wolves and jackals make up the genus Canis. When referring
to the dog, the trivial name is added—Canis familiaris; the
wolf, a close relative, is Canis lupus. The name of a species is
always a binomen and consists of the genus and the trivial
name. This system is not unlike our usage of given names and
surnames, except that the order is reversed.

In a similar way, a family is a group of related genera;
an order is a group of related families; a class is a group of
related orders; and a phylum is a group of related classes.
Related phyla are grouped as a kingdom.

These various taxonomic categories traditionally have
been arranged in a branching hierarchical order that expresses
the various levels of genetic kinship. The sequence from top
to bottom indicates decreasing scope or inclusiveness of the
various levels. For example:

Kingdom — Animalia
Phylum — Chordata
Class — Mammalia
Order — Carnivora
Family — Felidae
Genus — Puma
species — Puma concolor

Our present classification scheme has been devised by
using the genus and trivial name as a base and then group-
ing them in a hierarchical system. For example, dogs (Canis
familiaris) are related in a single genus, and these in turn are
related to foxes (Vulpes, Urocyon); and all of these are united
in one family, Canidae. This group is somewhat more dis-
tantly related to the cats, bears, and other flesh-eaters; and
all these forms are united in an order, the Carnivora. This
order shares many features such as mammary glands and hair,
with forms as diverse as bats and whales, and all are grouped
in one class, the Mammalia. In turn, mammals have numer-
ous characteristics such as an internal skeleton and a dorsal
hollow nerve cord that are also present in fishes, amphibians,
and reptiles; thus, all are grouped in one of the major subdi-
visions of the animal kingdom, the phylum Chordata.

These seven categories are considered essential to defin-
ing the relationships of a given organism. Often, however,
taxonomists find it necessary because of great variation and
large numbers of species to recognize intermediate, or extra,
levels between these seven categories of the taxonomic hier-
archy by adding the prefixes “super-,” “infra-,” and “sub-” to
the names of the seven major categories just listed (see clas-
sifications in Appendix I).

The delineation of taxa higher than the species level is
rather arbitrary: A taxonomist may divide a group of species
into two genera if he or she is impressed by differences, or
combine them into one genus if the similarities are empha-
sized. For example, some authorities have included the tiger
and other large cats in the genus Fe/is with the small cats,
whereas other authorities have segregated them as the sepa-
rate genus Panthera.
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With many different organisms being named by many
different taxonomists throughout the world, biologists rec-
ognized the need for a set of rules governing scientific
nomenclature. In 1895, the Third International Zoological
Congress appointed a committee that drew up the Regles
Internationales de la Nomenclature Zoologique (Interna-
tional Rules of Zoological Nomenclature) (Mayr et al.,
1953). The Rules, which were adopted by the Fifth Inter-
national Zoological Congress in 1901, became the universal
Code of Zoological Nomenclature. The adoption of the
Rules (Code) has helped to produce stability in nomencla-
ture, and it has also helped to standardize certain taxonomic
procedures. The Code established a permanent International
Commission of Zoological Nomenclature that serves in a
judiciary capacity to render decisions concerning difficult
cases—“special cases” when the rules do not clearly solve a
particular situation. It is vested with the power to interpret,
amend, or suspend provisions of the Code. Some of the
Code’s basic rules include:

1. The generic or specific name applied to a given taxon
is the one first published in a generally acceptable
book or periodical and in which the name is associated
with a recognizable description of the animal.

2. No two genera of animals can have the same name,
and within a genus no two species can have the same
name.

3. The species name of an animal consists of the generic
name plus the trivial name.

4. Names must be either Latin or Latinized and are
italicized.

5. The name of a genus must be a single word and must
begin with a capital letter, while the specific, or trivial,
name must be a single or compound word beginning
with a lower case letter.

6. The name of a higher category (family, order, class,
etc.) begins with a capital letter, but is not italicized.

7. No names for animals are recognized that were pub-
lished prior to 1758, the year of publication of the
Systema Naturae, tenth edition.

8. The name of a family is formed by adding -idae to the
stem of the name of one of the genera in the group.
This genus is considered the #ype genus of the family.

A complete revision of the Rules was authorized at the
International Zoological Congress held in Paris in 1948. All
interpretations of the Rules made since 1901 were incorporated
into the Revised Rules. The code was rewritten in 1958, as the
International Code of Zoological Nomenclature. The fourth
and latest edition was published in 1999 (Pennisi, 2000).

B METHODS OF CLASSIFICATION

Several methods of grouping organisms together in a hier-
archical system of classification have been used during the
past 2,300 years. These include Aristotelean essentialism, as
well as evolutionary, phenetic, and phylogenetic (cladistic)
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methods of classification. The latter two methods “can be
viewed as late-coming developments that at least partly rep-
resent reactions against evolutionary systematics” (Eldredge
and Cracraft, 1980).

A taxon is a taxonomic group of any rank that is suffi-
ciently distinct to be worthy of being assigned to a definite
category. Taxa are often subject to the judgment of the tax-
onomist. The relationship of taxa may be expressed in one of
the following forms: monophyly, paraphyly, or polyphyly. A
taxon is monophyletic (Fig. 2.2a) if it contains the most
recent common ancestor of the group and all of its descen-
dants. It is paraphyletic (Fig. 2.2b) if it contains the most
recent common ancestor of all members of the group but
excludes some descendants of that ancestor. A taxon is poly-
phyletic (Fig. 2.2¢) if it does not contain the most recent
common ancestor of all members of the group, implying that
it has multiple evolutionary origins. Both evolutionary and
cladistic taxonomy accept monophyletic groups and reject
polyphyletic groups in their classifications. They differ on
the acceptance of paraphyletic groups, a difference that has
important evolutionary implications.

Aristotelean Essentialism

Pre-Darwinian systems of classification were arbitrarily based
on only one or a few convenient (i.e., essential) morpholog-
ical characters. Aristotle (384322 B.C.) did not propose a
formal classification of animals, but he provided the basis for
such a classification by stating that “animals may be charac-
terized according to their way of living, their actions, their
habits, and their bodily parts.” In other words, animals could
be characterized based on the degree of similarity of shared
“essential” traits (e.g., birds have feathers, mammals have
hair) of those animals. “According to Aristotle, all nature can
be subdivided into natural kinds that are, with appropriate

. FIGURE 2.2

Monophyletic

Paraphyletic

Polyphyletic

(a) (b) (c)
@ Most recent common ancestor of entities included within group

Biological taxonomists currently distinguish among three classes of taxa:
monophyletic, paraphyletic, and polyphyletic. (a] A monophyletic group
includes a common ancestor and all of its descendants. (b) A paro-
phyletic group includes @ common ancestor and some but not all of ifs
descendants. (] A polyphyletic group is a group in which the most
recent common ancestor of the entities included within the group is not
itself included within the group.

Source: deQueiroz, “Systematics and the Darwinian Revolution” in Philoso-
phy of Science, Vol. 55, 1988.
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provisions, eternal, immutable, and discrete. For example,
living organisms are of two sorts—plants and animals.... He
subdivided animals into those that have red blood and give
birth to their young alive and those that do not. He further
subdivided each of these groups until finally he reached the
lowest level of the hierarchy—the species” (Hull, 1988).

Aristotle’s “classification” is known as the “A and not-A”
system of classification:

Animals with blood (the “A” group)
Viviparous quadrupeds
Oviparous quadrupeds
Fishes
Birds
Animals without blood (the “not-A” group)
Mollusks
Crustaceans
Testaceans
Insects

Since Aristotle, philosophers have divided organisms
into animals (sensible, motile) and plants (insensible, non-
motile)—a perfect example of “A and not-A” groups. Pliny
(A.D. 23-79) divided animals into Aquatilia, Terrestria, and
Volatilia based on their habitat. The classification of Lin-
naeus was similar. The class Worms (Vermes) of Linnaeus
was reserved for those animals lacking both skeletons and
articulated legs.

Evolutionary (Classical or Traditional) Classification
In the years following Darwin’s Origin of Species (1859), the
theory of evolution replaced the concept of special creation
in the scientific community. It was found that living species
are not fixed and unchanging, but had evolved from preex-
isting species during geological time. In other words, organ-
isms in a “natural” systematic category shared characteristics
because they were descendants of a common ancestor. The
more recent the divergence from a common ancestor, the
more characteristics two groups would normally share. It is
now considered that, in general, similarities in structure are
evidence of evolutionary relationships. This is because sim-
ilarities in structure are caused by similar genetic material.
Organisms that share the greatest number of similar charac-
teristics are assumed to be most closely related to one another
and are grouped together. A certain degree of subjectivity is
present in this system; therefore, experience and judgment on
the part of the taxonomist is important.

Phenetic (Numerical) Classification

Phenetics strives to reduce the degree of subjectivity used in
the development of the classification. Phenetic systematists
argue that organisms should be classified according to their
overall similarity (phenotypic characters). In the 1950s and
1960s, pheneticists (see Sneath and Sokal, 1973) argued that
a classification scheme would be most informative if it were
based on the overall similarity among species, measured by
as many characteristics as possible, even if such a classifica-
tion did not exactly reflect common ancestry. Their main
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concern was “a desire to reformulate the process of delineat-
ing life’s orderliness in a more standardized, repeatable, rig-
orous, and objective fashion” (Sokal and Sneath, 1963).

As many anatomical and physiological characteristics
as possible are examined, with each character being given
equal weight. Each character in each species is assigned a
number, and all the numbers are entered into a computer.
The computer then groups the organisms into clusters based
on similarity. There is no attempt to infer phylogeny from
the result. It is believed that basing classification on simi-
larity results in a stable and convenient classification. Those
organisms that share the greatest number of similar charac-
teristics are assumed to be most closely related to one
another. The same characters are compared among taxa,
which then are clustered in a hierarchical arrangement on
the basis of percentage of shared similarities. Because evo-
lution produces both adaptive radiation and convergent evo-
lution, it is often difficult to distinguish closely related
organisms from those that are not closely related but look
alike because they have adapted to similar niches. Therefore,
classifications that rely exclusively on structural similarities
do not always reflect evolutionary history. This system of
classification has useful applications at lower taxonomic lev-
els, but it is not as reliable in classifications above the level
of species or genus. For instance, pheneticists have developed
elaborate numerical methods for grouping species on the
bases of overall similarity and portraying this similarity as a
phenogram (dendrogram), which is almost always generated
by computer. A phenon is thus a taxonomic unit of a
phenogram; “species” do not exist.

Numerical taxonomy expanded rapidly in the early
1960s, but its influence in biological classification then waned
(Eldredge and Cracraft, 1980). However, with the develop-
ment of “molecular taxonomy” and the molecular sequenc-
ing of genes, phenetic techniques have been revived. Each
amino acid in a protein or each nucleotide in a gene is treated
as a “trait,” with the potential number of traits within one
gene running into the millions (see discussion, pp. 38-39).

Cladistic (Phylogenetic) Classification

In 1950, the German entomologist Willi Hennig proposed
a systematic approach emphasizing common descent based
on the cladogram of the group being classified. This
approach, cladistic analysis, is a systematic method that
focuses on shared, derived characters. Derived traits are new
characteristics that appear as a new species arises from its
ancestor, and hence they represent recent rather than
ancient adaptations. Cladistics holds that a classification
should express the branching (cladistic) relationships among
species, regardless of their degree of morphological simi-
larity or difference.

Cladistics aims specifically to create taxonomic group-
ings that more accurately reflect organisms’ evolutionary his-
tories (de Queiroz, 1988; de Queiroz and Gauthier, 1992).
It recognizes only monophyletic taxa (all taxa evolved from
a single parent stock) that include all the descendants from
a single ancestral group. Cladists feel that their methods allow
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for better analyses and testing than those of earlier system-
atists. Shared characteristics are separated into three clearly
defined groups: those shared by living organisms because
they have evolved from recent common ancestors, called
shared derived characters or synapomorphies (Gr. synapsis,
joining together + apo, away + morphe, form); primitive
traits inherited from an ancestor, called plesiomorphies (Gr.
plesi, near); and primitive traits shared by larger groups of
organisms because they have been inherited from an ancient
common ancestor that had them, which are known as sym-
plesiomorphies (Gr. synapsis, joining together + plesio,
near + morphe, form).

A character state present in all members of a group is
ancestral for the group as a whole. Those characters that
have newly evolved from the ancestral state, are shared by a
more limited set of taxa, and therefore define related sub-
sets of the total set are known as derived characters. The
organisms or species that share derived character states,
called clades (Gr. £lados, branch), form subsets within the
overall group. Relationships among species are portrayed in
a cladogram (Figs. 2.3 and 2.4, and Bio-Note 2.1). A clado-
gram is an evolutionary diagram that depicts a sequence in
the origin of uniquely derived characteristics: traits that are
found in a// of the members of the clade and 7of in any oth-
ers. It therefore represents the sequence of origin of new
groups of organisms. Although its branching pattern is
somewhat similar to that of a phylogenetic tree, a clado-
gram is different because it does not incorporate informa-

. FIGURE 2.3

This hypothetical cladogram shows five taxa (1-5) and the characters
[A=F) used in deriving the taxonomic relationships. Character A is a
symplesiomorphy (shared, ancestral characteristic) because it is shared
by members of all five taxa. Because it is present in all taxa, character
A cannot be used fo distinguish members of this monophylefic lineage
from each other. Character B is a synapomorphy (derived, ancestral
character] because it is present in taxa 4 and 5 and can be used fo
distinguish these taxa from 1-3. Character B, however, is on the com-
mon branch giving rise to taxa 4 and 5. Character B is, therefore, sym-
plesiomorphic for those two taxa. Characters D and E are derived fraits
and can be used fo distinguish members of taxa 4 and 5.

2. Systematics and Text

© The McGraw-Hill
Companies, 2003

tion on the time of origin of new groups nor how different
closely related groups are. A cladogram is not based on over-
all similarity of species, and so it may differ substantially
from a phenogram.

A cladogram uses a method known as outgroup com-
parison to examine a variable character. A group of organ-
isms that is phylogenetically close but not within the group
being studied is included in the cladogram and is known as
the outgroup. Any character state found both within the
outgroup and in the group being studied is considered to be
ancestral for the study group. For example, if the study group
consisted of four vertebrates (frog, snake, fox, and antelope),
Amphioxus could serve as the outgroup. In this example, char-
acters such as vertebrae and jaws are common only to the
study group and are not found in the outgroup.

Species within a single genus resemble each other
because they share a recent common ancestor. Similarly,
members of a family represent a larger evolutionary lineage
descended from common stock in the more remote past.
Because cladistic classifications are based on shared derived
character states, they may radically regroup some well-
recognized taxa. Furthermore, because a cladogram is based
on monophyletic taxa, each group that arises from a partic-
ular branch point along a cladogram is related through the
characters that define that branch point. A group of organ-
isms most closely related to the study taxon is known as a sis-
ter group. Traditional evolutionary taxonomy using such
characteristics as scales, feathers, and hair is compared with
a cladistic classification linking the same organisms through
shared characteristics in Fig. 2.4.

Phenetic approaches focus on degrees of difference,
whereas cladists concentrate on specific differences or char-
acter states (derived traits). Each synapomorphic trait is given
equal weight, with the number of trait differences between
each pair of organisms being used to create the simplest
branching diagram.

To represent the phylogeny of vertebrates in a cladis-
tic classification, animals are arranged on the basis of their
historical divergences from a common ancestral species.
Animals with similar derived characters are considered more
closely related than animals that do not share the charac-
ters. The results of such an analysis should produce a clado-
gram that approximates the phylogeny of the animals
considered. Unfortunately, problems arise in actual prac-
tice. Evolution may not always occur by what appears to be
the simplest route. As in all forms of systematics, similari-
ties and differences such as convergent evolution (the evo-
lution of similar adaptations in unrelated organisms to
similar environmental challenges), loss or reversal of char-
acters, and parallelism (evolution of similar structures in
related [derived] organisms) can be misinterpreted easily.
The greatest problem in creating groupings is the difficulty
of determining which character states are primitive and
which are derived.

A major difference between evolutionary and phyloge-
netic systematics is seen, for example, in the classification of
reptiles and birds (Fig. 2.5). The tuatara, lizards, snakes,
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Hair, mammary glands,
endothermy
Feathers, loss of
teeth, endothermy
‘ Fenestra anterior to eye

Skull with dorsal fenestra (openings)
Dermal bones form a shell

Extraembryonic
membranes present

Paired pectoral and pelvic limbs
Choanae (internal nares) present
Unique supporting skeleton in fins
Lung or swim bladder
Jaws formed from mandibular arch
Two or three semicircular canals

Distinct head region with brain and semicircular canals
A cladogram is constructed by identifying the point or node at which two groups diverged. Animals that share a branching point are included in the
same faxon. Time scales are not given or implied, and the relative abundances of taxa are not shown. This diagram of extant (living) vertebrates
shows birds and crocodilians sharing a common branch, indicating that these two groups share many common characters and are more closely
related fo each other than either is to any other group of extant animals.
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Comparison of evolutionary and cladistic systematics among the amniotes. (a] In evolutionary tax-
onomy, traditional key characteristics such as scales for reptiles, feathers for birds, or fur for mam-
mals are used fo differentiate the groups. (b) A cladistic classification links organisms with
uniquely derived characters and shared ancestries.
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crocodilians, and birds all possess a skull with two pairs of
depressions in the temporal region (diapsid condition). Phy-
logenetic systematists (cladists) place all of these forms in
one monophyletic group (Diapsida). When this group is
subdivided, the birds and crocodilians (Archosauromorpha)
and the tuatara, snakes, and lizards (Lepidosauromorpha)
are placed in a separate taxonomic rank. Evolutionary sys-
tematists, on the other hand, place crocodilians, tuataras,
lizards, snakes, and turtles (which are anapsids) in the class
Reptilia and birds in a separate class (Aves). Evolutionary
systematists attribute great significance to such “key char-
acteristics” in birds as the presence of feathers and
endothermy, and they group the diapsid crocodilians and
squamates with the turtles, which are morphologically dis-
tinct, because they share many primitive characters. Cladists,
however, make the point that the use of “key characteristics”
involves value judgments by systematists that cannot be
tested scientifically.

“Traditional evolutionary” systematists are attempting
to achieve the same goal as “phylogenetic” systematists: the
accurate interpretation of the pattern of evolutionary descent
of specific groups of organisms, such as vertebrates. Thus,
both current approaches are phylogenetic and evolutionary.
While the goal is the same, the methods differ. Each method
has its proponents and its critics. Some have even attempted
to combine the best features of both evolutionary and cladis-
tic methods. Wiley (1981) summarized the principles of
cladistics, and Cracraft (1983) described the use of cladistic
classifications in studying evolution. Additional information
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concerning phylogenetic systematics can be found in
Eldredge and Cracraft (1980), Nelson and Platnick (1981),
Halstead (1982), Nelson (1984), Ghiselin (1984), Abbott et
al. (1985), and Hull (1988).

To the extent possible, classifications in this text will
use monophyletic taxa that are consistent with the criteria
of both evolutionary and cladistic taxonomy. Complete revi-
sion of vertebrate taxonomy utilizing cladistic criteria would
result in vast changes, including the probable abandonment
of Linnaean ranks. In many cases, classifications based
strictly on cladistics would require numerous taxonomic lev-
els and be too complex for convenience (Fig. 2.6). A sepa-
rate category must be created for every branch derived from
every node in the tree. Not only must many new taxonomic
categories be employed, but older ones must be used in
unfamiliar ways. For example, in cladistic usage, “reptiles”
include birds with traditional reptiles (turtles, lizards,
snakes, crocodilians) but exclude some fossil forms, such as
the mammal-like reptiles, that have traditionally been clas-
sified in the Reptilia.

Some cladistic classifications require compromises. For
example, a cladogram showing the evolutionary history of the
tuna, lungfish, and pig requires that the lungfish and pig be
placed in a group separate from the tuna (Fig. 2.7). The lung-
fish is obviously a fish, but the pig and all mammals (includ-
ing humans) have shared a common ancestor with it more
recently than its common ancestor with the tuna.

Cladograms for each class of vertebrates are given in
Chapters 4-6, 7, and 9.

. FIGURE 2.6

Sublegion Zatheria
Legion Cladotheria
Superlegion Trechnotheria
Subclass Theria
Class Mammalia

Cohort Epitheria
Supercohort Eutheria
Infraclass Tribosphenida

Order Primates
Grandorder Archonta
Superorder Tokotheria
Magnorder Preptotheria

Class
Mammalia
|
|
Kingdom Phylum Subphylum Class
Animal Chordata Gnathostomata Mammalia

Order
Primates
|
|
Order Family Genus Species
Primates Hominidae Homo Homo sapiens

A classification of the primates based on cladistics. Bottom: The major taxonomic categories as they are used in the classification of humans without

regard fo cladistics.
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. FIGURE 2.7 . BIO-NOTE 2.1
Constructing a Cladogram
The first step in constructing a cladogram is to summa-
Tuna  Lungfish Pig rize the characters of the taxa being compared. Knowl-

edge of the organisms is essential for choosing the
characters for analysis, since a cladogram is constructed
on the basis of unique derived characters. In the follow-
ing example (Fig. 2.8), the study group consists of four
vertebrates: brook trout, tiger salamander, giraffe, and
gray squirrel. The lancelet is included as the outgroup, a
taxon outside of the study group but consisting of one or
more of the study group’s closest and more primitive rel-
atives. Any character found in both the outgroup and the
study group is considered to be primitive, or plesiomor-
phic (ancestral), for the study group. Traits that are com-
T mon to some, but not all, of the species in the study

Time

group are used to construct the simplest and most direct
(parsimonious) branching diagram.

This cladogram consists of three clades, with each
Cladogram showing the evolutionary relationship between the tuna, clade consisting of all the species descended from a com-
lungfish, and pig. It is traditional fo classify the tuna and lungfish mon ancestor. Clades differ in size because the first clade
together in the class Osteichthyes (bony fishes| and to classify the pig in (vertebrae and jaws) includes the other two, and the sec-
the class Mammalia (mammals). However, this violates the basic rule of ond clade (four legs, lungs) includes the third clade,
cladistics: all mgmbers of a taxonomic group must have shored a com- which contains the giraffe and squirrel.
mon ancestor with each other more recently than they have with mem- All of the study groups belong to the first clade,

bers of any other group. The lungfish, which possesses internal nosfrils . .
and an epiglottis, is descended from an ancestor (arrow) that is also because they all possess vertebrae and jaws. The tiger

the ancestor of all land-iving vertebrates (including humans). salamander, giraffe, and gray squirrel are in the clade that
Source: John Kimball, Biology, 6th edition, 1994, McGraw-Hill
Company, Inc.

. FIGURE 2.8

Continued on page 32

Giraffe

Squirrel

Salamander

|

: Amniotic egg

| Four-chambered heart
| Endothermic

| Mammary glands

Trout
ﬂi&fﬂ Four legs
Lungs
Lancelet Vertebrae
————— Jaws
Notochord in embryo

Construction of a cladogram involving four vertebrates: a fish, an amphibian, and two mammals. The lancelet serves as the outgroup.
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Continued from page 31

has lungs and four legs. Only the giraffe and gray
squirrel (of the animals considered here) have a four-
chambered heart, are endothermic, and have an embryo
surrounded by an amnion.

B EVOLUTION

Evolution is the underlying principle of biology. The mod-
ern theory of evolution includes two basic concepts: first, that
the characteristics of living things change with time; second,
that the change is directed by natural selection. Natural selec-
tion is the nonrandom reproduction of organisms in a pop-
ulation that results in the survival of those best adapted to
their environment and elimination of those less well adapted.
If the variation is heritable, natural selection leads to evolu-
tionary change. The change referred to here is not change in
an individual during its lifetime, but change in the charac-
teristics of populations over the course of many generations.
An individual cannot evolve, but a population can. The
genetic makeup of an individual is set from the moment of
conception; in populations, though, both the genetic makeup
and the expression of the developmental potential can change.
Natural selection is thoroughly opportunistic. A population
responds to a new environmental challenge by appropriate
adaptations or becomes extinct. The fossil record bears wit-
ness that a majority of the species living in the past eventu-
ally became extinct. The organisms likely to leave more
descendants are those whose variations are most advanta-
geous as adaptations to the environment. Natural selection
occurs in reference to the environment where the population
presently lives; evolutionary adaptations are not anticipatory
of the future. The change in the genetic makeup of a popu-
lation over successive generations is evolution.

A population is made up of a large number of individ-
uals that share some important features but differ from one
another in numerous ways, some rather obvious, some very
subtle. In human beings, for example, we are well aware of
the uniqueness of the individual, for we are accustomed to
recognizing different individuals on sight, and we know from
experience that each person has distinctive anatomical and
physiological characteristics as well as distinctive abilities and
behavioral traits. It follows that if there is selection against
certain variants within a population and selection for other
variants within it, the overall makeup of that population may
change with time, since its characteristics at any given time
are determined by the individuals within it.

Darwin recognized that in nature the majority of the off-
spring of any species die before they reproduce. If survival of
the young organisms were totally random and if every indi-
vidual in a large population had exactly the same chance of
surviving and reproducing as every other individual, then
there would probably be no significant evolutionary change
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in the population. But survival and reproduction are never
totally random. Some individuals are born with such gross
defects that they stand almost no chance of surviving to repro-
duce. In addition, differences in the ability to escape preda-
tors to obtain nutrients, to withstand the rigors of the climate,
to find a mate, and so forth ensure that survival will not be
totally random. The individuals with characteristics that
weaken their capacity to escape predators, to obtain nutrients,
to withstand the rigors of the climate, and the like will have
a poorer chance of surviving and reproducing than individu-
als with characteristics enhancing these capabilities. In each
generation, therefore, a slightly higher percentage of the well-
adapted individuals will leave progeny. If the characteristics
are inherited, those favorable to survival will slowly become
more common as the generations pass, and those unfavorable
to survival will become less common. Given enough time,
these slow shifts can produce major evolutionary changes.
Thus, Darwin’s explanation of evolutionary change in
terms of natural selection depends on five basic assumptions:

1. Many more individuals are born in each generation than
will survive and reproduce.

2. There is variation among individuals; they are not iden-
tical in all their characteristics.

3. Individuals with certain characteristics have a better
chance of surviving and reproducing than individuals
with other characteristics.

4. At least some of the characteristics resulting in differen-
tial reproduction are heritable.

5. Enormous spans of time are available for slow, gradual

change.

Natural selection is a creative process that generates
novel features from the small individual variations that occur
among organisms within a population. It is the process
whereby organisms adapt to the demands of their environ-
ment. Over many generations, favorable new traits will
spread through the population. Accumulation of such
changes leads, over long periods of time, to the production
of new organismal features and new species.

Species and Speciation
Speciation, the process by which new species of organisms
evolve in nature from an ancestral species, is generally con-
sidered to be a population phenomenon. A small local pop-
ulation, such as all the perch in a given pond or all the deer
mice in a certain woodlot, is known as a deme. Although no
two individuals in a deme are exactly alike, the members of
a deme do usually resemble one another more closely than
they resemble the members of other demes for two reasons:
(1) they are more closely related genetically because pairings
occur more frequently between members of the same deme
than between members of different demes; and (2) they are
exposed to more similar environmental influences and hence
to more nearly the same selection pressures.

It must be emphasized that demes are not clear-cut units
of population. Although the deer mice in one woodlot are
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In certain situations, evolution may proceed at a rapid rate.
For example, in Trinidad’s Aripo River, a species of cichlid
fish feeds primarily on relatively large sexually mature gup-
pies (Poecilia reticulata); in nearby tributaries, killifish pre-
fer tender young fish. In response to these different
pressures, the guppies have evolved two different life-his-
tory strategies. Those in the Aripo River reach sexual
maturity at an early age and bear many young, while the
guppies in the tributaries bear fewer young as well as
delayed sexual maturity. By transplanting guppies from the
Aripo River to a tributary that happened to be empty of
guppies and where killifish were the only predators,
researchers were able to prove that predation caused this
pattern. Within 4 years, transplanted male guppies were
already detectably larger and older at maturity when com-
pared with the control population; they had switched
strategies, delaying their sexual maturity and living longer.
Seven years later, females were also noticeably larger and
older. Some of these adaptations occurred in just 4 years—
a rate of evolutionary change some 10,000 to 10 million
times faster than the average rates determined from the
fossil record.

In another study, small populations of the brown anole
(Anolis sagrei) were transplanted from Staniel Cay in the
Bahamas to several nearby islands in 1977. Staniel Cay has
scrubby to moderately tall forests, whereas the experimental
islands have few trees and are mostly covered by vegetation
with narrow stems. Within a 10- to 14-year period, the
displaced lizards were found to have shorter rear legs than
their ancestors, an apparent adaptation to the bushy vegeta-
tion that dominated their new island. Whereas species liv-
ing on tree trunks have longer legs for increased speed,
shorter legs provide increased agility for species living on

High-Speed Evolution

more likely to mate among themselves than with deer mice
in the next woodlot down the road, there will almost certainly
be occasional matings between mice from different woodlots.
And the woodlots themselves are not permanent ecological
features. They have only a transient existence as separate and
distinct ecological units: Neighboring woodlots may fuse
after a few years, or a single large woodlot may become
divided into two or more separate smaller ones. Such changes
in ecological features will produce corresponding changes in
the demes of deer mice. Demes, then, are usually temporary
units of population that intergrade with other similar units.

The deme is the ultimate systematic unit of species in
nature. In some cases, a deme may correspond to a subspecies,
but it is almost always a decidedly smaller group. Demes do
not enter into classification, because they do not have long-
continuing evolutionary roles and because adjacent demes
often have no observable differentiation.

Demes often differ from one another in a geographic

series of gradual changes. A gradual geographic shift in any

bushy vegetation. The more different the recipient island’s
vegetation from that of Staniel Cay, the greater the magni-
tude of adaptation. Such changes could in time turn each
island’s population into a separate species.

The house sparrow (Passer domesticus) was introduced
into North America from western Europe during the period
1852-1860. Studies of color and of 16 skeletal characters
from 1,752 specimens from 33 localities taken between 1962
and 1967 throughout North America revealed color and size
differentiation in all 16 characters. This adaptive radiation
occurred in just 50 to 115 generations.

Geographic variation in the house sparrows was most
pronounced in color. In many cases, the color differences
were both marked and consistent, permitting specimens
from several localities to be consistently identified solely on
the basis of color. One measurable component, gross size,
showed strong inverse relationships with measures of winter
temperature. This adaptation (larger body size in colder
regions) is consistent with the ecogeographic rule of
Bergmann. The adaptive variation found in limb size
(shorter limb size in colder regions) was consistent with
Allen’s Rule. These latter adaptations are designed to con-
serve heat in colder climates and radiate heat in warmer
regions. Since sparrows did not reach Mexico City until
1933, Death Valley before 1914, or Vancouver before 1900,
the data suggest that racial differentiation in house sparrow
populations may require no more than 50 years.

Reznick et al., 1997

Losos et al., 1997

Morell, 1997b

Case, 1997

Johnston and Selander, 1964, 1971

one genetically controlled trait is known as a character cline
(Fig. 2.9). A series of samples from along a cline reveals a
gradual shift in a particular character such as body size, tail
length, number of scales, or even intensity of coloration.
Because such situations add to the difficulty of deciding the
true phylogenetic relationships of populations, the experi-
ence and judgment of the systematist play an important role.

Intergradation occurs between “similar” demes. Some
interbreeding can be expected between deer mice from adja-
cent demes, but we do not expect interbreeding between deer
mice and house mice or between deer mice and gray squir-
rels. We recognize the existence of units of population larger
than demes that are more distinct from each other and longer
lasting than demes. One such unit of population is that con-
taining all the demes of deer mice. We call these larger units
species. A species is a genetically distinctive group of natural
populations (demes) that share a common gene pool and
that are reproductively isolated from all such groups. In other
words, a species is the largest unit of population within which
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On the West coast of North America, subspecies of the song sparrow
form a cline in body size, plumage coloration, and song characteris-
fics. There is a dramatic difference in appearance between the small,
pale Melospiza melodia saltonis subspecies of the southwestern desert
region and the large, dark Aleutian subspecies, M. m. maxima. It
seems unlikely that the desertdwelling subspecies salionis would easily
breed with the large Alaskan subspecies maxima, even if the ranges of
the two subspecies were to overlap in the future. If some catastrophe
completely eliminated the central West coast populations of the song
sparrow, the northern and southern ends of the cline would likely
become two distinct species of sparrow.
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effective gene flow (exchange of genetic material) occurs or
can occur.

According to Mayr’s biological species concept, a
species consists of a collection of interbreeding individuals.
The biological species concept is based on reproductive iso-
lation—related species may occasionally hybridize but can-
not and do not reproduce regularly.

Sometimes, there may be a rather abrupt shift in some
character in a particular part of the species’ range. When
such an abrupt shift in a genetically determined character
occurs in a geographically variable species, some biologists
designate the populations on the two sides of the step as sub-
species or races.

Subspecies (and species) were formerly described solely
on the basis of their morphological characteristics—primar-
ily differences in external and skeletal form and appearance.
Whitaker (1970) proposed a biological subspecies concept to
replace the morphological subspecies concept. Whitaker pro-
posed that subspecies should be restricted to situations
wherein populations or groups of populations appear to be
on their way toward becoming new species.

The initial step in speciation is the introduction of a pri-
mary isolating barrier that tends to prevent or reduce the
opportunity for interbreeding between closely related species.
Physical barriers such as mountain ranges, deserts, bodies of
water, canyons, and differences in physical size would be
examples of primary isolating barriers.

Allopatric populations, those that live in different
regions, may have no common borders between their distri-
butional areas; such isolated populations have no natural
means of gene exchange. This geographic isolation serves
as a primary isolating barrier. Elevation often serves as a geo-
graphic barrier, particularly in the tropics. Many of the iso-
lated mountains in the southwestern United States exist as
cool, moist forests in a sea of hot, dry desert. The small mam-
mals, reptiles, and amphibians currently inhabiting these
forests traveled there when the mountains were connected by
corridors of suitable forested habitat during the Pleistocene.
Today, these animals exist as isolated populations.

Islands also provide geographic isolation for many
species. The California Channel Island fox (Urocyon littoralis)
is a dwarf island species found only on six of the Channel
Islands off the coast of California (Gilbert et al., 1990). It is
thought that the foxes probably dispersed to the northern
islands by swimming through the water from the mainland
more than 16,500 years ago, when the distance would have
been approximately 6.5 km. Populations probably were trans-
ported to the two southern islands by native Americans not
more than 10,000 years ago. These are now genetically iso-
lated populations that are evolving independently.

When a primary isolating barrier is in place, the devel-
opment of secondary isolating barriers can occur. These are
mechanisms that, over time, prohibit interbreeding even if
the primary isolating barrier is removed (Fig. 2.10). The

advertisement calls of most male anurans are excellent exam-

1 line short




Linzey: Vertebrate Biology 2. Systematics and Text

Vertebrate Evolution

© The McGraw-Hill
Companies, 2003

Systematics and Vertebrate Evolution 35

. FIGURE 2.10
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Early fox
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Southward

population Different selective pressures
becomes and evolution into two
separated different species were the
by a result of different
geographical environmental conditions

Northern

population

White color, heavier fur,
shorter ears, shorter legs,

and short nose are adaptations
to colder conditions

Arctic Fox

Southern

population

Darker color, lighter fur,
and longer ears, legs,
and nose, give off more
heat and are adaptations
to warmer conditions

Gray Fox

Speciation of an ancestral species of fox into two different species, resulting from migration of portions of the original fox

population into geographically isolated areas with different climates.

ples of secondary reproductive isolating barriers. If the sec-
ondary isolating barriers have developed to the point that
the two populations would be unable to breed even if the
primary isolating barrier were removed and they were in con-
tact with one another, then speciation has occurred.

Pre-mating or prezygotic barriers prevent successful fer-
tilization. They may be ecological (differences in minor
habitat requirements), ethological (differences in mating
behavior), morphological (differences in structure that pre-
vent mating), or physiological (different mating seasons,
gamete incompatibility). Post-mating or postzygotic barri-
ers operate after fertilization. They may be physiological
(hybrid inviability, hybrid sterility, etc.) or cytological (dif-
ferences in chromosome structure may prevent development
of the fertilized egg). Even if successful mating occurs, off-
spring may be weak or abnormally developed, they may fail
to reach sexual maturity, or they may be sterile. Any of these
conditions would disrupt the continuity of genetic exchange
between populations.

Thus, Whitaker’s (1970) criteria for the recognition of
subspecies are: (1) a primary isolating barrier is in place but
secondary isolating barriers are not; and (2) the results of
evolution can be observed as morphological (or other) vari-
ation between the mutually isolated populations.

BIO-NOTE 2.3

Songbird species that have distinct eastern and western
North American populations have long been thought to
have diverged during the Late Pleistocene glaciations,
approximately 100,000 years ago. However, analyses of
mitochondrial DNA (mtDNA) of 35 pairs of songbirds
indicate that while some diverged relatively recently
(e.g., the timberline and Brewer’s sparrows about
35,000 years ago), many diverged much earlier (Steller’s
jay and blue jay as long as 5 million years ago). The
average mitochondrial DNA difference was 5.1 percent
for all pairs of eastern and western songbirds, suggest-
ing that they have been evolving separately for 2.5 mil-
lion years.

Songbird Divergence

Klicka and Zink, 1997

When segments of a population become isolated geo-
graphically, the two isolated segments of the population
might well accumulate enough genetic differences (secondary
isolating barrier) to prevent interbreeding and the exchange
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of genetic information even if the original barrier were
removed. This is known as allopatric speciation and is the
most common type of speciation among animals (Fig. 2.11).
Allopatric speciation may occur when climatic or geological
changes produce impenetrable barriers that separate a species
into different populations. It also may occur when a small
number of individuals either disperse or are transported to a
new and distant environment. Known as the founder effect,
speciation can proceed rapidly since only a portion of the
original gene pool is normally present in the small, newly
relocated population, and natural selection can work more
quickly on smaller gene pools. The founder effect may allow
the new population to establish itself in a much shorter period
of time than might be expected; however, if the gene pool is
so limited that the individuals cannot adapt to the new envi-
ronment, the entire population may be lost through the
process of natural selection.

Two major types of allopatry are recognized. Contigu-
ous allopatry (Fig. 2.11a) occurs when the ranges of two
populations meet and interdigitate (but do not overlap)
without interbreeding between the two groups. The usual
evidence of contiguous allopatry is the absence of morpho-
logically distinct intermediate forms. Different ecological
requirements for sandy and clay soils, for example, may
account for interdigitation of the two populations/species
where the respective environments meet. As long as inter-
breeding does not occur, each population is defined as a sep-
arate species.

Disjunct allopatry (Fig. 2.11b) occurs when two more or
less morphologically differentiated populations are separated
by a wide geographic gap where neither population occurs.
Such instances are numerous, because geographic separation

. FIGURE 2.11

Zone of
overlap

Species Species
1 1

Glaucomys volans

(a) Contiguous
allopatry

(b) Disjunct allopatry  (c) Sympatry

(a) Contiguous allopatry occurs when the ranges of two populations
meet, but without interbreeding. (b) Disjunct allopatry occurs when two
populations are separated spatially or temporally. Arrows indicate the
ranges of animals. (c] In sympatric species, such as the southern flying
squirrel (Glaucomys volans) and the northern flying squirrel (Glaucomys
sabrinus), no interbreeding occurs even though ranges overlap.
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of populations is one important method by which speciation
is initiated. Although such populations are prevented from
interbreeding by one or more geographic barriers, the natural
situation gives no clue as to whether they have developed
reproductive isolating mechanisms. A fairly reliable decision
could be reached if individuals of both populations are brought
together under controlled conditions and given the opportu-
nity to breed. For example, orangutangs (Pongo pygmaeus) from
the island of Sumatra and the mainland appear to be distinct
species, yet in captivity they interbreed and have healthy hybrid
offspring. Zoos are now keeping the two groups separate and
destroying any hybrids. Some species, however, refuse to mate
in captivity. If successful mating results in inviable offspring
because of genetic, ethological, physiological, or other differ-
ences, it demonstrates that the parents belong to different
species. Little information of this sort is available for disjunct
allopatric populations of vertebrates.

Once isolation occurs, each population (initially a sub-
species) follows its own evolutionary course. If two popula-
tions are sympatric—that is, they exist in the same region,
with either a broad or narrow zone of overlap—and do not
interbreed, this demonstrates that they have evolved into two
distinct species (Fig. 2.11c). By their coexistence, such pop-
ulations show that they have developed effective secondary
isolating barriers.

In some cases, speciation can proceed at rapid rates.
Members of the freshwater family Cichlidae exhibit excep-
tional diversity wherever they occur in Africa, Madagascar,
southern India, Sri Lanka, South and Central America, and
the southwestern United States. By far, however, the most
abundant diversity occurs in the East African lakes of Vic-
toria, Malawi, and Tanganyika (Stiassny and Meyer, 1999).
Lake Victoria formed between 250,000 and 750,000 years
ago; it contains approximately 400 species of cichlids. Lake
Malawi is about 4 million years old and contains 300 to 500
cichlid species. Lake Tanganyika is 9 to 12 million years old
and has approximately 200 species.

Several factors have allowed cichlids to diversify and
exploit a variety of habitats. Cichlids are the only freshwa-
ter fishes to possess a modified second set of jaws (remod-
eled gill arches) (Fig. 2.12a). The jaws in the mouth are
used to suck, scrape, or bite off bits of food; the jaws in the
throat are used to crush and macerate food. Both the jaws
and the teeth (sharp pointed piercers and flat, molarlike
crushers [Fig. 2.12b]) can change shape within the lifetime
of a single animal. The unique jaws and teeth allow each
species to specialize and occupy its own specific ecological
niche (see discussion of scale-eating cichlids in Bio-Note
5.8) All cichlids care for their broods long after hatching;
many are mouthbrooders and hold fertilized eggs or young
in their mouths. Studies of mitochondrial DNA show that
the cichlids in Lake Victoria are genetically very close to one
another—far closer than to morphologically similar cichlids
in the other two lakes (Fig. 2.13). Thus, almost identical
evolutionary adaptations can and did evolve many times
independently of one another (Stiassny and Meyer, 1999).



2. Systematics and Text
Vertebrate Evolution

Linzey: Vertebrate Biology

. FIGURE 2.12

(c)

(a) Radiograph of the cichlid (Cichlasoma citrinellum) showing the two
sefs of jaws, one in the mouth, the other in the throat. The feeth of
Cichlasoma may be in the form of sharp pointed piercers (b or flat,
molarlike crushers. (c) The teeth can change shape within the lifefime
of a single animal.
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Lake Tanganyika species

Lake Malawi species

Tropheus brichardi Pseudotropheus microstoma

Distantly related cichlids from Lakes Tanganyika and Malawi have
evolved to become morphologically similar by occupying similar ecologi-
cal niches. They demonstrate that there may be litle correlation between
morphological resemblance and genetic closeness or evolutionary lin-
eage. All of the cichlids of Lake Malawi are more closely related to one
another than to any cichlids in Lake Tanganyika.

Molecular clocks that are roughly calibrated on the rate of
mutations in mitochondrial DNA suggest that the 400+
species in Lake Victoria arose within the past 200,000
years—an amazingly short period of time.

Geographic Variation

Many species of birds and mammals vary in a somewhat sim-
ilar manner under similar environmental conditions. These
differences have resulted in several “rules” of variation.

1. Bergmann’s Rule. Many endotherms tend to be
larger in colder climates than their relatives in warmer
regions. This tendency toward less body surface area in pro-
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portion to volume in northern areas is thought to be a means
of conserving body heat. One of the best examples of
Bergmann’s Rule is the song sparrow (Melospiza melodia) (see
Fig. 2.9). Specimens from the northern part of their range
in North America are much larger than their paler relatives
from the southwestern United States.

2. Allen’s Rule. The extremities of many endotherms
show a tendency to vary inversely with body size (Fig. 2.14).
The ears, feet, and tail of many northern species are propor-
tionately smaller in order to conserve body heat, whereas
these parts of the body are larger in members of the same
species living in warmer environments in order to lose addi-
tional heat by convection and radiation.

3. Gloger’s Rule. Some endotherms living in arid regions
tend to be lighter in color than their relatives living in more
humid regions (Fig. 2.14). Fox sparrows (Passerella iliaca) illus-
trate this principle with eastern forms being reddish and their
western relatives that breed on arid mountains being pale gray-
ish. The black-tailed jackrabbit (Lepus californicus), which
ranges from the humid Pacific coast to the arid southwestern
deserts, is another species in which the individuals exhibit
marked contrast in coloration. Lower humidity does not always
result in paler coloration. Benson (1933) noted that in certain
desert areas where extensive black lava beds exist, some species
of small mammals tend to be very dark, perhaps to blend with
the color of the habitat and to enhance the absorption of radi-
ant energy for thermoregulation.

Molecular Evolution
In many cases, the degree of variation in morphological char-
acters (e.g., scale counts, skull measurements) has been the
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most frequently used taxonomic character, because this type of
variation is most easily seen, measured, and compared in pre-
served material. However, all evolutionary change results from
alterations in the sequence of bases of the DNA in the nucleus
of reproductive cells and, therefore, the subsequent sequence
of amino acids in the proteins of offspring. Studies of molec-
ular evolution compare gene and protein sequences in differ-
ent species, subspecies, or populations and are providing
systematists with much new evolutionary information.
Macromolecules—mitochondrial (mt)DNA, RNA, enzymes
(isozymes), and the amino acid sequences of proteins such as
hemoglobin and cytochrome c—are being analyzed in order
to determine how distantly or closely related the organisms in
the study groups are to one another (Highton and Webster,
1976; Highton and Larson, 1979; Larson et al., 1981; Sibley
and Ahlquist, 1984; Maxson and Heyer, 1988; Meyer et al.,
1990; Highton, 1991; McKnight et al., 1991; Bowen et al.,
1991; Larson, 1991; Shaffer et al., 1991; Peterson, 1992;
Kumar and Hedges, 1998; and many others).

Because DNA and proteins are composed of many bits
of information (nucleotides and amino acids, respectively),
molecular similarities between two or more species likely
reflect a shared, common ancestor in the same way that mor-
phological or other similarities do. Thus, the greater the
molecular similarities between two species, the closer their
likely evolutionary ancestry. Because differences in
nucleotide sequences arise through mutations, and muta-
tions accumulate with time, if two organisms once shared a
common ancestor, the time that has passed since they
diverged into two distinct species can be estimated by ana-
lyzing the mutations that have accumulated in their genes
(Fig. 2.15). Evolutionary trees based on biochemical data

. FIGURE 2.14

The brush rabbit (Sylvilagus bachmani) illusirates both Allen’s Rule and Gloger’s Rule. The dark,
small-eared specimen on top is from the cool, humid coast of northern California; the pale, large-
eared specimen is from the hot, arid inferior of Baja California.
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The relationship of certain primate species, based on a molecular comparison of their genomes. The lengths of the branches indicate the relative num-
ber of nucleotide pair differences that were found among groups. By using the fossil record as a comparative tool, it is possible to approximate the

date at which each group diverged from the other.

are, in most cases, quite similar in appearance to those based
solely on anatomical data.

For example, scientists have long thought that the for-
est elephant of Africa is a separate subspecies from the more
familiar savanna elephant. New analyses of mitochondrial
DNA now suggest that the two may be entirely different
species (Tangley, 1997). The forest elephant has rounder ears
and thinner, straighter tusks than its larger relative. Unlike
savanna elephants that feed on grass, forest elephants feed on
the leaves, twigs, bark, and fruit of rain forest trees.

On the other hand, extensive genetic analysis has
revealed just 6, rather than 32, subspecies of puma (Fe/is con-
color) in the Western Hemisphere (Culver, 1999). Blood and
tissue samples were secured from 209 pumas in zoos, muse-
ums, and the wild across North and Central America, and
from 106 of the animals in South America. The researchers
found no differences in the mitochondrial DNA from North
American pumas, suggesting that only one kind of puma
inhabits North America, rather than the 15 subspecies pre-

viously identified on the basis of where they live and differ-
ences in appearance. The DNA analyses also showed that
only one subspecies lives in Central America and that just
four others roam South America. The team found the most
genetically diverse pumas in Paraguay and Brazil south of the
Amazon River. This indicates that these populations are the
oldest, dating back some 250,000 years, and that northward
migrations gave rise to the others over time.

Biochemists are now able to extract proteins and DNA
from some extinct organisms, such as frozen mammoths
(Mammuthus), the dung of a 20,000-year-old extinct ground
sloth, and even fossils in order to establish their relationship
to living organisms. These studies are possible because all
organisms, living or extinct, share some of the same types of
molecules. Comparative biochemistry, immunology, protein
sequencing, and DNA studies have corroborated, for the
most part, earlier evolutionary findings and, at the same
time, have provided new understanding of molecular
processes in evolution.
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The quagga (Equus quagga) (Fig. 2.16) is an extinct
southern African mammal that resembled a zebra. The
last known individuals died in captivity in 1875 (in
Berlin) and 1883 (in Amsterdam). Some observers con-
sidered it to be most closely related to the horse based on
analyses of mainly cranial characters. Others thought it
was a distinct species of zebra related to the three living
species. Still others felt it was merely the southern end of
a cline and a subspecies of the plains zebra. Both DNA
and protein analyses of samples from quagga skin con-
firmed that it was, indeed, related to the plains zebra
(E. burchelli). A breeding program is now under way in an
attempt to “re-create” the quagga by repeated inbreeding
of the most quaggalike plains zebras. Molecular studies
may thus prove responsible, if only indirectly, for the return
of one extinct subspecies to its native habitat (at least one
that superficially resembles the quagga, since we can never
be sure of the evolutionary pathways that created it).
Lowenstein, 1991
Burroughs, 1999

BIO-NOTE 2.4
Classifying the Quagga

. FIGURE 2.16

The quagga [Equus quaggal, an extinct southern African mammal
resembling a zebra. The last known individual died in 1883.

DNA fingerprinting (profiling) has proved valuable in
studying paternity and genetic variability in whooping cranes.
This information helps prevent inbreeding in captive breed-
ing programs (Longmire et al., 1992). DNA analysis of the
52 remaining California condors in 1992 (50 in captivity, 2
released in January 1992) revealed that they were divided
into three distinct ancestral groups (Hedrick, 1992). DNA
probes have revealed population differentiation in California
Channel Island foxes (Urocyon littoralis) inhabiting six of the
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Channel Islands off the coast of southern California (Gilbert
etal., 1990). DNA analysis has also revealed the general rule
for kinship in lion (Panthera leo) prides: Female companions
are always closely related, male companions are either closely
related or unrelated, and mating partners are usually unre-
lated (Packer et al., 1991). By applying a genetic probe that
selectively binds to gender-specific DNA fragments, Demas
et al. (1990) could distinguish sexes in the hatchlings of
endangered sea turtles.

Species relatedness also can be estimated by comparing
the number of chromosomes, chromosome band patterns,
and the order of genes on stained chromosomes. Karyotypes,
or chromosome pictures, are used to depict gross relationships
between species. When chromosome banding patterns
between humans and six other species of mammals are com-
pared, regions of apparently conserved chromosomal band-
ing are revealed (Sawyer, 1991). Among primates, the
banding pattern of humans most closely matches those of
chimpanzees, then gorillas, then orangutans.

Comparison of amino acid sequences in different species
often supports fossil or anatomical evidence, but it also may
provide evidence refuting long-held traditional schemes of
classification. For example, the nucleotide and amino acid
sequences of six different genes show that the elephant shrew,
the elephant, the aardvark, and the hyrax are all closely related
(Balter, 1997). Researchers used genes and proteins with
widely different structures and functions to construct their
proposed phylogenies. These included a protein that aids
water transport across cell membranes, a component of the
lens of the eye, and a blood-clotting protein. Rabbits and
rodents also appear to be close cousins. Many proteins in
humans and chimpanzees are 99% similar in their amino acid
sequencing, and several sequences are identical. Cytochrome
¢, an ancient and well-studied protein, is identical in humans
and chimpanzees, as are the alpha and beta chains of hemo-
globin from both species. Human and chimpanzee
cytochrome c differs from horse cytochrome ¢ by 12 amino
acids and from kangaroo cytochrome ¢ by only 8 amino acids
(Fig. 2.17a, b). The amino acid sequence between humans
and rhesus monkeys varies by only one amino acid.

For centuries, the guinea pig (Cavia) had been classified
in the suborder Hystricomorpha in the monophyletic order
Rodentia. In 1990, 15 proteins, including insulin, were ana-
lyzed from a variety of mammals (Graur et al., 1991). Of the
51 amino acids that make up insulin, humans and mice had
all but 4 in precisely the same sequence. Guinea pigs, how-
ever, had insulin that differed from mice and humans by 18
amino acids. In addition, guinea pigs differed from cows by
19 amino acids and from the opossum—a marsupial—by 20
amino acids. This pattern was repeated in a number of other
proteins as well. The protein analysis revealed that the dis-
tance between the two “rodents™—guinea pigs and mice—
was significantly longer than the distance between other
animals that are not even in the same order. Thus, Graur et
al. (1991) proposed that the guinea pig be placed in its own
order (Caviomorpha). This suggestion, which is still highly
controversial, radically contradicts the traditional view of
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The amino acid sequences of cytochrome ¢ [top) show a siriking similarity among living organisms. Each amino acid is represented by a single letter.
A phylogenetic table [bottom) depicting evolutionary relationships derived by comparing the differences among amino acid sequences of cytochrome
c in different species. The numbers on the lines show the number of nucleotide subsfitutions that have taken place.
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marily on comparative morphology.

rodent monophyly, which until recently has been based pri- . FIGURE 2.19
Evidence from comparative DNA sequencing suggests

that monotremes (duck-billed platypus and echidna), long Human/human  Chimp/chimp Chicken/chicken
thought to represent one of the earliest mammalian lineages, CA T7] rA T3 [CA 17
. . —C G- ~C G- ~C G-
should be placed with the other mammals, specifically on LT A LT A4 A T4
the lineage leading to marsupials (Janke et al., 1996) (see T AT rT A1 [T AT
. . L . ~C G- —C G- ~C G-
Chapter 9). The link with marsupials is strongly questioned FA T4 *FT A4 *c G-
by most nonmolecular mammalogists. Also through DNA G CT G C [& CT
FT A1 FT AT T A
analyses, Dragoo and Honeycutt (1997) presented data -G cH -G Cc e c
showing that skunks should be removed from the family T AT T A7 [T AT
: . . . .. A T rA T *IG C-
Mustelidae and placed in their own family (Mephitidae). A T4 +*Fc G -c G
A technique called DNA hybridization uses the degree C 8 g: C 8 ¢ C g 8 ]
of complementary base pairing to determine the genetic sim- \—/_W‘-/
ilarity between two species. DNA-DNA comparisons con- \/V\/
tain evidence of phylogeny, because genetic information is —~A T AT
encoded in base sequences and genetic evolution is recorded -C G —C G
) . . -T A =TT
in the form of changes in base sequences over time. DNA LT A LT A
hybridization measures degrees of genealogical relationship :2 G—A3 :g G G
among species by comparing the similarity between the -G c— -G C
nucleotide sequences of their DNA. In this technique, :1(; é: :'(I; é
“hybrid” DNA molecules are formed from single strands of =T A L7 A
DNA taken from two different species in order to deter- :ﬁ T _G :ﬁ . C
mine the degree of similarity in nucleotide sequences -c GjB -c C
between them. When the hybrid DNA is heated, the weaker -G C- -G G
. K . . Human/chimp ~ Human/chicken
mismatched areas more readily dissociate than the matched
regions (Fig. 2.18). This provides a measure of the changes The rate of DNA hybridization reflects the degree of evolutionary relat-

in the two senomes that have occurred since the two lines edness. This schematic diagram shows that DNA from a human
8 hybridizes more rapidly and more closely with chimpanzee DNA than it

diverged from their most recent common ancestqr (Fig. does with chicken DNA. Mammals and birds diverged from a common
2.19). For example, human DNA differs in 1.8% of its base ancestor longer ago than humans and chimps, thus accounting for the

pairs from chimpanzee DNA; in 2.3% from gorilla DNA; greater number of changes in their genomes.

. FIGURE 2.18
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Species 1 DNA strands

e

Mismatched areas are weak and more
readily disassociate when heated

Species 2 DNA strands
(@) (b) (c)
DNA hybridization technique. (a) DNA samples from two species are collected and purified. (b) The DNA s heated fo dissociate the molecules info
individual sfrands. The samples are then combined to form a hybrid DNA. (c] The hybrid DNA is then reheated, and the “melting temperature” is
observed. The weaker, more mismaiched areas dissociate more readily than the more closely matched regions and therefore exhibit a lower melting
temperature. This provides a measure of the change in the two genomes that has occurred since the two species diverged from their most recent com-
mon ancestor. (Different shapes represent different nucleotides.)
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and in 3.7% from orangutan DNA (Sibley and Ahlquist,
1984, 1987; Diamond, 1988; Caccone and Powell, 1989;
Marks, 1992). DNA hybridization studies also provide evi-
dence for the relative rate of evolution (Catzeflis et al., 1987).
One of the systems of classification for birds used in this
book (Chapter 9) is based on DNA studies (Sibley and
Ahlquist, 1990).

The analysis of molecular data is not as straightforward
as many would have wished. Frequent discrepancies exist
between, and even among, morphological and molecular data
sets. Some researchers have shown that sequence data can
sometimes mislead or even give an entirely wrong answer (Bal-
ter, 1997). The significance and implications of DNA studies
are highly controversial. Do they really shed light on the evo-
lution of groups? Could DNA sequencing be looking at a piece
of genetic material that is too small to be evolutionarily sig-
nificant? Some researchers prefer DNA-DNA hybridization
of the whole genome, as opposed to sequencing of genome
fragments, as a phylogenetic method. Further research will
gradually shed light on these intriguing questions.

(2 e
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Decisions made by systematists are not final. When new
data show that forms originally described as separate species
are really geographic races of the same species or that a sub-
species should be elevated to the rank of a full species, appro-
priate changes are made in the nomenclature. Similarly,
reclassification is also often necessary at higher taxonomic
levels. Vertebrate classification is in a dynamic state, and all
groups are subject to change. Because particular classifica-
tions eventually become obsolete, they should be regarded as
frameworks that will provide a basis for building as advances
are made (Nelson, 1984).

The classification of vertebrates is an extraordinarily dif-
ficult undertaking because of their diversity (53,475 living
species, and perhaps many times that number of species now
extinct) and also because of convergent evolution. Species
are not static and immutable; thus, simply classifying species
is no longer an adequate means of comprehending vertebrate
diversity. It is now necessary to include genealogical infor-
mation in the system of classification in order to express the
evolutionary relationships among species.

(gwﬁém

1. What is meant by the binomial system of nomenclature?

2. Why do biologists use scientific names for species?

3. Describe the hierarchical system used to classify organisms.
List in order, from most inclusive to least inclusive, the prin-
cipal taxa.

4. How does a phylogenetic tree differ from a cladogram?

5. Define the term species, using the various schools of system-
atic thought.

6. In your opinion, should birds be classified in a separate class
(Aves) or should they be classified with the reptiles in one
monophyletic group (Diapsida)? Why?

%;:/,«./W&/é @ cccclerty

7. How do new species evolve? List several types of isolating bar-
riers.
8. Give two examples of reproductive isolating barriers, and dis-
cuss what they accomplish.
9. Distinguish between allopatry and sympatry.
10. Differentiate among a deme, a cline, and a species.
11. List several molecular techniques that are providing systema-
tists with new evolutionary information.
12. What data are evolutionary biologists gathering when they
heat hybrid molecules of DNA from two species? What do

these data indicate?
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Visit the zoology website at http://www.mhhe.com/zoology to find
live Internet links for each of the references listed below.

1. Chordate Systematics.
Information on chordate classification.

2. Taxonomy Resources.
This site, maintained by the National Center of Biotechnol-
ogy Information, provides information on systematics and
molecular genetics.
3. Animal Diversity Web, University of Michigan.
Kingdom Animalia. More links than you could ever check out!
4. Taxonomic Classification, from the University of Minnesota.
5. Sea World, Busch Gardens; Diversity of Life.
An introduction to the animal phyla, including photos and
characteristics of the phyla.

6. Taxonomic Resources and Expertise Directory (TRED).
Find a new species in your back yard? This is the place to find
information regarding how to classify it.

7. Journey into the World of Cladistics.

This site discusses the introduction, methodology, impli-
cation, and the need for cladistics.

8. Species 2000.

The goal of this organization is to provide a uniform and val-
idated index of names of all known species of organisms.

9. NCBI Taxonomy Homepage.

Taxonomic database maintained by the National Center of
Biotechnology Information and GenBank.

10. Phylum/Major Group Index to Zoological Record Taxo-
nomic Hierarchy.

Information on taxonomic groups from Biosis.
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CHAPTER 3

Vertebrate Zoogeography

B INTRODUCTION

The study of the geographic distribution of animals and the
mutual influence of the environment and animals on each
other is known as zoogeography. Because animals and plants
of a community are interdependent ecologically, zoogeo-
graphic studies usually must further include a consideration
of plants. Zoogeography also attempts to explain how species
have come to be distributed as they are, which requires a
knowledge of historical changes in climates, geography, and
the distributions of species. Thus, zoogeography is related
intimately to both ecology and geology. Four major branches
of zoogeographic research are recognized: faunal, compara-
tive, historical, and ecological.

Faunal zoogeography includes the preparation of fau-
nal lists of animal populations for specific areas and forms the
basis on which all other zoogeographic research relies. Com-
parative zoogeography attempts to classify the distribution
of animals according to their external features. When fauna
from different areas are compared, their distribution may not
be consistent with the present geologic and geographic divi-
sions of the Earth. For example, amphibians, reptiles, and
birds of North Africa are much more closely related to forms
in southern Europe than to those in Africa south of the
Sahara. The fauna of southern Asia is more closely related
to that of trans-Saharan Africa than it is to the fauna of Asia
north of the Himalayas. Many groups of North American
birds and mammals differ more widely from their corre-
sponding groups in Central and South America than from
those in Europe and northern Asia. Homologies among such
comparable faunas are based on genetic relationships and
common evolutionary origins.

A few species of vertebrates have natural ranges that are
virtually cosmopolitan in distribution: mallards (Anas
platyrhynchos), ospreys (Pandion haliaetus), common terns
(Sterna hirundo), bank swallows (Riparia riparia), sperm whales
(Physeter catodon), and blue whales (Balaenoptera musculus). The
ranges of others such as starlings (Sturnus vulgaris), rock doves
(Columba livia), house sparrows (Passer domesticus), house mice

(Mus musculus), and Norway rats (Rattus norvegicus), which
now occur in all but the coldest parts of all of the continents,
are the result of human-induced dispersal.

The geographic range of most species, however, is lim-
ited in varying degrees to a particular geographic region. In
addition, species are restricted to specific communities or
groups of communities, with some being very restricted, a sit-
uation called being narrowly endemic. For example, the giant
panda (Ailurgpoda melanoleuca) inhabits only the few remain-
ing bamboo forests of China; tuataras (Sphenodon) are found
only on islands along the coast of New Zealand; the koala
(Phascolarctos cinereus) is restricted to small areas of eastern
Australia; and the entire family Todidae (small birds related
to kingfishers) is restricted to Caribbean islands.

The distribution of a vertebrate species can be expressed
in terms of its current geographic range, its geologic range,
and its ecological distribution. The geographic range desig-
nates the specific land or water area where the vertebrate
currently occurs. Taxa that occur in widely separated locali-
ties are said to have a disjunct distribution. The family
Camellidae, for example, has representatives in Asia (camels)
and in South America (llamas and their relatives). The geo-
logic range refers to a taxon’s past and present distribution
in time. A description of the ecological distribution provides
information on the major biotic communities of which the
species is a member.

Closely related species of animals generally will have
adjacent ranges; it is assumed that the area in which they
evolved from their common ancestor was the common ori-
gin of their current distribution. Two major factors affect
the subsequent distribution of a new species: the means of
dispersal available to an animal, and the existing physical
and biotic barriers to such dispersal. External barriers affect
the different groups of vertebrates in diverse ways. Aquatic
animals are limited in their dispersal by land, and terrestrial
animals often are limited by water. Many land animals also
are unable to cross mountain ranges, whereas flying species
are the least affected by barriers of any kind. Barriers are
always relative, and a barrier for one species may well be a
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main dispersal route for another. Water might be a barrier
for a terrestrial species, but normally not for a fish. Topo-
graphic barriers, such as mountains, may form more effec-
tive barriers in the tropics than in temperate regions, because
tropical species are not as well adapted for the cooler tem-
peratures present at higher elevations (Janzen, 1967). Cli-
mate, the lack of suitable food, the presence of more
successful competitors, or the presence of enemies may pre-
sent barriers to the dispersal of any group.

Barriers may be of three types: physical, climatic, or bio-
logical. Land, water, elevation, soil types, and topography
are examples of physical barriers. Certain types of physical
barriers may serve as “psychological” barriers to some species.
For example, some small mammals will not cross roads (even
dirt roads), some Neotropical birds will not cross open spaces,
and some birds will not cross relatively narrow bodies of
water. Climatic barriers include temperature, humidity, rain-
fall, and sunlight, whereas such things as lack of food and the
presence of either predators or effective competitors repre-
sent biological barriers.

The means of dispersal for a species remain relatively
unchanged through long periods of time; however, the posi-
tion of barriers to dispersal become altered with geologic
changes in the Earth’s surface. For example, many river
courses have changed over time; new mountain ranges have
arisen, while others have eroded; and formerly well-watered
areas now may be desert.

Land connections (bridges) either currently exist or once
existed between such areas as North America and Eurasia,
North America and South America, and North Africa and
southern Europe. Some evidence exists for the presence of a
land bridge across the Mozambique Channel between Africa
and Madagascar (Anonymous, 1997f). Such a connection
would help answer the question of how the ancestors of such
unique mammals as lemurs, tenrecs, and fossas got to Mada-
gascar. The appearance and disappearance of connections such
as these mean that formerly continuous ranges of related ani-
mals may be separated, or alternatively, regions may be united
whose faunas were only distantly allied. The older the division
between groups of vertebrates, the more times such changes
of barriers probably will have occurred during their history.

The marsupials of Australia are thought to have migrated
there some 70 million years ago by way of land bridges from
South America to Antarctica and across that continent to Aus-
tralia (Fig. 3.1a). The fossilized remains of a marsupial belong-
ing to the extinct family Polydolopidae were found in late
Eocene deposits on Seymour Island, off the northern Antarc-

Figure 3.1 —

(a) Marsupials are thought o have emigrated from South America
across Antarctica [arrow) by way of land bridges some 70 million
years ago. After they reached Australia, the continent became isolated
from all other continents. Because they encountered no competition from
placental mammals, marsupials underwent extensive adaptive radiation.
(b Australian marsupial mammals evolved in parallel with placental
mammals on other continentfs.
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tic Peninsula (Woodburne and Zinsmeister, 1982, 1984). This
discovery, the first land mammal in Antarctica, supports the
hypothesis of an early dispersal of marsupials across the south-
ern continents. Because the Australian continent was isolated
from all others, and because no placental mammals were pre-
sent, marsupials underwent extensive adaptive radiation with-
out competition. Because they were filling niches similar to
those filled in the rest of the world by placentals and were sub-
ject to similar selection pressures, they evolved striking con-
vergent similarities to the placentals (Fig. 3.1b).

Historical zoogeography attempts to work out the devel-
opment in geologic time of present-day distributions by study-
ing the historical similarities of animal distribution. Studies of
spatial and temporal distributions of organisms attempt to pro-
vide explanations for these distributions based on past events.

In contrast to historical zoogeography, ecological zoo-
geography investigates the analogies between animal commu-
nities in similar habitats. It looks at how animals adapt to the
conditions of their native regions. It deals with present condi-
tions, which are more easily subjected to analyses and testing.

B DISTRIBUTION

Distribution in time depends on continued reproduction,
whereas distribution in space depends on the active or pas-
sive transport of animals to areas with suitable environments.
Vertebrates have the ability to move from one place to
another on their own. Some, such as salamanders and frogs,
usually move only short distances; others, such as geese,
ducks, plovers (Fig. 3.2), warblers, hummingbirds, bats, and
whales, may move thousands of miles twice a year in order
to reach suitable living or breeding conditions. Some species
may be transported passively by storms or by rafting on float-
ing islands of vegetation (Fig. 3.3). Most accounts of rafting
have recorded instances of single vertebrates (summarized
by King, 1962; Hardy, 1982). However, Boyd (1962)
reported multiple individuals of toads (Bufo woodhousii fow-
leri) in Mississippi. Censky et al. (1998) documented the
overwater dispersal of a group of large vertebrates (green
iguanas, Iguana iguana) on islands of the Lesser Antilles in
the Caribbean. The distribution of vertebrates has been, and
currently is, influenced by geography, geology, climate, ecol-
ogy, and human activity.

Geographic Distribution

Although a few species are almost cosmopolitan in distrib-
ution, the ranges of most species are restricted to a particu-
lar geographic region. A. R. Wallace (1876) and other early
biogeographers recognized that many taxa have more or less
congruent distributions. In an attempt to divide the land
masses into a classification reflecting the affinities of the ter-
restrial flora and fauna, Wallace recognized six major bio-
geographic regions, each of which possessed a characteristic
fauna (Fig. 3.4). These regions were named the Palearctic,
Nearctic, Oriental, Neotropical, Ethiopian, and Australian.

© The McGraw-Hill
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. FIGURE 3.2

Il American Golden Plover breeding range
[ Pacific Golden Plover breeding range
[ Winter ranges

Distribution and migration of the American golden plover (Pluvialis
dominica). Adult American golden plovers migrate across northeastern
Canada and then by a nonstop flight reach South America. In the
spring, they return by way of the Mississippi Valley. Their entire roufe
forms a great ellipse. The Pacific golden plover (Pluvialis fulva) breeds
in Alaska and makes a nonstop flight across the Pacific Ocean to south-
eastern Asia, Australia, and various Pacific islands. It returns in the
spring along the same route.

Source: Data from Orr, Vertebrate Biology, 4¢h edition, W.B. Saunders & Co.

This system still is widely accepted today. Wallace’s system
of classification was similar to the classification proposed for
birds in 1856, by Sclater.

Faunal regions do not always correspond to continental
boundaries. They sometimes meet along a major barrier to
dispersal, such as the Sahara Desert and the Himalayan
Mountains.

Holarctic Region (Palearctic Region, Nearctic Region)

This region encompasses most of the Northern Hemisphere
in both the Old World and the New World. Although the
two continents have been connected many times and have
many species in common, they usually are separated by ver-
tebrate zoologists (but not by many others, e.g., botanists)
into two subregions. The Palearctic Region comprises all of
Eurasia (Europe and Asia) not included in the Oriental
Region and northern Africa, whereas the Nearctic Region
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Raffing is thought to be a means of dispersal for some vertebrate species. Entire frees, portions of frees, or
clumps of vegetation may serve as rafts. Numerous islands of vegetation can be seen floating down the
Guayas River toward the Gulf of Guayaquil in Ecuador after heavy rains in the Andes. These islands may
harbor many forms of life. The native dugout canoe gives some idea of the size of these floating masses.
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Present and past climates and dispersal pathways have largely been responsible for determining the six biogeographic regions of the world. Dif-
ferent native types of mammals inhabit those regions that were separated from each other during the Mesozoic era, a time when early mammals
were diversifying. Although Australia and southeast Asia lie in close proximity fo one another, their faunas are quite different because these

regions have always been separated. This separation has been recognized by a boundary known as Wallace's Line, which crosses through the

island of Sulawezi.
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consists of North America down to the southern edge of the
Mexican plateau (central Mexico). Because a number of kinds
of plants and animals occur in both the Nearctic and Palearc-
tic, the term Holarctic is frequently used. This term implies
circumpolar distribution. Species that occur in both subre-
gions include snowy owls (Nyctea scandiaca), northern harri-
ers (Circus cyaneus), lemmings (Lemmaus sp.), Arctic foxes
(Alopex lagopus), polar bears (Ursus maritimus), and caribou
(Rangifer tarandus).

Oriental Region

The portion of Asia south of the Himalayan Mountains com-
prises the Oriental Region. This includes the Indian sub-
continent, southeast Asia, most of Indonesia, and the
Philippines. Unique species include reticulated and Indian
pythons (Python reticulatus and P molurus), king cobras
(Ophiophagus hannah), big-headed turtles (Platysternon mega-
cephalum), peafowl (Pavo), tarsiers (Tursier), gibbons (Hylo-
bates), orangutans (Pongo pygmaeus), Indian elephants
(Elephas maximus), Javan and Indian rhinoceroses (Rhinoc-
eros sondaicus and R. unicornis), and water buffalo (Bubalus).

Neotropical Region

This region has two distinct zoogeographic subregions: main-
land South America and Central America. The Central
American subregion has been alternately submerged and
exposed and has served as a major corridor between the
Neotropical and Nearctic regions. The Neotropical Region
contains such unique vertebrates as the South American lung-
fish (Lepidosirenidae), aquatic caecilians (Typhlonectidae),
poison-dart frogs (Dendrobates and Phyllobates), anacondas
(Eunectes murinus), theas (Rbea), toucans (Rampbhastidae), lla-
mas and alpacas (Lama), giant anteaters (Myrmecophago,
Tumandua, and Cyclopes), howler monkeys (dlouatta), capy-
baras (Hydrochaeris), and sloths (Bradypus and Choloepus).

Ethiopian Region

This is the region of Africa south of the Sahara Desert.
Ostriches (Struthio camelus), guinea fowl (Numididae), zebras
(Equus), African elephants (Loxodonta africana), gorillas
(Gorilla gorilla), aardvarks (Orycteropus afer), giraftes (Giraffa
camelopardalis), and hippopotamuses (Hippopotamus amphibius)
are characteristic species. Fish zoogeographers consider the
entire African continent to make up the African Region.
This has been a rather stable tropical region with intermit-
tent connections to other continents. It contains many
ancient fishes, including the lungfishes (Protopteridae), the
bichirs (Polypteridae), and the osteoglossiforms (Moyle and
Cech, 1996).

Australian Region

The most distinct of the faunal regions is that of Australia,
New Zealand, New Guinea, Tasmania, and surrounding
islands. This region is separated from the Oriental Region by
Wallace’s Line, an invisible line running through the ocean
(Fig. 3.4). The native mammalian fauna of the Australian
Region consists of marsupials of diverse morphologies and
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ecological preferences. In addition, emus (Dromiceius), cas-
sowaries (Casuariusi), lyrebirds (Menura), and the egg-laying
monotremes (duck-billed platypus [Ornithorhynchus anati-
nus), short-nosed echidna [Zachyglossus aculeatus], and long-
nosed echidna [Zaglossus bruijni]) inhabit the region. No
native placental species occur naturally, although many have
been introduced. Only two fully freshwater species, both of
ancient ancestry, occur here: the Australian lungfish (Neocer-
atodus forsteri) and the barramundi (Scleropages leichardti), an
osteoglossid. The remainder of the native fish fauna is made
up of diadromous or marine families (Moyle and Cech, 1996).

Geologic Distribution

It is estimated that the Earth formed some 4.6 billion years
ago (Futuyma, 1986). The oldest rocks discovered on Earth
are dated at 3.85 billion years (Woese, 1981; Hayes, 1996),
with the earliest fossilized living organisms being marine
microbes that were found in rock dated radioactively at 3.3
to 3.5 billion years ago from western Australia. These micro-
fossils are the remains of giant colonies of presumably pho-
tosynthetic bacteria. A search for geochemical evidence of
past biotic activity (preserved within minerals that are resis-
tant to metamorphism) used ion-microprobe measurements
of the carbon-isotope composition of carbonaceous inclu-
sions in rock dating to 3.80-3.85 billion years ago (Mojzsis
et al., 1996). These studies yielded isotopically light car-
bonaceous inclusions, suggesting that life was present on
Earth at least 3.8 billion years ago (Mojzsis et al., 1996).

Since its inception, Earth has been undergoing continu-
ous geological changes. Some of these processes, such as vol-
canoes and earthquakes, are evident and easily observed. In
addition, the Earth’s crust consists of rigid, slablike plates
about 100 km thick that float on the underlying mantle. These
plates are constantly in motion due to a process known as sea-
floor spreading, in which material from the mantle arises along
oceanic ridges and pushes the plates apart (Fig. 3.5). Where
they converge, one plate may plunge beneath another. Plates
also may move laterally past one another along a fault. Because
most plates move only a few centimeters a year, their move-
ment is not easily observable and must be measured with
sophisticated devices such as lasers. The arrangement of these
plates and their movements is known as plate tectonics.
Although F. B. Taylor and Alfred Wegener first scientifically
formulated the theory of continental drift in 1910 and 1912,
the basic elements of the concept were suggested by Abraham
Ortelius in 1596 (Romm, 1994). The movement of these
plates and the continents has significantly affected climates,
sea levels, and the geographic distribution of vertebrates
throughout time.

From Cambrian through Silurian times (420-600 mil-
lion years ago), most paleogeologists agree, six ancient con-
tinents probably existed. These primitive blocks of land were
known as Laurentia (most of modern North America,
Greenland, Scotland, and part of northwestern Asia); Baltica
(central Europe and Scandinavia); Kazakhstania (central
southern Asia); Siberia (northeastern Asia); China (China,
Mongolia, and Indochina); and Gondwana (southeastern
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Maijor plates of the Earth’s crust. As the plates push against continental margins, they are often thrust beneath
them. This thrusting causes the crumpling and upheavals that have created most of the Earth’s major mountain
ranges. On a regional scale, many maijor plates are fractured or composed of numerous smaller plates. As
these smaller plates shift, they create Earth tremors and earthquakes. The boundary between two plates is

known as a fault. One wellknown fault is the San Andreas Fault in California.

United States, South America, Africa, Saudi Arabia, Turkey,
southern Europe, Iran, Tibet, India, Australia, and Antarc-
tica) (Murphy and Nance, 1992).

Due to the continuing movement of these plates, the
land masses collided to form supercontinents and then split
apart to allow new oceans to form. Between 380 and 420 mil-
lion years ago, the continental land mass known as Lauren-
tia collided with Baltica, forming a supercontinent known as
Laurasia. Between 360 and 270 million years ago, Laurasia
collided with Gondwana, thereby forming the world conti-
nent Pangaea (Murphy and Nance, 1992). Siberia and China
remained as subcontinents until the late Triassic, when they
also became part of Pangaea.

Pangaea, the result of multiple collisions that took place
over many millions of years, consisted of a single large land
mass extending northward along one face of the Earth from
near the South Pole to the Arctic Circle (Fig. 3.6). A world
ocean stretched from pole to pole and was twice as wide at
the Equator as the Pacific Ocean is at present (Futuyma,
1986). Pangaea was not static; it slowly drifted northward
from Carboniferous through Triassic times, causing climatic
changes in various areas.

During the Permian and Triassic, the eastern part of
what is now North America was in contact with Europe and
Africa, and South America was joined to Africa. During

much of this period, the higher latitudes were relatively warm
and moist, while the low and middle latitudes were proba-
bly much drier. Triassic deposits from Antarctica and Green-
land, for example, have yielded specimens of large
amphibians. Regional differences in rainfall and tempera-
ture, as well as the formation of the Appalachian Mountains,
led to the development of specific floras and faunas.
During the late Triassic, Pangaea began splitting apart into
separate continents. This marked the beginning of the inde-
pendent development of regional biotas. Biota is defined as the
combined plants (flora) and animals (fauna) of a region. Ani-
mals depend on the plants growing in a particular region; thus
a biota is a group of complex interrelationships. Asia and Africa
began separating from each other. This was followed in the
early Jurassic by the beginning of a westward movement of
North America away from Africa and South America, although
North America still was connected to Europe in the north.
This separation, which began in the Jurassic, continues today.
By the late Jurassic, a narrow seaway had formed between North
America and Eurasia, connecting the Arctic Ocean to the
Tethys Sea, a broad seaway that separated Eurasia from Gond-
wana. During the Jurassic and Cretaceous, sea levels began to
rise, resulting in the flooding of low-lying areas and the for-
mation of shallow inland seas across much of western North
America, Canada, and central Eurasia. The Sierra Nevada,
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The current position of the continents is not where they have always been. The continents have drifted over the past 200 million
years from an original single land mass (Pangaea) fo their present positions. Pangaea separated info two supercontinents known as
Laurasia and Gondwana, which later broke up into smaller continents. The arrows indicate vector movements of the continents. The
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Andes, Himalayas, and Rocky Mountains were formed during
this period. Since then, the paths of drifting continents are
fairly well understood from evidence in the sea floor. Because
no part of the ocean floor is older than 200 million years, the
earlier paths must be deduced from other evidence. This process
of drifting and colliding has resulted in the current location of
our continents and is continuing at the present time.
Gondwana, which began breaking up by mid-Creta-
ceous, split into Africa, South America (which remained in
contact with Africa in the north), and a land mass consisting
of Australia, Antarctica, and India. By the late Cretaceous,
India had broken free and was moving northward, eventually
to collide with Asia, resulting in the formation of the
Himalayan Mountains; South America had separated com-
pletely from Africa but was still narrowly joined in the south
to the Antarctica—Australia land mass; and North America
had moved so far to the west that it was separated fully from
western Europe, but it had made contact with northeastern
Asia to form the Bering land bridge in the region of Alaska
and Siberia. (Bridge is somewhat a misnomer, for the land
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mass ranged up to 1,600 km in width.) A massive regression
of epicontinental seas (seas covering portions of continents)
in the late Cretaceous exposed a great deal of land.

The Atlantic Ocean, which was much narrower during
the early Tertiary than at present, continues to expand due
to the westward movement of the Americas away from the
mid-oceanic ridge. During the late Pliocene, the Panameri-
can isthmus (Central America) arose, connecting North and
South America. The isthmus provided a corridor for the
migration of animals between North and South America,
forever changing the fauna of both continents (Fig. 3.7). It
also blocked a current that once flowed west from Africa to
Asia, thus dividing the marine biota of the eastern Pacific
from that of the Caribbean.

Steven Stanley, a paleobiologist at Johns Hopkins Uni-
versity, has hypothesized that when the isthmus interrupted the
flow of water between the Atlantic and Pacific oceans, it trig-
gered an Ice Age that had a crucial impact on the evolution of
hominids in Africa (Svitil, 1996). The dry trade winds that
blow west off the Sahara Desert cause water to evaporate from

. FIGURE 3.7
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fauna between North America and South America. This bridge ended millions of years of iso-
lation on the southern continent and changed forever the fauna of both continents.
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the Atlantic, making it saltier as the water evaporates. Prior to
the emergence of the isthmus of Panama, saltier Atlantic
waters could mix with Pacific waters. After the emergence,
such mixing could not occur, so that at present the salinity is
low on the Pacific side but very high on the Atlantic side. The
salty Atlantic water moves northward to the vicinity of Teeland,
where it sinks to the ocean floor and moves southward to
Antarctica. Formerly, the Atlantic water was not salty enough
to sink, and it continued northward to the Arctic. This flow
kept the Arctic relatively warm. After the isthmus formed and
the saltier Atlantic water began to sink near Iceland, the Arc-
tic region began to cool. Pack ice, which reflected the sun’s rays,
formed, cooling the region even further. As the cold spread
south, glaciers formed and the Ice Age began. The Ice Age—
a long period of waxing and waning of ice sheets—caused
Africa to become colder, windier, and drier. This caused rain
forests to shrink, and desert and grassland regions to expand
(see Fig. 3.25). If Australopithecus was semiarboreal, these
changing conditions would have made it necessary to develop
mechanisms for survival on the ground. Approximately 3 mil-
lion years ago, Homo appeared as a branch of Australopithecus.
The climatic changes proposed by Stanley are supported by
marine sediment cores drilled off the African coast.

Continental drift may account for the distribution of
certain vertebrates such as the ratite birds, which include the
kiwis (Apteryx australis), African ostriches (Struthionidae),
the South American rheas (Rheidae) and tinamous (Tinami-
dae), and emus (Dromiceiidae) and cassowaries (Casuari-
idae) of the Australian region (Fig. 3.8). Some ornithologists
argued against this, claiming that these birds had converged
from different ancestors, and so had evolved independently,
in situ. Evidence from morphology and from DNA
hybridization has indicated that the ratites are likely mono-
phyletic (Cracraft, 1974; Sibley and Ahlquist, 1991), and
continental drift is now favored as the most plausible expla-
nation for their current zoogeographic distribution.

Climatic Changes
The Earth has undergone a series of climatic shifts through-
out its evolution. Periods of rain have alternated with peri-
ods of drought, and periods of cooler temperatures have
alternated with periods of warmer temperatures. Changes in
global temperature have caused sea levels to rise and fall and
glaciations to occur. Falling ocean levels have permitted land
(filter) bridges to appear in various parts of the world (Fig.
3.9). Land bridges, which permit an exchange of some
species from one continent or area to another (hence the
term “filter”), have served as major passageways for the dis-
persal of many vertebrates (see discussion in Chapter 14).
Glaciations have occurred several times during the his-
tory of the Earth, including the late Precambrian, Car-
boniferous, Permian, and Pleistocene. A cooling trend began
in the early Tertiary. By Oligocene time, northern latitudes
were considerably cooler and drier than they had been, and
grasslands and deciduous forests had become widespread. In
the Pleistocene, beginning about 1.7 million years ago, the

climate changed drastically. The mild climate of the polar and
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FIGURE 3.8

(a) Ostrich (b) Rhea

(c) Emu

(e) Kiwi

The living families of rafite birds: (o) Struthionidae (ostrich), Africa; (b) Rhei-
dae (thea), South America:; (c) Dromiceiidae (emu), Australia: (d) Casuari-
idae (cassowary), Australia and New Guinea; (e] Apterygidae (kiwi,
New Zealand; (f) Tinamidae (tinamou), tropical America. Despite their dis-
junct distribution, these birds (which, except for the tinamou, are flightless)
are a monophyletic group. Continental drift is now favored as the most
plausible explanation for their current zoogeographic disfribution.

(f) Tinamou

subpolar regions became much colder, polar ice caps formed,
and glaciers spread and withdrew repeatedly over the north-
ern portions of the northern continents and parts of western
South America. Numerous minor glacial episodes and at least
four major ones are known to have occurred. The most
recent, called the Wisconsin glaciation, withdrew only a lit-
tle more than 10,000 years ago (Fig. 3.10). During the glacial
episodes, sea level dropped throughout the world by as much
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The Pleistocene filter bridge across the Bering Strait permitied the exchange of species between Asia and North America.

as 100 m as water became locked up in ice caps, and the cli-
mate in tropical and subtropical areas became drier. During
interglacial episodes, climates became warmer and wetter,
and sea level rose (Futuyma, 1986).

Many vertebrates ranged far north of their present distri-
bution during the warm interglacial periods. For example, ele-
phants, hippopotamuses, and lions once occurred in England
(Futuyma, 1986). Fossils of large (2.4 m long) champosaurs,
which are extinct crocodilelike reptiles, have been found at a
site just 960 km from the North Pole (Tarduno et al., 1998).
Temperatures at the fossil site now routinely drop to minus
30°C in the winter, but when the champosaur lived there 86
to 92 million years ago, temperatures rarely reached freezing
and summertime readings of 26°C were common. During
glacial episodes, the climate throughout much of the world
became cooler and drier, and parts of the Earth were covered
by sheets of ice 2 to 3.5 km thick (Kerr, 1994; Peltier, 1994).
During these periods, the distributions of animal and plant
species became more restricted and shifted toward the tropics.

During glacial maxima, biomes were shifted from 10° to
as much as 20° latitude south from their present locations,
but they still occupied the same relative positions north-to-
south as they do today. North—south mountain ranges in
North and South America permitted arctic and boreal taxa
to extend their ranges far southward in cool situations (Brown
and Gibson, 1983), whereas Europe’s east-west mountain
ranges served as barriers to many species, and prevented their
southward dispersal.

Many species could not adapt and became extinct. Those
that could adapt shifted their ranges southward ahead of the
advancing ice sheets, with many northern species finding
suitable living conditions in the Appalachian and Rocky
Mountain ranges. After glaciers receded, many of these pop-

ulations reinvaded their original northern ranges. Some,
however, remained at the higher elevations in the mountains
far south of their ancestral ranges and were restricted to
“refuges”—local pockets of favorable habitat. Today, these
species are known as disjunct forms and are usually uncom-
mon in the southern parts of their ranges. Four-toed sala-
manders (Hemidactylium scutatum), wood frogs (Rana
sylvaticai), northern water shrews (Sorex palustris) and north-
ern flying squirrels (Glaucomys sabrinus) (Fig. 3.11) are exam-
ples of species with disjunct distributions.

For many years, biologists thought that tropical climates
remained virtually unchanged while the great ice sheets of
North America and Europe waxed and waned through the
Pleistocene. Rain forests were once thought to have contin-
uously clothed South America’s equatorial lowlands since its
Cretaceous separation from Africa about 80 million years ago.
Current evidence, however, suggests that the Amazon may
have been quite a bit drier and that the rain forest may, at
times, have been segmented and was therefore much smaller
(Schneider, 1996). Snow lines, even at equatorial latitudes,
were substantially lower during ice ages. During nearly 2 mil-
lion years of the Quaternary period, as glacial climates became
more zonal and more extreme, savannas expanded, forcing
rain forests into refugia (isolated pockets of suitable habitat).
Savanna versus rain forest dominance oscillated as semiarid
glacial epochs alternated with humid interglacials at least three
times during the last 100,000 years. As forested areas were
reduced to isolated patches, they became refuges for popula-
tions of tropical plants and animals. Following the next wet-
ter episode, forest patches expanded and coalesced to cover
large areas of tropical forest. Formerly isolated animal popu-
lations, which had reached various degrees of genetic diver-
gence in their refugia, followed the spread of the forest. Some
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. FIGURE 3.11

Northern Flying Squirrel, Glaucomys sabrinus

During the last Ice Age, some 15,000 to 20,000 years ago, extensive
ice sheets formed over eastern Canada and moved south and west info
northern portions of the United States. Other glaciers formed over Scandi-
navia and moved southward over northwestern Europe and over the arctic
regions of Eurasia and North America. The ice sheefs covering Greenland
and Anfarctica also grew larger. Glaciers locked up so much water in the
form of ice that sea levels worldwide were lowered by approximately
100 m. We are now in a period of global warming. Temperatures are
increasing, remaining glaciers are receding, and large pieces of ice are
breaking free from Antarctica. If this warming trend continues, it will
undoubtedly affect the worldwide distribution of plants and animals.

had become full species, whereas others had reached the level
of subspecies. Thus, geologists and biologists now have doc-
umented a dynamic evolutionary history to explain the rich

Neotropical fauna and flora (Vanzolini, 1995).

Ecological Distribution
Basic environmental factors affecting a species’ existence
include water, salinity, humidity, temperature, light, oxygen,
pressure, and food. Each of these factors has upper and lower
limiting values for each species of vertebrate. If the tolerance
ranges (within which the species exists) are extensive, the
species can live in a variety of habitats. If the limits within
which the species can exist are narrow, it will be limited to
one or a few types of environments.

Three major ecological environments are recognized.
These are marine, fresh water, and terrestrial.

B MARINE

The marine environment is the largest. It consists of the oceans,
seas, and bays, and it covers 70 percent of the Earth’s surface.

Present distribution of the northern flying squirrel (Glaucomys sabrinus).
The southern extension of the range of this species along the
Appalachian Mountains in the east and the Rocky Mountains in the
west consists of disjunct populations.

Source: Data from Burt and Grossenheider, Field Guide to the Mammals,
1964, Houghton Mifflin & Co.

Oceans form a single vast interconnected water mass only par-
tially separated into divisions by the continents. The unbroken
connection of the oceans and the continuous diffusion of sea
water by means of currents, tides, and storms result in a gen-
eral equality in the composition and amount of the substances
dissolved in sea water. Although temperature varies, this wide-
spread uniformity of conditions is accompanied by an extremely
wide distribution of many marine species of animals.

Ocean depth varies from intertidal zones, which are cov-
ered by water only part of the time, to depths of 10,800 m
(10.8 km). Water temperature varies from 32°C in the trop-
ics to —2.2°C in the Arctic. Even though this worldwide
range is great, water temperature in any given area rarely
fluctuates more than 5°C. Dissolved salts are relatively con-
stant in concentration (approximately 35 parts per thousand),
whereas dissolved gases such as oxygen, carbon dioxide, and
nitrogen vary with temperature and depth.

Based on the penetration of sunlight, the sea can be
divided into two vertical zones: photic and aphotic (Fig. 3.12).
The depth of the photic zone increases from coastal waters,
where light rarely penetrates more than 30 m because of
organisms and inanimate particles suspended in the water, to
the open ocean, where it may extend to a depth of 100 m or
more (Brown and Gibson, 1983). Light penetration also is
affected by surface motion. Most producer organisms inhabit
the upper 150 m of water, but traces of light can be detected
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Based on the penetration of light, the oceans can be divided into two vertical zones: the photic zone is the area of light penetration, whereas the
aphotic zone is the region of perpetual darkness. The oceanic zone is divided into the epipelagic, mesopelagic, bathypelagic, and abyssal zones.
Each zone supports a distinct community of organisms.
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at a depth of 1,000 m in the open ocean in the subtropical zone
by means of photographic plates (Allee and Schmidt, 1951).
The wavelengths of ordinary light are differentially absorbed
by water, but below 1,000 m there is permanent darkness.
Pressure increases at the rate of 1 atmosphere (14.7 pounds per
square inch) for every 10 m depth (Riedman, 1990), so that
organisms living in deeper parts of the ocean are exposed to
great pressures. At a depth of 600 m, for example, the under-
water pressure is equivalent to that of about 60 atmospheres,
or 60 times the pressure at the surface.

The marine environment is divided into pelagic (open
waters) and benthic (ocean floor) regions (Fig. 3.12). Two
groups of pelagic organisms are recognized: plankton and
nekton. Plankton are the mostly passive floating plants,
called phytoplankton, and animals, called zooplankton, that
move by means of wind, waves, and currents. Plankton serve
as food for a variety of vertebrates of all sizes including the
blue whale (Balaenoptera musculus), the largest living animal.
All free-swimming marine organisms are classed as nekton.
Nekton include fishes, turtles, and marine mammals such as
sea otters, porpoises, manatees, and whales.

The pelagic region includes the neritic zone (above the
continental shelf) and the oceanic zone, which extends out-
ward from the continental shelf. The neritic zone has a much
greater density of organisms, because nutrients are more
abundant and sunlight penetrates the shallower waters. Both
producers and consumers are abundant.

The oceanic zone is further divided into the epipelagic,
mesopelagic, bathypelagic, and abyssal zones (Fig. 3.12). The
epipelagic zone receives abundant sunlight. Phytoplankton
and zooplankton are abundant and serve as the bases of food
webs. The semidark mesopelagic zone (200-1,000 m) is
known as the twilight zone. Fishes are the primary vertebrate
inhabitants there; cetaceans visit, but cannot live there.

The bathypelagic zone (1,000~4,000 m) is inhabited by
a lesser number of fishes—some of the latter have developed
bioluminescent organs. This is an area of cold, quiet water,
permanent darkness, and increased pressure. The abysso-
pelagic zone (3,000-6,000+ m) comprises a region with an
almost constant physical environment. It is continually dark,
cold (4°C), and virtually unchanging in chemical composi-
tion. Rattails (Macrouridae), brotulas (Ophidiidae), lump-
fishes (Cyclopteridae), and batfishes (Ogcocephalidae) are
representative of the benthic fish fauna inhabiting the
abyssopelagic zone. Many are eel-like, blind, and have well-
developed cephalic lateral-line canals and senses of smell and
touch. The area beyond 6,000 m is known as the hadopelagic
zone. The deepest living fish known (Ophidiidae, Abysso-
brotula galatheae) is a blind, elongate fish that feeds on ben-
thic invertebrates and lives at depths ranging from 3,100 to
8,370 m (Nielson, 1977; Bond, 1996) (Fig. 3.13).

The benthic division includes organisms that live on the
floor of the continental shelf, of the continental slope, and
of the abyssal plain. This includes the intertidal (littoral)
zones that alternately are covered by water and exposed to
air twice a day. The majority of benthic forms are inverte-
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. FIGURE 3.13
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The deepestliving fish known, Abyssobrotula galatheae, is a blind,
elongate fish that feeds on benthic invertebrates and lives at depths
ranging from 3,100 fo 8,370 m.

brates, and many serve as food for species of marine verte-
brates. A few vertebrates, such as flounders and sole, spend
much of their time on the ocean floor.

Estuaries, salt marshes, rocky shores, and coral reefs
are unique shallow-water marine communities. Estuaries
(Fig. 3.14) contain brackish water, a mixture of fresh water
and salt water, because they are located where rivers flow
into the oceans. Estuaries trap the nutrients brought in
from the sea by the tides and prevent the escape of nutri-
ents carried by the rivers. These areas, which are particu-
larly rich in larval shrimps, mollusks, and fishes, often are
referred to as the “nurseries of the sea” because well over

. FIGURE 3.14
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The biological productivity of mangroves, tidal marshes, seagrass and
algae beds, estuaries, and coral reefs far surpasses that of all other
marine environments. These areas not only provide protection for many
marine vertebrates but are also rich in nutrients.
Source: Data from A.P. McGinn, “Safeguarding the Health of Oceans” in World
Watch Paper 145, fig 1, p. 14. World Watch Institute, Washington, D.C.
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FIGURE 3.15

New England salt marsh. An estuary is a partially enclosed coastal
region where sea water mixes with nufrientrich fresh water from rivers,
streams, and runoff from the land. Estuaries and coastal marshes are
vital feeding grounds and nurseries for many invertebrate and verte-
brate species. The major producer in coastal salt marshes is cordgrass
or marsh grass (Spartina). Broad, shallow estuaries include Cheso-
peake Bay, Mobile Bay, and San Francisco Bay. Estuaries in Alaska,
British Columbia, and Norway are narrow and deep; in Norway, they
are known as fjords. From Maryland to Texas, many coasfal marshes
lie behind narrow strips of sand known as barrier islands.

half of all marine fishes develop in the protective environ-
ment of estuaries (Fig. 3.14; Moyle and Cech, 1996).

Salt marshes, which are an important habitat for many
vertebrates, often are adjacent to estuaries and contribute
nutrients to them (Fig. 3.15). Rocky shores and sandy
beaches serve as habitats for many forms of invertebrates that
provide food for a wide variety of shorebirds. Coral reefs,
which form in warm, shallow seas, provide a haven for many
invertebrates as well as many fishes.

B FRESH WATER

This is the smallest of the three major environmental types
(Fig. 3.16a, b). It includes rain puddles, swamps, ponds, hot
springs, lakes, streams, and rivers. Freshwater habitats may
consist of flowing water, called a lotic system, or still water,
called a lentic system, and range in temperature from below
freezing to boiling. They may be clear or turbid, and the
amount of dissolved oxygen may vary widely. Even the hard-
est fresh waters have salinities of less than 0.5 parts per thou-
sand. Maximum depth may range to 1,700 m or more.

The degree of acidity or alkalinity, or pH, of the water
reflects the carbon dioxide content as well as the presence of
organic acids and pollution. The higher the pH of stream

water, the richer natural waters generally are in carbonates,
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bicarbonates, and associated salts. Such streams support more
abundant aquatic life and larger fish populations than streams
with acid waters, which are generally low in nutrients.

The variable temperature of a stream is ecologically
important because temperature affects the stream community,
influencing the presence or absence of cool-water and warm-
water organisms. Streams shaded by trees, shrubs, and high
banks will be cooler than those with large areas exposed to
sunlight. Small, shallow streams tend to follow, but lag
behind, air temperatures, warming and cooling with the sea-
sons but rarely falling below freezing in winter. The constant
churning and swirling of stream water over riffles and falls
give greater contact with the atmosphere; thus, the oxygen
content of the water is high, often near the saturation point
for existing temperatures.

In slow-flowing streams where current is at a minimum,
streamlined forms of fish give way to species such as small-
mouth bass (Micropterus dolomieu), shiners (Notropis,
Cyprinella), and darters (Ethiostoma, Percina, Ammocrypta).
They trade strong lateral muscles needed in fast current for
compressed bodies that enable them to move through beds
of aquatic vegetation. Bottom-feeding fish, such as catfish,
feed on life in the silty bottom.

Lakes are formed by several processes. Those formed
in basins created by movements of the Earth’s crust are
known as tectonic lakes. Reelfoot Lake in Tennessee,
which was formed as a result of an earthquake in 1811,
is an example of a tectonic lake. As the Earth’s crust
shifts, fissures may form or a narrow strip of land may
sink, a process known as faulting. Such fissures or
sinks may fill with water and form long, narrow lakes
known as rift lakes. The deepest lakes known—Lake
Baikal in Russia (1,741 m) and Lake Tanganyika in
Africa (1,435 m)—are of this type.

Volcanic lakes form when a volcano becomes
extinct and its hollow interior fills with water. Also
known as crater lakes, they are usually circular in outline
and also may be deep. Crater Lake in Oregon, for exam-
ple, is 608 m deep.

Glacial action has formed many of the world’s lakes.
As glaciers move over the land, they gouge out previ-
ously existing valleys. When the glacier melts, its waters
often collect in these valleys to form deep glacial lakes
with steep sides. Minnesota has about 11,000 lakes
formed by the action of glaciers. Many of the smaller
lakes (e.g., pot-hole lakes) in northeastern North Amer-
ica were formed in this manner, including the Finger
Lakes of central New York. The Great Lakes were
formed largely by glacial action.

BIO-NOTE 3.1

Lake Formation

Lakes contain four life zones (Fig. 3.17). The littoral
zone is closest to shore and supports rooted plant growth.
The limnetic zone, which is the main body of a lake, is the
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. FIGURE 3.16

(a) B : i B (b)
[a) Woodland swamp. (b) Two worlds of land and water meet in a Montana sfream as a fawn encounters
trout—a striking example of the barriers that separate two animals so near in space yet so isolated in their
ways of life.

. FIGURE 3.17

Turtle

Benthic Zone

Four major zones of life in a lake. The littoral zone includes the shore and the shallow, nutrientrich waters near the shore where sunlight penetrates to
the lake bottom. It contains freefloating producers, rooted aquatic plants, and other aquatic life such as snails, frogs, and turtles. The limnefic zone is
the open water that receives enough sunlight for photosynthesis to fake place. It contains floating phytoplankion, planteating zooplankton, and fish.
The profundal zone is the deep, open water beyond the limit of light penefration. It is too dark for photosynthesis to take place and is inhabited by fish
adapted fo ifs cooler, darker water. The benthic zone at the bottom of the lake is inhabited by large numbers of decomposers and detritusfeeding
clams and wormlike insect larvae. These detritivores feed on dead plant debris, animal remains, and animal wastes that descend from above.
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water too deep to support rooted plants but that receives suf-
ficient light to support photosynthesis. Both of these zones
contain phytoplankton, zooplankton, and nekton. In deep
lakes, the region of open water below the depth of light pen-
etration is known as the profundal zone. It is inhabited pri-
marily by invertebrates and by fish adapted to cooler, darker
water. The benthic zone at the bottom of a lake is inhabited
primarily by decomposers that feed on animal wastes as well
as dead plants and animals.

Although the freshwater environment is the smallest of
the three types, it is vital to most classes of vertebrates. Some
fishes and some salamanders live their entire lives in bodies
of fresh water. Some fishes, such as eels, are catadromous—
they spend most of their adult lives in freshwater lakes and
streams, but return to the ocean to spawn; others, such as
salmon, are anadromous—they spend most of their adult
lives in the ocean, but return to the rivers where they were
born in order to spawn. Many salamanders and anurans live
in or near streams, ponds, marshes, and swamps their entire
lives. These areas assist in keeping the skin of these verte-
brates moist, and they also provide sites for egg deposition,
hibernation, and a means of escape from predators.

The tailed frog (Ascaphus truei) (see Fig. 6.37) lives in
and along cold, well-oxygenated mountains streams in
northwestern North America. It has evolved numerous
adaptations for life in rapid-flowing streams including
strongly webbed hind feet, a copulatory organ for inter-
nal fertilization, the lack of vocal sacs and tympana, and
tadpoles with oral disks modified as ventral suckers. The
large ova have extremely low rates of oxygen consump-
tion due to the low temperatures at which they develop.
Furthermore, Ascaphus requires a 3-year period to com-
plete its larval development in the cold mountain waters
before it metamorphoses to reproduce in its fourth year.

BIO-NOTE 3.2
A Cold-Water Frog

Noble and Putnam, 1931
Brown, 1977

Alligators, many snakes, and many turtles are aquatic
or semiaquatic. Many turtles hibernate in the mud on the
bottoms of ponds and lakes. Ducks, geese, swans, shore-
birds, and many others depend on freshwater habitats for
protection, for nesting, and for food resources. Muskrats,
beaver, mink, otters, water shrews, and many other mam-
mals are semiaquatic.

B TERRESTRIAL

This is the most variable of the three major environments.
Elevations in the terrestrial environment range from below
sea level to over 8,500 m in the Himalayas. Air temperature
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varies from —60°C to 60°C (140°F) and decreases approxi-
mately 1.2°C for every 305 m increase in elevation above sea
level. Precipitation varies from only a fraction of a centime-
ter over several years to over 1,250 cm per year in some trop-
ical areas (Fig. 3.18).

Various systems have been devised to classify terrestrial
environments. Among these are the biome, life zone, and
biotic province systems.

Biomes

The biome system of classification is based on natural climax
communities and originally was proposed by Clements and
Shelford in 1939 (Fig. 3.19). Because these communities are
influenced primarily by temperature, rainfall, and soil condi-
tions, they correspond closely to the distribution of climatic
zones and soil types. For these reasons, they vary with latitude
as well as with altitude, with the number of animals decreas-
ing steadily with increasing latitude and altitude (Fig. 3.20).
The size of species that range from the lowlands to the tops
of mountains also often decreases with altitude (Allee and
Schmidt, 1951).

The transition area between two adjacent communities
or between two biomes is known as an ecotone. Species
diversity of such areas is usually high because they contain
resources from both biomes. Where forest grades into grass-
land, for example, the ecotone will have some characteristic
forest species, some grassland species, and some additional
species that require resources from both kinds of vegetation.

Tundra

This is a treeless biome that encircles the Earth just south
of the ice-covered polar seas in the Northern Hemisphere
(Fig. 3.21). For the most part, the tundra exists within the
Arctic Circle, but it extends southward in Canada and along
the western Alaskan shore. It also occurs at high elevations
much farther south in the western United States; it is the
area above treeline. It extends as far as 1,900 km south of
the Arctic Circle along the shores of Hudson Bay. This cold
biome, which receives approximately 20 cm of precipitation
a year, has extreme seasonal fluctuations in photoperiod
ranging from a 24-hour period of sunlight at the summer
solstice (June 21-22) to one 24-hour period of nighttime at
the winter solstice (December 21-22). Only during a short
summer growing season does the temperature rise above the
freezing point of water, and even the warmest summer
months have a mean temperature of no more than 10°C.
Table 3.1 shows typical air and soil temperatures for winter
and summer. Even during the summer, only the top few
inches or so of soil thaws; the remainder is permanently
frozen and is known as permafrost. This makes tree growth
impossible. The frozen subsoil prevents the escape of water
by seepage, so that the melting ice and snow of winter pro-
duce innumerable lakes and ponds. Sedges, shortgrasses,
lichens, and mosses—all plants that do not require a deep
root system—cover the ground and must complete their
flowering and fruiting cycles quickly. Lemmings (Lemmus,
Dicrostonyx), ptarmigan (Lagopus), musk-ox (Ovibos moscha-
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. FIGURE 3.18
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(b) Elevation gradient for tropical South America

Plant species diversity and distribution, as well as plant forms, are influenced by water availability, ele-
vation, and other factors such as temperature and soil drainage characteristics. (a) Moisture gradient for
temperate North America. (b) Elevation gradient for tropical South America.

tus), polar bears (Ursus maritimus), and caribou (Rangifer
tarandus) are permanent residents. Many shorebirds and
waterfowl are summer residents.

Taiga

This is a coniferous forest biome that extends in a broad belt
across northern Eurasia and North America. It also occurs
at high elevations in more southern areas such as Cling-
man’s Dome in the Great Smoky Mountains National Park

in Tennessee, Mount Mitchell along the Blue Ridge Park-
way in North Carolina, and in numerous areas in the west-
ern states. Spruce (Picea), fir (Abies), hemlock (Tsuga), and
pine (Pinus) are the dominant tree species in this region of
long, cold winters and short, cool summers. These ever-
green trees shed one-fourth to one-third of their leaves (nee-
dles) annually and reproduce by forming cones. Little light
reaches the ground, which is covered with ground-level veg-
etation such as lichens, mosses, and ferns. Soils are thin and
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nutrient-poor. Many lakes and swamps are present. Rain-
fall ranges between 40 and 100 cm per year, much of it in
the form of heavy snow. The growing season is about 130
days. Snowy owls (Nyctea scandiaca), crossbills (Loxia),
evening grosbeaks (Hesperiphona vespertina), lynx (Lynx
canadensis), wolves (Canis lupus), moose (Alces alces), and
bears (Ursus) are typical resident species.
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South of the taiga in eastern North America, eastern Asia,
and much of Europe is a biome dominated by deciduous
trees such as beech (Fagus), oak (Quercus), and maple (Acer).
These areas have well-defined seasons, and most trees lose
their leaves during the colder winter months. The growing
season ranges between 140 and 300 days, with annual pre-



3. Vertebrate Text
Zoogeography

Linzey: Vertebrate Biology

. FIGURE 3.20

Mountain

P

kY

Tundra

Taiga

Deciduous

Altitude

Polar

I—Tropical 1

Latitude

Biomes change not only with lafitude (bottom), but also with alfitude
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. FIGURE 3.21

Aerial view of the arctic tundra near Point Barrow, Alaska. Numerous
small lakes are characteristic of this region.

cipitation being relatively evenly distributed throughout the
year and ranging between 75 and 150 cm. Enough light pen-
etrates the canopy so that shrubs, herbaceous plants, mosses,
and ferns make up the understory. Typical vertebrate species
include lungless salamanders (Plethodontidae), skinks
(Eumeces), garter snakes (Thamnophis), turkeys (Meleagris gal-
lopavo), pileated woodpeckers (Hylatomus pileatus), black-
capped chickadees (Parus atricapillus), squirrels (Sciurus),
bobcats (Lynx rufus), foxes (Vulpes and Urocyon), and white-
tailed deer (Odocoileus virginianus).
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TABLE 3.1

Typical Temperature Gradients in Winter
and Summer in Tundra®

Height Winter (Feb.)  Summer (July)
8 m (air) -25°C 8°C

1 m (air) -31°C 9°C
Snow surface (about 0.3 m) -35°C —

Soil surface -22°C 11°C
~0.25 m (soil) ~19°C 1°C

—1 m (soil) -16°C -3°

—4 m (soil) -10°C —-8°

“Temperatures above freezing are in bold type.

Source: Data from R. Brewer, The Science of Ecology, 1988, W.B. Saun-
ders, Orlando, FL.

Grasslands

Grasses are the climax species in areas that receive more than
20 cm of rainfall annually but not enough precipitation to
support tree growth. Extensive root systems absorb water
efficiently and allow rapid recovery from droughts and fires.
The buildup of organic matter forms rich soil.

The central portion of North America has vast grass-
lands known as prairies (Fig. 3.22). The easternmost grass-
lands are tallgrass prairies and receive greater annual rainfall
than the more western shortgrass prairies. Plains spadefoot
toads (Scaphiopus bombifions), Great Plains narrow-mouthed

. FIGURE 3.22

i !

Rolling shortgrass prairie to the east of the Rocky Mountains. Grasses
are the climax species in areas that receive more than 20 cm of rainfall
annually but not enough precipitation to support free growth.



Linzey: Vertebrate Biology
Zoogeography

64 Chapter Three

toads (Gastrophryne olivacea), prairie skinks (Eumeces septen-
trionalis), Great Plains skinks (Eumeces obsoletus), prairie
racerunners (Cnemidophorus sexlineatus), prairie lizards (Scelo-
porus undulatus), prairie rattlesnakes (Crotalus viridis), Plains
garter snakes (Thamnophis radix), Graham’s water snakes
(Natrix grahami), burrowing owls (Speotyto cunicularia),
short-eared owls (Asio flammeus), dickcissels (Spiza ameri-
cana), horned larks (Eremaphila alpestris), prairie dogs (Cyno-
mys), black-footed ferrets (Mustela nigripes), badgers (Tuxidea
taxus), coyotes (Canis latrans), and large grazing animals such
as bison (Bison bison) and pronghorn antelope (Antilocapra
americanai) are typical inhabitants.

Tropical grasslands are known as savannas (Fig. 3.23).
Trees are distributed sparsely because of a severe summer dry
season. The African savanna supports the greatest variety
and number of large herbivores of all the biomes. These
include elephants (Loxodonta africana), giraffes (Giraffa
camelopardalis), many kinds of gazelles and antelopes, zebras
(Equus spp.), wildebeests (Connochaetes spp.), African buf-
falo (Syncerus caffer), and rhinoceroses (Diceros and Cera-
totherium). Typical predators include lions (Panthera leo),
cheetahs (Acinonyx jubatusi), and leopards (Panthera pardus),
and scavengers such as hyenas (Hyaena brunnea).

In some regions of the world, most of the rain falls in
the cool winter, and the summers are hot and dry. This results

. FIGURE 3.23

African savanna—a region of warm grasslands with isolated stands of
shrubs and trees. More large ungulates such as giraffes, Cape buffalo,
zebras, impalas, gnus, and gazelles live here than anywhere else.
Predators such as lions and cheetahs and scavengers play important
roles in the food web. Herds undertake annual migrations that coincide
with rainy and dry seasons. When the rains come, herds refurn to the
plains for the lush new grasses that are the preferred forage. Births are
timed to coincide with the re-emergence of the grass, a fact well known
to the predators.
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in dense, shrubby, fire-resistant scrubland known as chapar-
ral. These areas occur in parts of southern Africa, western
Australia, central Chile, around the Mediterranean Sea, and
in California. The shrubs have small, thick evergreen leaves
and thick underground stems.

Deserts

Large areas of desert occur in Africa, Asia, and Australia,
with smaller areas in North and South America (Fig. 3.24a).
These habitats experience hot days and cold nights and
receive less than 25 cm of rainfall annually. When it does rain,
much of it runs off or evaporates. Vegetation is sparse with
cacti, Joshua trees (Yucca), sagebrush (Artemis), creosote (Lar-
rea), and mesquite trees (Prosgpis) among the typical plants
in North American deserts. Following a rain, many desert
plants burst into bloom and complete their life cycle in a
short time. Horned lizards (Phrynosoma spp.), earless lizards
(Holbrookia spp.), Gila monsters (Heloderma suspectum), west-
ern diamondback rattlesnakes (Crofalus atrox), Mojave rat-
tlesnakes (Crotalus scutulatus), cactus wrens (Campylorhynchus
brunneicapillus), Chichuahuan ravens (Corvus cryptoleucus),
roadrunners (Geococcyx californianus), and kangaroo rats
(Dipodomys spp.) are among the species that have adapted to
the desert environment. Many are burrowers or live in bur-
rows of other species. Adaptations include the reduction of
cutaneous glands, concentrated urine, and dry feces. Many
species can survive for months without drinking. They obtain
limited water from their plant and animal food resources
together with water produced by the processes of metabolism.
Estivation (a period of inactivity during the summer) occurs
in some species.

Some geographically separated, seed-eating desert
rodents have undergone convergent evolution and developed
similar morphological, physiological, ecological, and behav-
ioral adaptations to their xeric habitats (Fig. 3.24b). These
bipedal saltatorial forms have independently evolved (con-
vergent evolution) on four continents (North America, Asia,

Africa, and Australia).

Tropical Forests

Two major types of tropical forests occur. Tropical decidu-
ous forests consist of broad-leaved trees that lose their leaves
because of a dry season. Tropical rain forests, which occur in
areas of abundant rainfall (over 250 cm per year) and con-
tinual warmth (20 to 25°C), are the richest of all of the bio-
mes (Fig. 3.25). The canopy consists of several layers, with
epiphytes common and lianas, or woody vines, encircling the
trees. In open areas or clearings below the canopy, vegetation
is dense and forms a thick jungle. Most animals spend a sub-
stantial amount of time in the trees. Treefrogs, iguanas
(Iguana), anacondas (Eunectes), caimans (Caiman), parakeets,
parrots, toucans, monkeys, and jaguars (Panthera onca) are
representative of the vertebrate life.

Morphological convergence is strikingly evident in some
African and South American rain forest mammals that
occupy similar ecological niches (Fig. 3.26). Many of the
species are in different families and even different orders.
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. FIGURE 3.24

Jaculus jaculus

Gerbillus gerbillus

(b)

(a) Warm desert near Tucson, Arizona. Vegetation includes columnlike saguaro cacti, prickly pear cacti, creosote bushes, and
fall, multisemmed ocotillo. Deserts experience hot days, cold nights, and receive less than 25 cm of rainfall annually. (b) Morpho-
logical convergence of seed-eafing desert rodents on four continents. lllustrated forms include Dipodomys (Heteromyidae) from
North America, Jaculus (Dipodidae) from Asia, Gerbillus (Muridae) from Africa, and Notomys (Muridae) from Australia. Each of
these groups has independently evolved bipedal, hopping rodents that are similar in morphology.

FIGURE 3.25

Tropical rain forests are the richest of all of the biomes. They receive
abundant rainfall fover 250 cm per year) and are continually warm (20
to 25°C). Epiphytes and woody vines are characterisfic of the rain for-
est biome.

In 1990, Friends of the Earth estimated the annual loss of
tropical forest at 142,000 km? globally, an area the size of
Florida or Wisconsin. Also in 1990, the World Resources Insti-
tute put the annual loss at 160,000 to 200,000 km?, roughly
equivalent to the state of Washington. If the rate of loss con-
tinues to increase as it did between 1980 and 1990, the world’s
remaining tropical forests will be depleted by the year 2030.

Life Zones

In an attempt to combine the regional distributions of North
American plants and animals into one ecological classifica-
tion scheme, C. Hart Merriam (1890, 1898) proposed the
concept of life zones (Fig. 3.27). Dr. Merriam was the
founder and chief of the U.S. Bureau of Biological Survey,
which later became the U.S. Fish and Wildlife Service. Mer-
riam developed his life zone concept around the following
two principles: (1) animals and plants are restricted in north-
ward distribution by the total quantity of heat during the
season of growth and reproduction; and (2) animals and
plants are restricted in southward distribution by the mean
temperature of a brief period covering the hottest part of the
year. Life zones are broad belts that run longitudinally across
the continent with southern horizontal extensions along the
mountain chains or around individual mountains. These
zones were biotic in concept, but their boundaries (isotherms)
were determined by a given mean temperature. Each zone
has a theoretical temperature range of approximately 4°C.
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. FIGURE 3.26
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Artiodactyla, Hippopotamidae Rodentia, Hydrochoeridae
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Paca (Cuniculus)
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Chevrotain (Hyemoschus)
Artiodactyla, Tragulidae

Brocket deer (Mazama)
Artiodactyla, Cervidae

Yellow-backed duiker (Cephalophus)
Artiodactyla, Bovidae

3y P
Agouti (Dasyprocta)
Rodentia, Dasyproctidae

Royal antelope (Neotragus)
Artiodactyla, Bovidae

Morphological convergence among African and South American rain
forest mammals that occupy similar ecological niches. Many of the
species are classified in different families and even different orders.
Source: Gibson and Brown, Biogeography, 1983, Mosby Co.

Merriam initially divided the North American conti-
nent into three primary transcontinental regions: Boreal,
Austral, and Tropical. The Boreal region extends from the
northern polar area to southern Canada, with southward
extensions along the Appalachians, the Rocky Mountains,
and the Cascade—Sierra Nevada Range. The Austral region
comprises most of the United States and a large portion of
Mexico, and the Tropical region includes southern Florida,
extreme southern Texas, some of the lowlands of Mexico,
and most of Central America. Each of these regions is fur-
ther subdivided into life zones.
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. FIGURE 3.27
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life zones of North America.
Source: Data from C.EW. Muesebeck and Arthur D. Cushman, U.S. Bureau of
Entomology and Plant Quarantine.

Boreal Region

Arctic~Alpine Zone. This zone encompasses the area north of
the limit of tree growth, including the tundra (Fig. 3.28), and
mean temperature ranges from 6°C to 10°C. Lichens, grasses,
Arctic willow, and Arctic poppy are typical plants, while Arc-
tic foxes (Alopex lagopus), Arctic hares (Lepus arcticus), and lem-
mings (Lemmus, Dicrostonyx) are permanent residents. Snowy
owls (Nyctea scandiaca) are also generally considered permanent
residents. However, about every 4 years, large flocks of owls
migrate southward in the fall to the northern United States and
adjacent Canadian provinces. These migrations coincide with
the low point in the population cycles of lemmings, their major

prey (see Chapter 10 for further discussion of cycles).
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Arctic-Alpine Life Zone in the Sierra Nevada of California at approxi-
mately 3,300 m. Alpine willow (Salix anglorum) inhabits this area but
rarely attains a height of more than 15 cm.

Hudsonian Zone. This is the region of northern conifer-
ous forests with southern extensions along the higher moun-
tain ranges (Fig. 3.29). Mean temperatures range from 10°C
to 14°C. Spruce and fir are the dominant trees, with typical
vertebrates including great gray owls (Strix nebulosa), pine
grosbeaks (Pinicola enucleator), olive-sided flycatchers (NVuz-
tallornis borealis), moose (Alces alces), wolverines (Gulo gulo),
and timber wolves (Canis lupus).

Canadian Zone. This zone includes the southern part of
the boreal forest and the coniferous forests that cover the
higher mountain ranges extending southward (Fig. 3.30).
Mean temperatures range from 14°C to 18°C. Characteris-
tic vertebrates include Canada jays (Perisoreus canadensis),
spruce grouse (Canachites canadensis), varying hares (Lepus
americanus), and lynx (Lynx canadensis).

Austral Region

Transition Zone

This zone extends across the northern United States and
runs south on the major mountain ranges (Fig. 3.31). As its
name implies, this is a zone where the coniferous forest and
deciduous forest intermingle. Mean temperatures range from
18°C to 22°C. In the east, this zone is known as the
Alleghenian Zone. Typical Transition Zone plants include
hemlock (Z5uga), walnut (Juglans), beech (Fagus), birch
(Betula), oak (Quercus), ponderosa pine (Pinus ponderosa), and
sagebrush (Artemisia tridentata). The American chestnut
(Castanea dentata) was one of the most important eastern

hardwoods until the early 1900s, when a fungus reached the
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FIGURE 3.29

By

Hudsonian Life Zone in the Sierra Nevada of California. Lodgepole

pine (Pinus contorfa) and mountain hemlock (Tsuga merfenstana) form
the major vegetation near lake level with prostrate forms of the white-
bark pine (Pinus albicaulis) covering the peaks in the distance.

. FIGURE 3.30

A Canadian Llife Zone forest consisting of red fir [Abies magnifica) in
the Sierra Nevada of California. This zone includes the southern part of
the boreal forests and the coniferous forests on large mountain ranges
extending much farther south.
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FIGURE 3.31

Text

Ponderosa pine (Pinus ponderosa) is the dominant conifer in the Transi-
tion Life Zone over much of wesfern North America.
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United States from eastern Asia. The fungus proved to be
lethal, and most chestnuts succumbed. Vertebrates in this
zone include sage grouse (Centrocercus urophasianus), sharp-
tailed grouse (Pedioecetes phasianellusi), Columbian ground
squirrels (Spermophilus columbianus), northern flying squirrels
(Glaucomys sabrinus), and black bears (Ursus americanus).

Upper Austral Zone

This broad, irregular transcontinental belt is subdivided into
the Carolinian area (east of the Great Plains) and the Upper
Sonoran in the semiarid west (Fig. 3.32a, b). Mean temper-
atures range from 22°C to 26°C. The Carolinian area is
humid in summer and is characterized by such species as
oaks (Quercus), hickory (Carya), sweet gum (Liquedambar),
sycamore (Platanus), eastern wood frogs (Rana sylvatica),
Carolina wrens (Thryothorus ludovicianus), cardinals (Rich-
mondena cardinalis), eastern wood rats (Neotoma), and fox
squirrels (Sciurus niger). Typical species of the Upper Sono-
ran include pinyon pine (Pinus cembroides), buckeye (Aescu-
lus glabra), sagebrush (Artemisia tridentata), junipers
(Juniperus spp.), scrub jays (Aphelocoma coerulescens), BewicK’s
wren (Thryomanes bewickii), ring-tailed cats (Bassariscus astu-
tus), and northern grasshopper mice (Onychomys).

Lower Austral Zone

This region encompasses the southern United States from the
Carolinas and the Gulf states to California (Fig. 3.33a, b).
Mean temperatures range from 26°C to approximately 30°C.
The more humid eastern area (Austroriparian) is character-
ized by such plants as bald cypress (ZTuxodium distichum),

. FIGURE 3.32

(b)

la) Carolinian Life Zone in Ohio. Dominant trees are white and red oaks (Quercus sp.) with an understory
of hickory (Carya sp.). [b] Upper Sonoran Life Zone in western Nevada. Sagebrush [Artemisia tridentata)
and Utah juniper (Juniperus osteosperma) are common in this region.
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. FIGURE 3.33

(a)

(b)

[a) Austroriparian Life Zone in South Carolina. View of a bald cypress (Taxodium distichum) swamp forest.
(b) Lower Sonoran Life Zone of a desert in Western North America. Creosote bush (Larrea divaricatal) is the
dominant perennial plant. It produces chemicals that prevent the growth of other plants.

magnolia (Magnolia spp.), and long-leaf pine (Pinus palus-
tris), and by such vertebrates as pig frogs (Rana grylio), river
frogs (Rana heckscheri), alligator snapping turtles (Macroclemys
temminki), green anoles (Anolis carolinensis), brown pelicans
(Pelicanus occidentalis), boat-tailed grackles (Cassidix mexi-
canus), chuck-will's widow (Caprimulgus carolinensis), rice rats
(Oryzomys palustrisi), and cotton rats (Sigmodon hispidus).
Indicator species of the arid western area (Lower Sonoran)
include many types of cacti, ocotillo, mesquite, creosote bush,
patch-nosed snakes (Safvadora), Gambel’s quail (Lophortyx
gambelii), cactus wrens (Campylorhynchus brunneicapillus), kit
toxes (Vulpes macrotis), kangaroo rats (Dipodomys), and some
species of pocket mice (Perognathus).

Tropical

This region is often divided into the Arid Tropical and
Humid Tropical life zones. This, however, represents an over-
simplification of a complex biotic region that more accurately
is subdivided into seven major tropical zones: arid tropical
scrub, thorn forest, tropical deciduous forest, savanna, trop-
ical evergreen forest, rain forest, and cloud forest.

Biotic Provinces

A third method of classifying North American plant and ani-
mal communities and their distribution is by biotic provinces.
A biotic province “covers a considerable and continuous geo-
graphic area and is characterized by the occurrence of one or
more important ecologic associations that differ, at least in

proportional area covered, from the associations of adjacent
provinces” (Dice, 1943). The classification of biotic provinces
is based largely on vegetation, because plants often indicate
the characters of climate and soil on which animals also are
dependent. Animals also directly or indirectly depend on
plants for food and often for shelter and breeding places.

Each province is characterized by vegetation type, eco-
logical climax, fauna, climate, physiography, and soil. Each
includes both the climax communities and all the succes-
sional stages within its geographic area, including the fresh-
water communities. One or more climax associations may be
present. Each biotic province is subdivided further into eco-
logically unique subunits known as biotic districts (subdivi-
sions covering a definite and continuous part of the
geographic area of a biotic province) and life belts (vertical
subdivisions). Life belts, such as a grassland belt, a forest
belt, or an alpine belt, are based primarily on altitude. They
frequently are not continuous, but may occur under proper
conditions of altitude and slope exposure on widely sepa-
rated mountains within one biotic province. Boundaries of
the provinces, districts, and life belts often coincide with
physiographic barriers rather than with vegetation types, and
they are often difficult to locate precisely because the differ-
ent areas merge gradually into one another. The area covered
by a particular biotic province varies from time to time,
because of the production of new habitats through ecologic
succession, and also because of slow, but more or less per-
manent modifications of climate (Dice, 1943).
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Changes Caused by Human Activity

Humans have had a major impact on the distribution of ver-
tebrates through domestication of some species, extinction of
others, alteration of habitat, and both intentional and unin-
tentional transport and introduction of great numbers of ani-
mals to regions where they were originally absent.

Dogs, cats, cattle, goats, horses, pigs, rabbits, and oth-
ers have been domesticated from their wild ancestors.
Domesticated vertebrates have served as invaluable human
companions as well as important agricultural resources. Some
of these species were taken on early sailing ships to provide
food. When released on foreign shores and islands, they fre-
quently survived, multiplied, and became feral (wild). Horses
and cattle were introduced into various parts of North and
South America in this manner. Cattle were brought to Aus-
tralia, and pigs and goats established feral populations on
many islands including the Galapagos Islands and New
Zealand. European rabbits (Oryctolagus cuniculus) were
released in Australia with devastating effects on both the
flora and fauna (Fig. 3.34) (see discussion in Chapter 10).

The Norway rat (Rattus norvegicaus), black rat (Rattus
rattus), and house mouse (Mus musculus) are native to Europe.
By stowing away aboard early sailing ships, they were trans-
ported around the world. They are highly adaptable and
flourish in most areas today.

The starling (Sturnus vulgaris), native to western Europe,
was intentionally released into New York in 1896 (Fig. 3.35).
These birds are largely commensal with humans, using our
structures for nesting sites and agricultural habitats for food
sources. They are aggressive, bullying birds that often drive
native hole-nesting birds such as flickers, purple martins, and
bluebirds away from suitable nesting sites.

. FIGURE 3.34
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European rabbits (Oryctolagus cuniculus) around a water hole in Aus-
fralia. In 1859 a farmer in southern Australia imported a dozen pairs of
wild European hares with the intention of introducing them as game ani-
mals. Within 6 years the 24 hares had mushroomed to 22 million, and
by 1907 they had reached every corner of the continent. By the

1930s their population had reached an estimated 750 million.
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FIGURE 3.35

The European starling (Sturnus vulgaris) (inset] which was intentionally
infroduced into New York in 18906, has rapidly expanded its range in
North America. These birds are extremely aggressive and often drive
native holenesting birds, such as bluebirds (Sialia sialis|, away from
suitable nesting sites

Source: Gibson and Brown, Biogeography, 1983, Mosby Co.

The English (house) sparrow (Passer domesticus) was
introduced into New York in 1852. It reached the Pacific
Coast in the early 1900s and is presently one of the most suc-
cessful North American birds, ranging from coast to coast
and from Guatemala to central Canada. Like the starling, it
is usually abundant only around areas of human habitation.
This species is undergoing extemely rapid evolution at the
racial level. Local populations already have evolved distinc-
tive combinations of traits. For example, birds in the north-
eastern United States are large and dark-colored, whereas
those inhabiting the southwestern deserts are small and pale.
These differences appear to represent adaptations to local
climates and other factors.

Mongooses (Herpestes spp.) have been widely introduced
to kill rats and snakes (Fig. 3.36a). Nowak (1991) noted
that populations of mongooses (H. auropunctatus, native to
the region from Iraq to the Malay Peninsula) had become
established on most Caribbean islands, the northeastern
coast of South America, and the Hawaiian and Fiji islands.
He noted that several individuals also had been taken on the
mainland of North America. In addition to killing rats,
mongooses destroy harmless reptiles, birds, and mammals.
A great deal of circumstantial evidence points to the mon-
goose being responsible for the extinction of many native
West Indian birds and reptiles, but definitive proof is lack-
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. FIGURE 3.36

(a)

(b)

(a) The African mongoose (Herpestes ichneumon) was infroduced info Portugal and Spain fo kill rats and snakes. (b) The nutria (Myocastor coypu)
is a South American rodent that was brought fo North America as a potential commercial furbearer.

ing. They also have become pests by preying on poultry. The
importation or possession of mongooses now is forbidden by
law in some countries. In many areas, rats now live in trees,
where they are safe from mongooses.

The nutria (Myocastor coypu), a South American rodent,
was brought to North America as a potential fur-bearer (Fig.
3.36b). Most of the animals in the United States are thought
to have originated from 20 animals brought to Louisiana in
1938 (Nowak, 1991). These mammals have established
themselves in marshes in more than 20 states, with the most
extensive populations being in the south-central part of the
country. They are direct competitors of the native muskrat,
as well as with waterfowl.

Many of the small native fishes in the southwestern
United States, such as pupfishes, have suffered great reduc-
tions in their geographic ranges and complete extinction of
local populations as a result of introductions of large preda-
tory game fish, especially largemouth black bass (Micropterus
salmoides), into their habitats. The native fishes are not
adapted to large specialized predators because they have
evolved in isolated lakes, streams, and springs for thousands
of years during post glacial periods.

The construction of reservoirs has a drastic effect on
riverine fauna. Some species can adapt to live in the warmer,
more stable hydrological regime; others cannot. Most reser-
voir fishes stay close to shore, the mouth of tributaries, and
in shallows. Deeper waters are often poorly utilized.

Lake trout (Salvelinus namaycush) were distributed
widely over northern North America, but they were absent

from bodies of water occupied by lampreys. Until the con-
struction of the Welland Canal in 1829, the upper Great
Lakes were protected by Niagara Falls, which formed a nat-
ural barrier impenetrable by lampreys. Following the open-
ing of the canal, however, sea lampreys had access to the
Great Lakes, and populations of trout were decimated. The
first lamprey was reported in Lake Erie in 1921
(Dymond,1922). By the late 1940s, the sea lamprey was
established in all of the Great Lakes and was causing severe
damage to the native fishes, particularly lake trout, which
experienced major declines.

Numerous tropical and semitropical vertebrates from
fishes to mammals have been released or have escaped in
Florida and have become established. The walking catfish
(Clarias batrachus), marine toad (Bufo marinus), brown anole
(Anolis sagrei), and several species of Neotropical monkeys are
just a few examples.

Although most vertebrate introductions have been detri-
mental to the habitat and/or to other species, some have
proved successful. Many of the trouts, including rainbow,
brown, and brook trout, have been transported all over the
world. The ringnecked pheasant (Phasianus colchicus) of Asia
and eastern Europe has established itself in some regions of
North America. The eastern gray partridge (Perdix perdix)
became an important game bird in the wheat country of
western Canada.

Human activities have been responsible for increasing
the rates of extirpation and extinction of species throughout
the world. These topics will be discussed in Chapter 14.
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. FIGURE 3.37

£ b
The coyote (Canis latrans) has extended its range eastward to the
Aflantic Ocean and now occurs in all 48 configuous states. It has bene-
fited from timber cutting, which has opened vast new areas that were
formerly forested.
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Cutting of forested areas for lumber, for farmland, and
for villages, towns, and cities has destroyed the habitat of
many forest-dwelling species. It has, however, allowed a
few species to become more widely distributed. The prairie
deermouse (Peromyscus maniculatus bairdii) originally inhab-
ited the prairie grasslands of central North America, but as
eastern forests were cleared, it gradually extended its range
eastward and colonized agricultural cropland and old fields
(Baker, 1968). White-tailed deer in North America are
more abundant now than they have ever been. Part of the
reason for their abundance has been the elimination of
predators such as cougars (Felis concolor) and wolves (Canis
lupus and C. rufus). Another factor, however, has been the
cutting of the forests, which opened vast new areas of fields
and second-growth timber that are ideal deer habitat. This
same activity has allowed the coyote (Canis latrans) to
spread eastward to the Atlantic Ocean and to occur in all
48 contiguous states (Fig. 3.37).
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1. Discuss the three types of barriers to vertebrate distribution.
Give several specific examples of each.

2. Distinguish between biogeographic realms and biomes. In
which biome do you live?

3. List the six major biogeographic regions as proposed by Wal-
lace. Give several species of vertebrates that inhabit each region.

4. Define plate tectonics. How has this process affected climate
and the distribution of vertebrates?

5. Land bridges have played a major role in the distribution of
vertebrates. Name two land bridges and discuss the signifi-
cance of each.

6. Contrast the effect of mountain ranges in Europe and North
America on the distribution of vertebrates during glacial episodes.

. List several survival adaptations developed by desert species.

. Differentiate between plankton and nekton.

. Explain the importance of estuaries to marine communities.

. What is the difference between the littoral and profundal zones
of a lake ecosystem?

11. Which life zone do you live in?

12. Define ecotones and describe their significance.

13. Differentiate between tundra and taiga.

14. Why do you think that amphibians and reptiles are unable to

inhabit the arctic tundra?
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Cbatctnote Strener— oo

Visit the zoology web site at http://www.mhhe.com/zoology to find
live Internet links for each of the references listed below.

1. Biomes.
This site, from the University of California at Berkeley’s
Museum of Paleontology, has much information on the 5 pri-
mary biomes.

2. Biomes.
This web site is from NASA’s Classroom of the Future.

3. Clickable Map: U.S. Fish and Wildlife Service.
Links to sites with more information related to the 7 regions
of the United States.

4. Habitat Conservation Plans.
This page, from the National Wildlife Federation, contains
fact sheets, articles, and links to more information on saving
species by protecting habitats.

5. Ecology of the Intertidal and Subtidal Areas.
Information on both the intertidal and subtidal estuarine sub-
systems. From the Coastal Services Center of NOAA.

6. Desert Animal Survival.
Information on adaptations of vertebrates to life in the desert.
Excellent images and links to organizations.

7. SeaWeb.
Information designed to raise awareness of the world’s oceans
and the life within it.

8. This Dynamic Earth.
Information on plate tectonics from the U.S. Geological Survey.

9. Plate Tectonics.

Information from the University of California Museum of
Paleontology, including a number of animations.

10. Alfred Wegener’s Theory of Continental Drift.
The page on German geophysicist Alfred Wegener’s studies.
Wegener put forth his theory of continental drift that was met
with considerable hostility from his colleagues and not fully
accepted until the late 1950s.

11. Modern Tectonic Plate Boundaries.
Nice GIF image showing the various plates.

12. Rainforest Action Network.
The state of the world’s rainforests and temperate moist forests,

and what you can do! For example, where should you purchase
lumber in order to be environmentally conscious? See this site for
the answer!

13. Rainforest Preservation Foundation.
Information, downloads, and how you can help to preserve this
imperiled ecosystem.

14. Home Page of the Nature Conservancy—Help Protect
Endangered Species.
Go to the site index to find all of the topics covered.

15. Historical and Cultural Significance of the Bering Land

Bridge National Preserve.
Excellent source of information on the region, climate, conti-

nental glaciation, native peoples.
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CHAPTER 4

Early Chordates and Jawless Fishes

B INTRODUCTION

There are many hypotheses concerning the evolution of ver-
tebrates. These hypotheses are continually being changed
and refined as new studies uncover additional evidence of
evolutionary relationships and force reassessments of some
earlier ideas about vertebrate evolution (Fig. 4.1). New fos-
sil evidence, morphological studies, and comparative studies
of DNA and RNA are gradually filling gaps in our knowl-
edge and providing a more complete understanding of the
relationships among vertebrates.

Evolution takes place on many scales of time. Gingerich
(1993) noted that field and laboratory experiments usually are
designed to study morphological and ecological changes on
short time scales; in contrast, fossils provide the most direct
and best information about evolution on long time scales.
The principal problem with the fossil record is that the time
scales involved, typically millions of years, are so long that
they are difficult to relate to the time scales of our lifetimes
and those of other organisms. Many biologists have diffi-
culty understanding evolution on a geological scale of time,
and many paleontologists have difficulty understanding evo-
lution on a biological scale of time. One reason for this is that
we have almost no record of changes on intermediate scales
of time—scales of hundreds or thousands of years—that
would permit evolution on a laboratory scale of time to be
related to evolution on a geological scale.

No living protochordate (tunicate and lancelet) is
regarded as being ancestral to the vertebrates, but their com-
mon ancestry is evident. In 1928, Garstang proposed a
hypothesis by which larval tunicates could have given rise to
cephalochordates and vertebrates (Fig. 4.2). Garstang sug-
gested that the sessile adult tunicate was the ancestral stock
and that the tadpolelike larvae evolved as an adaptation for
spreading to new habitats. Furthermore, Garstang suggested
that larval tunicates failed to metamorphose into adults but
developed functional gonads and reproduced while still in
the larval stage. As larval evolution continued, the sessile
adult stage was lost, and a new group of free-swimming ani-

mals appeared. This hypothesis, known as paedomorphosis
(the presence of evolutionary juvenile or larval traits in the
adult body), allowed traits of larval tunicates to be passed on
to succeeding generations of adult animals.

The first vertebrate is thought to have used internal gills
for respiration and feeding while swimming through shallow
water. It was probably similar in appearance and mode of
living to the lancelet or amphioxus, Branchiostoma, which
currently lives in shallow coastal waters. Cephalochordates
possess symplesiomorphic (Ch.2, p.28) features that ances-
tral vertebrates are presumed to have inherited, such as a
notochord, a dorsal hollow nerve cord, and pharyngeal gill
slits, and they occurred earlier in geological time than the first
known fossil vertebrates. Even though the lancelet is prim-
itive, its asymmetry and unusual pattern of nerves appear to
make it too specialized to be considered a truly ancestral type.

Feduccia and McCrary (1991), however, believed that
cephalochordates were the probable vertebrate ancestors. As
evidence, they cited the discovery of the mid-Cambrian 520-
million-year-old Pikaia gracilens, a cephalochordate fossil
found in the Burgess Shale formation in British Columbia,
Canada. Pikaia possessed a notochord and segmented mus-
cles and, in 1991, was the earliest known chordate (Fig. 4.3).
Since that time, an even earlier possible chordate, Yun-
nanozoon lividum, from the Early Cambrian (525 million
years ago), has been reported from the Chengjiang fauna in
China (Chen et al., 1995). It possessed a spinelike rod
believed to be a notochord, metameric (segmental) branchial
arches that possibly supported gills, segmented musculature,
and a row of gonads on each side of the body. Not everyone
is convinced that Yunnanozoon is a chordate. In fact, another
Chinese researcher (Shu et al., 1996a) has classified it in
another closely related phylum—the phylum Hemichordata
(acorn worms).

In 1996, researchers discovered a 530-million-year-old
fossil from the same Chengjiang fossil site and proclaimed it
to be the oldest chordate fossil (Monastersky, 1996¢; Shu et
al., 1996b). Cathaymyrus diadexus (Fig. 4.4a) is 2.2 cm long,
has V-shaped segments that closely resemble the stacked




Linzey: Vertebrate Biology 4. Early Chordates and Text © The McGraw-Hill
Jawless Fishes Companies, 2003

Early Chordates and Jawless Fishes 75

. FIGURE 4.1

Modern humans (Homo sapiens)
appear (2 seconds before midnight)

Recorded human history begins
(1/4 second before midnight)
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Greatly simplified timeline showing the history of the evolution of different forms of life on Earth compared to a 24-hour time scale. The human species
evolved only about 2 seconds before the end of this 24-hour period.

muscle blocks in primitive living chordates such as More than 300 fossil specimens of another craniate-like
amphioxus, and a creaselike impression running partway chordate, Haikouella lanceolata, were recovered from Lower
down the back of the body that scientists interpret as the Cambrian (530 million year old) shale in central Yunnan in

imprint left by the animal’s notochord. southern China (Chen et al., 1999). The 3-centimeter
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. FIGURE 4.2

Ostracoderm

ascidian

Paedomorphic vertebrate ancestor

Garstang’s hypothesis of larval evolution from paedomorphic urochordate larvae. Adult tunicates live
on the sea floor but reproduce through a free-swimming “tadpole” stage. More than 500 million
years ago, some larvae began to reproduce in the swimming sfage. These are believed fo have

evolved into the ostracoderms, the first known vertebrates.

FIGURE 4.3

Pikaia gracilens, an early chordate, from the Burgess Shale of British
Columbia, Canada.

Haikouella fossils are similar to Yunnanozoon, but they have
several additional features: a heart, ventral and dorsal aor-
tae, gill filaments, a caudal projection, a neural cord with a
relatively large brain, a head with possible lateral eyes, and
a ventrally situated buccal cavity with short tentacles.

Researchers continue to search for the earliest vertebrate
(Janvier, 1999). Several groups of organisms have been pro-
posed as “possible” chordates and vertebrates. Their inclusion
in the vertebrate group is still uncertain, and their significance
to the vertebrate story remains unclear.

B CALCICHORDATES

One of these groups, the calcichordates, comprise marine
organisms, usually classified as echinoderms, known only
from fossils dated from 600-400 million years ago (Jefferies,
1986) (Fig. 4.4b). Calcichordates were covered by small
plates of calcium carbonate, possibly representing incipient
bone. Although they possessed indentations on their sides
and an expanded anterior chamber, there is no evidence that
these structures formed a pharyngeal gill apparatus. Other
vertebrate-like characteristics pointed out by proponents
include an expanded anterior nervous system (brain?) and a
whiplike stalk (postanal tail?). However, there is no evidence
of a notochord, nerve cord, or segmented musculature.

B CONODONTS

The second group recently proposed as possible vertebrates
are the conodonts (Fig. 4.5). These were small (4 cm) worm-
like marine organisms, known only from some fossils with
small teeth containing calcium phosphate. Some segmented
muscle was present in a bilaterally symmetrical body. They
appeared in the Cambrian (510 million years ago) approxi-
mately 40 million years before the earliest vertebrate fossils
and lasted until the Triassic (200 million years ago). Recent
evidence of large eyes with their associated muscles; fossilized
muscle fibers strikingly similar to fibers in fossil fishes; a
mineralized exoskeleton; the presence of dentine; and the
presence of bone cells make it a likely candidate as a near-
gnathostome (jawed) vertebrate. The absence of a gill appa-
ratus, however, is still puzzling (Sansom et al., 1994; Gabbott
et al., 1995; Janvier, 1995). The discovery of microscopic
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[a) Camera lucida drawing of Cathaymyrus diadexus, a new species.
(b) Lateral view of a calcichordate, showing small overlapping plates of
calcium carbonate covering the surface of the animal’s body.

wear patterns on the teeth, perhaps produced as food was
sheared and crushed, supports the hypothesis that these early
forms were predators (Purnell, 1995).
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. FIGURE 4.5
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() Restoration of a living conodont. Although superficially resembling an
amphioxus, the conodont possessed a much greater degree of encephal-
ization (large, paired eyes; possible auditory capsules) and bonelike min-
eralized elements—all indicating that the conodont was a vertebrate. The
conodont elements are believed to be gillsupporting structures or part of
a suspensionfeeding apparatus. (b) Micrograph shows single conodont
tooth with closeup of ridges worn down by crushing food.

(a) From Cleveland P. Hickman, Jr, et al., Integrated Principles of Zoology,
10th edition. Copyright © 1997 McGraw-Hill Company, Inc. All Rights
Reserved. Reprinted by permission.

B EARLY CAMBRIAN FISH-LIKE FOSSILS

Shu et al. (1999) described two distinct types of agnathan
from the mid-Lower Cambrian (530 million years ago) Chen-
jiang fossil site. One form, Haikouichthys ercaicunensis, has
structures resembling a branchial basket and a dorsal fin with
prominent fin-radials, and is lamprey-like. The second fos-
sil, Myllokunmingia fengjiaoa, has well developed gill pouches
with probable hemibranchs and is closer to the hagfish.
Shared features include complex myomeres and a notochord,
as well as probable paired ventral finfolds and a pericard. The
zigzag arrangement of segmented muscles is the same type
pattern seen in fish today. The arrangement of the gills is
more complex than the simple slits used by amphioxus. These
agnathan vertebrates predate previous records by at least 20
and possibly as many as 50 million years (Shu et al., 1999).

Although both Haikouichthys and Myllokunmingia lack the
bony skeleton and teeth seen in most, but not all, members of
the subphylum Vertebrata, they appeared to have had skulls and
other skeletal structures made of cartilage. Shu et al. (1999)
proposed that vertebrates evolved during the explosive period
of animal evolution at the start of the Cambrian and only some
30 million years later developed the ability to accumulate min-
erals in their bodies to form bones, teeth, and scales.
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Whereas the preceding discussion focused on recent
(direct) ancestors of vertebrates, some researchers believe
that a// animals are descended from a common ancestor
and share a special family of genes (the homeobox, or
Hox, genes) that are important for determining overall
body pattern. The protein product of Hox genes controls
the activation of other genes, ensuring that various body
parts develop in the appropriate places. Hox genes are
“organizer” genes; they switch other genes “on” and “off.”
Garcia-Fernandez and Holland (1994) have described a
single cluster of Hox genes from an amphioxus, Bran-
chiostoma floridae, that matches the 38 Hox genes in four
clusters on different chromosomes known from mam-
mals. Each amphioxus Hox gene can be assigned to one
of the four clusters, and they are even arranged in the
same order along the main axis of each chromosome.
These genes are involved in embryonic patterning and
development and serve as blueprint genes. Patterns of
Hox gene expression are established that give cells a posi-
tional address, and then the interpretation of this posi-
tional information leads to the appropriate development
of particular bones, appendages, and other structures.
Most vertebrates, including mammals, have four Hox
clusters, suggesting that two genome duplications
occurred since these lineages split from the invertebrates,
which typically have only one Hox cluster.

A change in Hox gene number has been hypothe-
sized as a significant factor in the evolution of vertebrate
structures. For example, at the 1998 meeting of the
Canadian Institute for Advanced Research Programs in
Evolutionary Biology, John Postlethwait and his col-
leagues at the University of Oregon announced that they
had found that zebra fish have seven Hox clusters on
seven different chromosomes. They hypothesize that the
doubling might have occurred very early in the ray-finned
fish (Actinopterygii) lineage and might explain how the
25,000+ species came to evolve such diverse forms.
Although their respective evolutionary histories are
unique, vertebrate, insect, and other animal appendages
are organized via a similar genetic regulatory system that
may have been established in a common ancestor.

BIO-NOTE 4.1

Homeobox Genes

Garcia-Fernandez and Holland, 1994
Gee, 1994

Shubin et al., 1997

Vogel, 1998

® EVOLUTION

The evolution of the major groups of hagfishes, lampreys,
and fishes and their relationships to each other, to the
amphibians, and to amniotes is shown in Fig. 4.6. A clado-
gram showing probable relationships among the major
groups of fishes is shown in Fig. 4.7. Because taxonomy is
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constantly undergoing refinement and change, the relation-
ships depicted in this cladogram, along with others used in
this text, are subject to considerable controversy and differ-
ences of opinion among researchers (see Supplemental Read-
ings at end of chapter).

The earliest vertebrate remains were thought to consist
of fossil remnants of bony armor of an ostracoderm (Ana-
tolepis) recovered from marine deposits in Upper Cambrian
rocks dating from approximately 510 million years ago
(Repetski, 1978). Recent studies, however, have identified
these remains of “bone” as the hardened external cuticles of
early fossil arthropods (Long, 1995). Since bone is found
only in vertebrates, the presence of bone in a fossil is highly
significant. Young et al. (1996) and Janvier (1996) reported
fragments of bony armor from a possible Late Cambrian
(510 million years ago) early armored fish from Australia.
The fragments bear rounded projections, or tubercles, that
bear a striking resemblance to those of arandaspids, a group
of jawless vertebrates from the Ordovician period. The Aus-
tralian fragments, unlike arandaspid armor, which is com-
posed of bone, are made up of enamel-like material. Both
arandaspids and the Australian fragments also lack dentin
(a substance softer than enamel but harder than bone).
Dentin is deposited by specialized cells derived from ectome-
soderm, thus providing indirect evidence of the presence of
a neural crest, a unique vertebrate tissue found nowhere else
in the Animal kingdom (Kardong, 1998).

At present, the oldest identifiable vertebrate fossils with
real bone are fragmentary ostracoderm fossils (Arandaspis)
that have been found in sedimentary rocks formed in fresh
water near Alice Springs in central Australia during the
Ordovician period, approximately 470 million years ago
(Long, 1995) (Fig. 4.8a). The bony shields were not pre-
served as bone but as impressions in the ancient sandstones.
The first complete Ordovician ostracoderm fossils (Sacabam-
baspis) were discovered in central Bolivia in the mid-1980s
by Pierre Yves-Gagnier (Long, 1995) (Fig. 4.8b). They have
been dated at about 450 million years ago and, thus, are
slightly younger than the Australian fossils, but they are
much more completely preserved.

Although ostracoderms presumably possessed a carti-
laginous endoskeleton, the head and front part of the body
of many forms were encased in a shieldlike, bony, external
cover (Fig. 4.9). Bony armor, together with a lack of jaws and
paired fins, characterized these early vertebrates (heterostra-
cans), which presumably moved along the bottom sucking up
organic material containing food. Their tails consisted of two
lobes, with the distal end of the notochord extending into the
larger lobe. If the larger lobe was dorsal, the tail was known
as an epicercal tail; if ventral, it was known as a hypocercal
tail. Later ostracoderms (cephalaspidiforms) developed paired
“stabilizers” behind their gill openings that probably
improved maneuverability. Most of these stabilizers were
extensions of the head shield rather than true fins, although
some contained muscle and a shoulder joint homologous with
that of gnathostomes.
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Graphic representation of the family tree of fishes, showing the evolution of major groups through geological time. Many lineages of extinct fishes are
not shown. Widths of lines of descent indicate relative numbers of species. Widened regions of the lines indicate periods of adaptive radiation. The
fleshy-finned fishes (sarcopterygians), for example, flourished in the Devonian period, but declined and are today represented by only four surviving
genera (lungfishes and the coelacanth). Homologies shared by the sarcopterygians and tefrapods suggest that they are sisfer groups. The sharks and
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era. The diverse modern fishes, or feleosts, currently make up most of the living fishes.



Linzey: Vertebrate Biology
Jawless Fishes

80 Chapter Four

4. Early Chordates and Text

© The McGraw-Hill
Companies, 2003

. FIGURE 4.7
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Ostracoderms, which are considered to be a sister group
to the lampreys (Cephalaspidomorphi), survived some 100
million years before becoming extinct at the end of the
Devonian period. Two relatives of this group—hagfishes and
lampreys—exist today.

The earliest hagfish (class Myxini) fossil comes from the
Pennsylvanian epoch, approximately 330 million years ago
(Bardack, 1991). Whereas lampreys occur in both freshwater
and marine habitats, hagfishes are strictly marine and live in
burrows on the ocean bottom in waters cooler than 22°C
(Marini, 1998). They occur worldwide, except in the Arctic

and Antarctic oceans, and serve as prey for many marine ani-

mals including codfish, dogfish sharks, octopuses, cor-
morants, harbor porpoises, harbor seals, elephant seals, and
some species of dolphins (Marini, 1998).

Hagfishes have been evolving independently for such an
extremely long time (probably more than 530 million years,
according to Martini [1998]) and are so different from other
vertebrates that many researchers question their relationship
to vertebrates. They appear to have changed little over the
past 330 million years. Some researchers, such as Janvier
(1981), do not classify hagfishes as vertebrates because there
is no evidence of vertebrae either during their embryonic
development or as adults. However, because they have a cra-
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(b)
(a) Arandaspis, a 470-million-year-old jawless fish found near Alice
Springs in central Australia. The fossilized impression of the bony plates
was preserved in sandsfone. The impression of the ribbed clam shell is
approximately where the mouth of the fish would have been. The length
of this specimen is approximately 20 cm. (b) Reconstructions of the primi-
tive Ordovician fishes Arandaspis (above) and Sacabambaspis (below).
(b) Source: Long, The Rise of Fishes, Johns Hopkins University Press, 1995.

Sy
)
nium, they are included in the “Craniata” by phylogenetic -
systematists; they are considered the most primitive living Hemicyclaspis 1cm
craniates. The Craniata includes all members of the subphy-
lum Vertebrata in the traditional method of classification.
The earliest fossils of lampreys (class Cephalaspidomorphi)
also come from the Pennsylvanian epoch, approximately 300
million years ago (Bardack and Zangerl, 1968). Cephalaspids Pharyngolepis 1em
possess a distinctive dorsally placed nasohypophyseal opening.
The single nasal opening merges with a single opening of the
hypophysis to form a common keyhole-shaped opening. This
is a synapomorphy of the group. In addition, the brain and cra- Petromyzon 1cm
nial nerves are strikingly similar. Fossils differ little from mod-
ern forms and share characteristics and presumably ancestry (b)
with two groups of ostracoderms (anaspids and cephalaspids).
As is the case with many issues discussed in this text,
there is considerable controversy concerning the evolution-
ary history of these groups. Both lampreys and hagfishes pos-
sess many primitive features. Besides the absence of jaws and
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Figure 4.9 —>

Representative ostracoderms. (a) Pteraspidomorphs from the early Paleozoic, with
plates of bony armor that developed in the head. All are extinct. (b) Representa-
tive cephalaspidomorphs. All are extinct except the lamprey. (c] Representative Lasanius
anaspidomorphs. All are extinct. ()
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paired fins, both groups lack ribs, vertebrae, a thymus, lym-
phatic vessels, and genital ducts. Both possess cartilaginous
skeletons. Based on these shared primitive characteristics,
many researchers and taxonomists feel that lampreys and hag-
fishes form a monophyletic group—the agnathans. Recent
phylogenetic comparisons of ribosomal RNA sequences from
hagfishes, lampreys, a tunicate, a lancelet, and several
gnathostomes provide additional evidence to support the pro-
posed monophyly of the agnathans (Stock and Whitt, 1992).

Hagfishes, however, lack some structures found in lam-
preys, such as well-developed eyes, extrinsic eyeball muscles,
and the radial muscles associated with the median fins (Stock
and Whitt, 1992). They possess only a rudimentary braincase,
or cranium. Also, the primary structure of insulin, a hormone
secreted by the pancreas, has been found to differ in the two
groups, leading researchers to note that the most likely con-
clusion would be that lampreys and hagfishes descended from
different ancestors (Mommsen and Plisetskaya, 1991). Dif-
ferences between adult lampreys and hagfishes are presented
in Table 4.1. Based on such morphological analyses, other
researchers believe that agnathans are paraphyletic, with lam-
preys being more closely related to gnathostomes than either
group is to hagfishes (Janvier, 1981; Hardisty, 1982; Forey,
1984; Maisey, 1986). Additional studies, including analyses

TABLE 4.1
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of sequences from other genes, are needed to clarify the phy-
logenetic relationships of the agnathans.

B MORPHOLOGY OF JAWLESS FISHES

Integumentary System

The outer surface of the body of extant jawless fishes is
smooth and scaleless (Figs. 4.10 and 4.11). The skin consists
of a thin epidermis composed of living cells and a thicker,
more complex dermis consisting of multiple, dense layers of
collagen fibers. The skin of hagfishes is attached to under-
lying muscles only along the dorsal midline and along the
ventral surface at the level of the slime glands (Marini, 1998).
Tanned hagfish skin is sold as “eel-skin” and is used to pro-
duce designer handbags, shoes, wallets, purses, and briefcases
(Marini, 1998). A nonliving secretion of the epidermis, called
cuticle, covers the epidermis in lampreys. Within the dermis
are sensory receptors, blood vessels, and chromatophores.
Several types of unicellular glands are normally found in the
epidermis; they contribute to a coating of mucus that covers
the outside of the body. A series of pores along the sides of
the body of a hagfish connect to approximately 200 slime
glands that produce the defensive slime (mucus) that can coat

Comparison of Anatomical and Physiological Characteristics Between

Adult Lampreys and Hagfishes

Characteristics Lampreys Hagfishes
Dorsal fin One or two None

Pre-anal fin Absent Present

Eyes Well developed Rudimentary
Extrinsic eye muscles Present Absent

Lateral-line system Well developed Degenerate
Semicircular canals Two on each side of head One on each side of head
Barbels Absent Three pairs
Intestine Ciliated Unciliated

Spiral valve intestine Present Absent

Buccal funnel Present Absent

Buccal glands Present Absent

Nostril location Top of head Front of head
Nasohypophyseal sac Does not open into pharynx Opens into pharynx
External gill openings 7 1to 14

Internal gill openings

Cranium

Branchial skeleton

Vertebrae (cartilaginous)

Pairs of spinal nerves per
body segment

Kidney

Osmoregulation

Eggs
Cleavage of embryos

United into single tube
connecting to oral cavity

Cartilaginous

Well developed

Neural cartilages

Two
Mesonephros
Hyper- or hypoosmotic

Small, without hooks
Holoblastic

Each enters directly into
pharynx

Poorly developed

Rudimentary

Neural cartilages only in tail

One

Pronephros anterior,
mesonephros posterior

Isosmotic

Very large, with hooks

Meroblastic

From Moyle/Cech, Fishes: An Introduction to Ichthyology, 3/e, Copyright ©1996. Adapted by permission of
Prentice-Hall, Inc., Upper Saddle River, NJ.
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The Atlantic hagfish Myxine glutinosa: (a) external anatomy; (b] ventral view of head with mouth held open, showing
horny plates used to grasp food during feeding; (c) sagittal section of head region; (d) knotting action, illustrating how

the hagfish obtains leverage to tear flesh from its prey.

From Cleveland P Hickman, Jr., et al., Integrated Principles of Zoology, 10th edition. Copyright © 1997 McGraw-Hill

Company, Inc. All Rights Reserved. Reprinted by permission.

the gills of predatory fish and either suffocate them or cause
them to leave the hagfish alone (Fig. 4.10a). To clean the
mucus off their own bodies, hagfishes have developed the
remarkable ability to tie themselves in a knot, which passes
down the body, pushing the mucus away (Fig. 4.10d). The
knotting behavior is also useful in giving hagfishes extra lever-
age when feeding on large fish (Moyle and Cech, 1996).

Skeletal System
Cartilages supporting the mouth parts and the gills are sus-
pended from the skull, which is little more than a troughlike
plate of cartilage on which the brain rests. The rest of the
branchial (gill) skeleton consists of a fenestrated basketlike
framework under the skin surrounding the gill slits (Fig. 4.11).
This branchial basket supports the gill region.

Although a true vertebral column is lacking in jawless
fishes, paired lateral neural cartilages are located on top of the
notochord lateral to the spinal cord in lampreys. These car-

tilaginous segments are the first evolutionary rudiments of a
backbone, or vertebral column. In hagfishes, however, lateral
neural cartilages are found only in the tail. While reminis-
cent of neural arches, it is unclear whether they represent
primitive vertebrae, vestigial vertebrae, or entirely different
structures. Anteriorly, only an incomplete cartilaginous
sheath covers the notochord in hagfishes.

All jawless fishes lack paired appendages, although all
possess a caudal fin. In addition, one or two dorsal fins are
present in lampreys. Hagfishes lack dorsal fins but have a pre-
anal fin.

Muscular System

Body muscles are segmentally arranged in a series of
myomeres, each of which consists of bundles of longitudinal
muscle fibers that attach to thin sheets of connective tissue,
called myosepta, between the myomeres (Fig. 4.11). There is
no further division of body wall musculature in these primitive
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. FIGURE 4.11
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(a) Sea lamprey, external anatomy
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(b) Sea lamprey, sagittal section
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[a) Lateral view of the sea lamprey, Pefromyzon marinus. The dorsal fins, eyes, and lateraline system are well developed. These struciures
are either absent or rudimentary in hagfishes. (b) Sagittal section through the anterior portion of a lamprey. Note the prominent buccal funnel.

vertebrates. Waves of contraction passing alternately down the
two sides of the body cause the lateral undulation of the trunk
and tail. Jets of water expelled from the gill slits may also aid
in locomotion. Buccal and lingual muscles are situated in the

buccal funnel and pharyngeal regions (Fig. 4.11).

Cardiovascular System

The heart in hagfishes and lampreys is located in the pericar-
dial cavity ventral to the pharynx (Fig. 4.11). It consists of four
parts: From posterior to anterior, these are the sinus venosus,
atrium, ventricle, and conus arteriosus, ,through which blood
flows in that sequence. Hagfishes have three additional sets of
accessory hearts along their venous system: the portal heart,
which receives venous blood from the cardinal vein and from
the intestine and pumps this blood to the liver; cardinal hearts,
which are located in the cardinal veins and help to propel the
blood; and caudal hearts, which are paired expansions of the
caudal veins (Johansen, 1960). These accessory hearts have
their own intrinsic pumping rhythm and are not coordinated
by the central nervous system. Despite the presence of these
accessory hearts, blood pressure in hagfishes is very low (Ran-
dall, 1970). The pooling of blood in large blood sinuses also

contributes to the low blood pressure in hagfishes.

Respiratory System

Living jawless fishes have between 5 and 15 pairs of exter-
nal gill openings (Figs. 4.10 and 4.11). In hagfishes, water
enters the nostril and passes through the nasopharyngeal duct
to the pharynx. Afferent branchial ducts lead from the phar-
ynx to the gill pouches, while water is carried from the
pouches to the outside through efferent branchial ducts. In
parasitic lampreys, however, the direction of water flow has
been modified. Water enters the external gill slits and is
ejected by the same route. This modification is essential so
that the lamprey can carry on respiration when it is attached
by its buccal funnel to a host fish. The nasal duct ends in a
nasohypophyseal sac and does not lead to the pharynx. At
metamorphosis in the lamprey, the pharynx differentiates
into an esophagus dorsally and pharynx ventrally, so that, in
adults, the pharynx terminates blindly.

Digestive System

Lampreys have a round, suctorial mouth (oral disk) located
inside a buccal funnel (Fig. 4.11b). Within the buccal fun-
nel is a thick, fleshy rasping “tongue” armed with horny epi-
dermal “teeth” for scraping flesh. Many lampreys are parasitic,
attaching to a host with their oral disks and using their rasp-
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ing teeth to bore into the host’s body wall (Fig. 4.12). Blood
and other body fluids are sucked from the host while the lam-
prey secretes an anticoagulant. Parasitic lampreys generally do
not kill their hosts, but detach, leaving a weakened animal
with an open wound. For this reason, some biologists prefer
to regard parasitic lampreys as predators, rather than parasites.
During its lifetime, each sea lamprey can kill 40 or more
pounds of fish.

Food passes through the pharyngeal region and into the
esophagus (Fig. 4.11b). Because lampreys have no true stom-
ach, the esophagus leads directly into a straight intestine
that contains a region of longitudinal folds known as a
typhlosole, whose function is to increase the absorptive area.
The intestine opens into the cloaca. Swim bladders, which
are derivatives of the digestive tract in many fishes, are not
present in agnathans.

Hagfishes are usually scavengers and lack oral disks (Fig.
4.10c). Their feeding apparatus consists of two dental plates,
hinged along the midline, each with two curved rows of
sharp, horny cusps (Fig. 4.10b). They feed primarily on small,
soft-bodied living invertebrates and also on dead and dying
fish, making them important scavengers on the ocean floor.
In the Gulf of Maine, Martini (1998) recorded an average
of 59,700 Myxine glutinosa per square kilometer of sea floor.
Although individual hagfishes have extremely low metabolic
rates, Marini (1998) calculated that 59,700 animals needed
to consume the caloric equivalent of 18.25 metric tons of
shrimp, 11.7 metric tons of sea worms, or 9.9 metric tons of
fish every year to maintain themselves at rest. When actively
swimming or burrowing, their energy demands increase four-
to fivefold. Like lampreys, hagfishes also lack a stomach.
Food passes through the pharynx and esophagus into a
straight intestine, which opens into the cloaca.

FIGURE 4.12

Sea lampreys are parasites that atiach themselves fo the body of fish such
as lake trout and salmon. Using their horny teeth, they scrape a hole in
the skin of their host and suck out its blood and other body fluids. An
adult sea lamprey can kill approximately 40 pounds of fish annually.
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BIO-NOTE 4.2

The only natural connection between Lake Ontario and
Lake Erie is the Niagara River. Falls and rapids, including
Niagara Falls, made the river useless as a commercial water-
way and had always served as a barrier to the upstream
movement of aquatic organisms. The completion of the
Welland Canal by Canada in 1829, however, created a navi-
gable waterway 43 km long between the two lakes. The
canal also provided a means by which the sea lamprey
(Petromyzon marinus) was able to invade the remaining four
Great Lakes. The lamprey was first recorded in Lake Erie
about 1921, in Lake Michigan in 1936, in Lake Huron in
1937, and in Lake Superior in 1938. As the sea lamprey
invaded each lake, populations of larger fish species such as
lake whitefish, lake trout, and burbot collapsed, as did the
commercial fisheries that depended on them. Each year, the
Great Lakes Fishery Commission traps 50,000 to 100,000
lampreys—sterilizing and releasing the males and killing
the females. Intensive research has resulted in the develop-
ment of a lampricide (poison) that is known as TFM (3-tri-
fluoromethyl-4-nitrophenol) and is specific for the
ammocoete larvae. As a result of these and other control
measures, lamprey populations have been reduced and most
fish populations are recovering. Eventually, the species may
coadapt to one another and reach an equlibrium so that
they can coexist without the need for any control programs.

Lampreys spawn in streams draining into the Great
Lakes. Electrical barriers are effective in preventing
adult lampreys from entering tributary streams to spawn
(Fig. 4.13). Researchers have found that migrating adult
lampreys are attracted to particular spawning streams by
the smell of two bile acids secreted by larval lampreys in
those streams. By using this knowledge, lamprey migra-
tion patterns can be altered, and they can be more effi-
ciently lured into traps.

Lampreys in the Great Lakes

Nicholson, 1996

. FIGURE 4.13
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Electrical barriers spanning tributary streams of the Great Lakes have
proven effective in preventing adult lampreys from entering the streams

to spawn.
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Nervous System

Even though the brains of vertebrates have undergone great
changes in the course of vertebrate evolution, they are all
similar in basic design. The anterior portion of the lamprey
brain consists of inconspicuous cerebral hemispheres and
rather prominent olfactory bulbs (Fig. 4.14). The pineal
organ (epiphysis), a photoreceptor, is absent in hagfishes but
is present in lampreys (Wurtman et al., 1968), where it lies
just beneath the connective tissue covering most of the brain;
it usually is connected to the posterior roof of the brain’s
diencephalon by a stalk.

A prominent parietal (parapineal) organ is found only in
lampreys, where it serves as a photoreceptor. Even though the
pineal and parapineal organs are light-sensitive, they do not
form images like the lateral eyes. Rather, they monitor the
intensity and duration of light. Feduccia and McCrady (1991)
suggested that the single median “eye” present in many ver-
tebrates is not homologous, because in some the eye corre-
sponds to the parietal body, and in others, to the pineal body.
The cerebellum, which aids in maintaining balance and pos-
ture, is not well developed in lampreys and hagfishes. A dis-
cussion of the cranial nerves is included in Chapter 5.

The dorsoventrally flattened spinal cord lies dorsal to
the notochord and is surrounded by a fibrous neural sheath.
Paired spinal nerves arise from the spinal cord. In lampreys,
spinal nerves are completely separated into dorsal and ven-
tral portions, a characteristic not found in any other living
vertebrate. Grillner (1996) found that the neural controls for
the lateral undulatory mode of locomotion utilized by the
lamprey were distributed throughout the spinal cord. Axons
extend from cells in the brain stem and lead to the special-
ized motor neurons involved in locomotion. In response to
signals from the brain, local networks of cells generate bursts

. FIGURE 4.14
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(a) Dorsal and (b) lateral views of the brain of a lamprey.
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of neural activity. These networks act as specialized circuits,
stimulating the neurons on one side of a segment of the lam-
prey’s body while suppressing the neurons on the opposite
side. The resultant bursts of muscle activity occur in smooth
waves that alternately bend segments of the body from one
side to the other.

Sense Organs

The lamprey is the only living jawless fish that has an evi-
dent lateral-line system (Fig. 4.11), consisting of superficial
sensory organs called neuromasts, arranged in several non-
continuous lines on the head and around the branchial cham-
bers. Indistinct dorsal, lateral, and ventral portions of the
lateral-line system are present on the body behind and above
the branchial openings.

Lampreys, like most vertebrates, possess two lateral eyes
that serve as their primary receptors of light. In hagfishes,
however, the eyes, which are rudimentary, are light-sensitive.
Small light-colored areas often mark the site for the eyes,
although no eyeball ever forms.

Olfactory organs are well developed in lampreys and
hagfishes. The single, median, dorsal nostril leads into a short
nasal tube that ends in a nasohypophyseal sac at the level of
the second internal gill slit. In lampreys the pouch ends
blindly, but in hagfishes the pouch connects with the gut.
Three pairs of sensory barbels are located around the mouth
and nostril of hagfishes.

In most vertebrates, three semicircular canals located in
the inner ear provide the organism with its sense of dynamic
equilibrium. One end of each canal is enlarged into a
swelling, called an ampulla, that contains a patch of sensory
cells known as cristae. Lampreys, however, have only the
anterior and posterior semicircular canals, whereas in hag-
fishes the two semicircular canals are connected in such a
manner that they appear as one (Berg, 1947).

Endocrine System
Endocrine organs and their functions in jawless fishes and
gnathostomes are discussed in Chapter 5.

Urogenital System

With the exception of hagfishes, whose body fluids have salt
concentrations similar to that in sea water (= isotonic), all
other marine vertebrates maintain salt concentrations in their
body fluids at a fraction of the level in the water (= hypo-
tonic) (Schmidt-Nielsen, 1990).

Lampreys can live in both sea water and fresh water. In
the ocean, they prevent osmotic water loss by having a tough
skin, by using salt-excreting cells in their gills to rid them-
selves of salt absorbed in their gut, and by reabsorbing water
in their kidneys. In fresh water, the kidneys excrete large
amounts of excess water while retaining essential proteins
and salts.

Hagfish embryos possess a primitive kidney known as an
archinephros (Fig. 4.15a). It is replaced by a pronephric kid-
ney (Fig. 4.15b), which forms from the anterior portion of
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onic reptiles, birds, and mammals. (c] The functional kidney of adult lampreys, fishes, and amphib-

ians is the mesonephros (opisthonephros). It functions for only a short fime in embryonic reptiles,
birds, and mammals. {d) Metanephric kidney of adult reptiles, birds, and mammals.

the nephrogenic mesoderm and functions as the adult kid-
ney in hagfishes. In lampreys, the anterior portion of the
nephrogenic mesoderm forms a pronephric kidney and the
posterior portion forms an opisthonephric kidney (Fig.
4.15c). The pronephric kidney consists of segmentally
arranged pronephric tubules with ciliated funnels that extend
into the peritoneal, or body, cavity and receive materials
directly from this cavity. The opisthonephric kidney consists
of longer tubules (nephrons) that usually lack peritoneal fun-
nels. Each tubule partially encloses a specialized cluster of
capillaries known as a glomerulus, thereby increasing the effi-
ciency of the filtering process. A pronephros forms as a devel-
opmental stage in all vertebrates. It is functional, however,

only in larval fish and amphibians and remains throughout
life only in lampreys, hagfishes, and a few teleosts. Even
then, it functions as an adult kidney only in hagfishes; in all
other vertebrates, it ceases to function as a kidney and
becomes a mass of lymphoid tissue. An opisthonephros serves
as the functional kidney of adult lampreys, as well as fishes
and amphibians.

Hagfishes and lampreys possess only a single gonad
(ovary or testis). Occasionally, individuals with both an ovary
and a testis are found, but only one gonad is functional. There
are no oviducts or sperm ducts; thus, eggs and sperm are
released directly into the abdominal cavity and pass into the
cloaca through an abdominal pore.
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B REPRODUCTION

Little is known about hagfish reproduction. There is no
information about when breeding occurs or how the eggs are
fertilized. Few fertilized eggs have ever been found (Martini,
1998). It is known that female hagfishes produce between 20
and 30 large, yolky eggs, which possess hooked filaments by
which they can be attached to the sea bottom and to each
other (Fig. 4.16).

Adult lampreys may live in either salt water or fresh
water, but all species spawn only in fresh water, indicating
that this group evolved in fresh water and secondarily invaded
marine environments. Both eggs and sperm are shed directly
into the body cavity and exit through one or more abdomi-
nal pores. Female parasitic sea lampreys (Petromyzon mari-
nus) may deposit as many as 260,000 eggs, whereas most
nonpredatory female lampreys produce only 1,000 to 2,000
eggs (Moyle and Cech, 1996). Most lampreys spawn in shal-

. FIGURE 4.16

(a)
(b)
(a) Cluster of eggs of the hagfish (Myxinidae), connected by the inter-

locking of their anchor-shaped filaments (b).
Source: Bridge and Boulenger, Macmillan and Co., England, 1904.
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low, gravel-bottomed streams in late winter or early spring.
Following their release from the female, eggs require approx-
imately 2 weeks to hatch.

Cleavage in the large, yolky egg of hagfishes is termed
meroblastic because only a portion of the cytoplasm is
cleaved (divided). Cleavage is holoblastic in the sparsely
yolked egg of lampreys, in which the mitotic cleavage fur-
rows pass through the entire egg.

B GROWTH AND DEVELOPMENT

Young hagfishes hatch as small, fully formed hagfishes. Since
no larval hagfishes have ever been found, it is presumed that
development is direct and without metamorphosis. Details
of their life history (e.g., life span, age at reproduction, breed-
ing sites, juvenile habitat) are unknown.

After hatching, lampreys undergo an extended larval
period, during which they are known as ammocoetes. The
blind, toothless ammocoete larvae (see Fig. 1.3c) drift with
the current until they come to an area of quiet water with a
muddy bottom. They burrow into the mud until only the
oral hood is left exposed and feed by straining microorgan-
isms, organic detritus from the water. Larval development
may last from 3 to 7 years depending on the species (Hardisty
and Potter, 1971). Those species that are parasitic generally
have a shorter larval life and longer adult life than nonpara-
sitic species. Following metamorphosis, some will migrate to
the ocean; others will migrate to large bodies of fresh water.
The adult stage generally lasts from 5 to 6 months in non-
parasitic species and up to 2 years in parasitic species. Lam-
preys die after breeding once. Some nonparasitic lampreys
live as larvae for 7 years and then metamorphose into non-
feeding adults. The adults live for a few weeks, reproduce,
and die.

Adult hagfishes are generally less than 1 m in total
length. Parasitic marine lampreys attain a larger adult size
(30-80 cm) than parasitic species living in fresh water (usu-
ally less than 30 cm). Adults of both fresh water and marine
parasitic forms are larger than adults of nonparasitic forms
(usually less than 20 cm).
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1. Do you feel that calcichordates and conodonts should be clas-
sified as vertebrates? Explain.

2. What characteristics do lampreys and hagfishes have in common?

3. Compare and contrast the digestive systems of hagfishes and
lampreys.

A:%ymm/ém (Foectinnig

4. Explain (or attempt to explain) why lampreys spawn in fresh
water environments but may live their adult lives in marine
environments.
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Visit the zoology web site at http://www.mhhe.com/zoology to find
live Internet links for each of the references listed below.

1. Hyperotreti (Hagfishes).

Arizona’s Tree of Life Web Page. An introduction, pictures,
characteristics, discussion of the skull, phylogenetic relation-
ships, and references on hagfishes.

2. Hyperoartia (Lampreys).
Arizona’s Tree of Life Web Page. An introduction, pictures,
characteristics, discussion of the skull, phylogenetic relation-
ships, and references on lampreys.

3. Introduction to the Myxini.
University of California at Berkeley, Museum of Paleontol-
ogy. Images, photos, systematics, more information, and links.

4. Hagfish.
Information from the Sea Grant on the hagfish fishery.

5. The Lowly Hag.
Information on hagfish.
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CHAPTER 5

Gnathostome Fishes

B INTRODUCTION

The two groups of living gnathostome (jawed) fishes are the
Chondrichthyes or cartilaginous fishes (sharks, skates, rays,
and ratfishes), and the Osteichthyes or bony fishes (Fig. 5.1).
Both groups may have evolved in separate but parallel fash-
ion from placoderm ancestors and are the survivors of hun-
dreds of millions of years of evolution from more ancient
forms. Fishes are the most diverse group of vertebrates, with
approximately 26,000 species of bony and cartilaginous fishes
extant in the world today (Bond, 1996).

® EVOLUTION

The evolution of the major groups of hagfishes, lampreys,
and gnathostome fishes and their relationships to each other,
to the amphibians, and to amniotes are shown in Fig. 4.6. In

Fig. 4.7 is presented a cladogram showing probable rela-
tionships among the major groups of fishes. Because taxon-
omy is constantly undergoing refinement and change, the
relationships depicted in this cladogram, along with others
used in this text, are subject to considerable controversy and
differences of opinion among researchers (see Supplemental
Readings at end of chapter).

Evolution of Jaws

The development of hinged jaws from the most anterior pair
of primitive pharyngeal arches (see discussion on page 99 of
this chapter) was one of the most important events in verte-
brate evolution. Jaws permitted the capture and ingestion of
a much wider array of food than was available to the jawless
ostracoderms, and they also permitted the development of
predatory lifestyles. Fish with jaws could selectively capture
more food and occupy more niches than ostracoderms and,
thus, were more likely to survive and leave offspring. They

. FIGURE 5.1
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External anatomy of (a) dogfish shark (Chondrichthyes) and (b) largemouth bass (Osteichthyes).
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could venture into new habitats in search of food, breeding
sites, and retreats. Jaws, which also could be used for defen-
sive purposes, could have aided these primitive fish in both
intraspecific and interspecific combat. Thus, hinged jaws
made possible a revolution in the method of feeding and
hence in the entire mode of life of early fishes. The term
gnathostome includes all of the jawed fishes and the
tetrapods.

Mallatt (1996) reassessed homologies between the
oropharyngeal regions of jawless fishes and Chondrichthyes
and proposed that jaws originally evolved and enlarged for a
ventilatory function—namely, closing the jaws prevented
reflux of water through the mouth during forceful expiration.
As the jaws enlarged further to participate in feeding, they
nearly obliterated the ancestral mouth in front of them, lead-
ing to the formation of a new pharyngeal mouth behind the
jaws. The secondary function of jaws was to grasp prey in
feeding. Thus, Mallatt (1996) proposed the following stages
in the evolution of gnathostomes: (1) ancestral vertebrate
(with unjointed branchial arches); (2) early pre-gnathostome
(jointed internal arches and stronger ventilation); (3) late pre-
gnathostome (with mouth-closing, ventilatory “jaws”); and
(4) early gnathostome (feeding jaws).

Evolution of Paired Fins

A second major development in the evolution of vertebrates
was the evolution of paired appendages. As early fishes
became more active, they would have experienced instability
while in motion. Presumably, just such conditions favored
any body projection that resisted roll (rotation around the
body axis), pitch (tilting up or down), or yaw (swinging from
side to side) and led to the evolution of the first paired fins
(pectoral and pelvic). Force applied by a fin in one direction
against the water is opposed by an equal force in the oppo-
site direction. Thus, fins can resist roll if pressed on the water
in the direction of the roll; fins projecting horizontally near
the anterior end of the body similarly counteract pitch. (Yaw
is controlled by vertical fins along the mid-dorsal and mid-
ventral lines.) Thus, fins bring stability to a streamlined body.
Pectoral fins, which project laterally from the sides of the
body, are used for balancing and turning, whereas pelvic fins
serve as stabilizers. The associated girdles stabilized the fins,
served as sites for muscle attachment, and transmitted
propulsive forces to the body.

The origin of paired fins has long been debated and
even today remains unresolved. The Gill Arch Theory of
Gegenbaur (1872, 1876) proposed that posterior gill arches
became modified to form pectoral and pelvic girdles and that
modified gill rays formed the skeletons of the fins. Pectoral
girdles superficially resemble gill arches and are located
behind the last gill in some fish, which provided early sup-
port for this theory. However, a rearward migration of
branchial parts would have been necessary to form the pelvic
girdle. There is no embryological or morphological evidence
to support this theory.
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A second theory, the Fin Fold Theory, was originally
proposed independently in 1876 by J. K. Thacher and F. M.
Balfour. It has been further developed and modified by later
investigators including Goodrich (1930) and Ekman (1941),
who provided evidence that the paired fins of sharks develop
from a continuous thickening of the ectoderm. This theory
suggests that paired fins arose within a paired but continu-
ous set of ventrolateral folds in the body wall. This contin-
uous fold became interrupted at intervals, forming a series of
paired appendages. Intermediate ones were lost, and the
remaining portions supposedly evolved into pectoral and
pelvic fins. Some primitive ostracoderms had such folds,
although they were higher on the sides of the body. The
primitive shark Cladoselache (class Chondrichthyes), whose
paired fins are hardly more than lateral folds of the body
wall, is cited often as possible evidence of this theory. How-
ever, there is no supporting fossil evidence.

The most recent hypothesis is the Fin Spine Theory.
Spiny sharks (acanthodians) possessed as many as seven
pairs of spiny appendages along their trunks (Fig. 5.2).
These appendages are thought to have served as stabilizers.
In some forms, a fleshy weblike membrane was attached to
each spine (Romer, 1966). All of the spines may have been
lost except for two pairs—an anterior pair that would
develop into pectoral fins and a posterior pair that would
become pelvic fins.

Although paired fins are the phylogenetic source of
tetrapod limbs, a definitive explanation for their origin is
lacking, and the fossil record provides no clear answer. The
possibility exists that paired fins may have originated inde-
pendently more than once (convergent evolution); if so, more
than one of these theories could be accurate.

. FIGURE 5.2

Parexus

Parexus, a typical acanthodian genus whose members often had a
series of spiny appendages along the trunk. A fleshy weblike mem-
brane was attached to some of the spines.
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Molecular zoologists have found that all vertebrates have
roughly the same number of genes and that all inverte-
brates have roughly the same number of genes. However,
there was a distinct jump in the zozal number of genes
from invertebrates to vertebrates. Peter Holland has sug-
gested that a mutation in an animal similar to a lancelet
resulted in a doubling of chromosomes and a second
copy of all genes. This initial gene doubling occurred
more than 500 million years ago, just before vertebrates
originated. It is hypothesized that the additional genes
enabled the hypothetical vertebrate ancestor to evolve
entirely new body structures—in particular, a more com-
plex head and brain. There is some evidence that a sec-
ond genome duplication occurred later and resulted in
the appearance of jaws.

BIO-NOTE 5.1

Counting Genes in Vertebrates
and Invertebrates

Holland, 1992

Acanthodians and Placoderms

Long before ostracoderms became extinct, the jawed verte-
brates (gnathostomes) appeared. The earliest known jawed
vertebrates were the spiny sharks or acanthodians (class
Acanthodii), which appeared approximately 440 million
years ago in the Silurian period (Fig. 5.3). These were mostly

small fishes, with the majority of individuals less than 20 cm

. FIGURE 5.3
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in length. They had large eyes, small nostrils, an internal
skeleton composed partly of bone, and a well-developed lat-
eral-line system. Their bodies were covered with a series of
small, flat, bony, diamond-shaped ganoid scales, so called
because overlying the basal plate of each scale were layers of
a shiny enamel-like substance known as ganoin. The gill
region typically was covered by a flap (operculum), presum-
ably composed of folds of skin reinforced by small dermal
scales. A row of ventral paired fins was present along each
side of the body of some individuals. All fins, both paired
and unpaired (except the caudal fin), had strong and appar-
ently immovable dermal spines at their front edges that are
believed to have been highly developed scales. These active
swimming fish, which were adapted to open water, have
sometimes been included with the placoderms in the class
Placodermi. Romer (1966) considered acanthodians as an
early branch from the unknown ancestral stock from which
the Osteichthyes (bony fishes) arose. Moyle and Cech
(1988) noted that acanthodians may represent an indepen-
dent evolutionary line intermediate between Osteichthyes
and Chondrichthyes (cartilaginous fishes). Most researchers
now regard them either as a separate class of early vertebrates
or as a subclass of the class Osteichthyes (Feduccia and
McCrady, 1991). Although acanthodians survived into the
Lower Permian period, they were never a dominant group
and were overshadowed by the placoderms.

Placoderms (Fig. 5.4), which also possessed jaws and
whose bodies were covered with dermal bony plates, became
the dominant fishes during most of the Devonian period. In
addition, they possessed an internal skeleton of bone and
cartilage and sharp dermal armor on the margins of their
jaws, which functioned like teeth for seizing, tearing, and
crushing a wide variety of food. Fundamental differences in
jaw structure and musculature together with the absence of
true teeth are often thought to indicate that placoderms are
the most primitive of the gnathostomes. The dorsoventrally
flattened body in many forms suggests they were primarily
bottom-dwellers.

The largest group of placoderms and the most common
Devonian vertebrates were the jointed-necked, armored fishes
(arthrodires), which ranged in length from 0.3 to 9.0 m. Their
bony armor was arranged in two rigid parts: one covering the
head and gill region, and the second enclosing much of the
trunk. The latter segment articulated with the anterior shield
by ball-and-socket joints. Thus, the head was for the first
time freely movable up and down on the trunk, allowing for
a wider field of vision, a wider gape, and increased efficiency
in securing food.

Placoderms were too specialized to be directly interme-
diate between ostracoderms and modern groups of fishes.
Although they dominated the Devonian seas, they were
rather abruptly replaced in the early Carboniferous by the
cartilaginous fishes (Chondrichthyes) and the bony fishes
(Osteichthyes). Placoderms became extinct in the Mississip-
pian period (approximately 345 million years ago) and left no
modern living descendants.
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. FIGURE 5.4

Gemundina

Bothriolepis
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Representative placoderms with jaws and paired appendages. Most

possessed a dermal armor composed of bony plates that were broken

up into small scales on the midbody and tail. Most placoderms were
active predafors.

. BIO-NOTE 5.2
Color in Ancient Fishes

Red and silver pigment cells have been found in a 370-
million-year-old placoderm found in the Antarctic. Pre-
viously, the oldest known animal pigment cells were from
a 50-million-year-old frog found in Mesel, Germany.
When transparently thin sections of fragments of the
fish were prepared, silver iridescence-producing cells
were found on the fish’s belly and red pigment cells were
found on its back. By mapping the cells’ distribution, a
partial color model of the ancient fish was prepared. The
finding of color cells on the fossil fish provides evidence
that Devonian animals or their predators may have had
color vision.

Parker, In preparation.
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Chondrichthyes

The class Chondrichthyes consists of sharks, skates, rays,
and chimaeras (Fig. 5.5). These fish are distinguished by
their predominantly cartilaginous skeletons and placoid scales
with a posteriorly projecting spine of dentin (see Fig. 5.9).
The near absence of bone in the skeleton, except for traces
of bone in the placoid scales and teeth, apparently represents
a secondary loss, because bone was more extensive in the
ostracoderms (largely in the dermis).

Cartilaginous fishes are thought to have arisen from pla-
coderm ancestors. Recent fossil finds from China indicate the
existence of several different jawed fishes in the Silurian, which
began approximately 438 million years ago (Monastersky,
1996a). These discoveries imply that the first jaws appeared
well before that time. The presence of sharks, possible acan-
thodians, conodonts, and heterostracan-like fish presumably
indicates that the major period of diversification within these
vertebrates was well under way during the Ordovician period.

In spite of a rather good fossil record, the taxonomic
relationships of cartilaginous fish remain unclear. By the
Cenozoic era, however, they were present in large numbers
and had diversified greatly (Fig. 5.5). Approximately 850
species, mostly marine, are living today. They comprise two
subclasses: Elasmobranchii (sharks, skates, rays) and Holo-
cephali (chimaeras or ratfishes). Male chondrichthyans pos-
sess claspers on their pelvic fins, which are specializations
associated with the practice of internal fertilization.

Skates and rays (superorder Batoidea) are primarily
adapted for bottom-living. Rays make up over half of all elas-
mobranchs and include skates, electric rays, sawfishes,
stingrays, manta rays, and eagle rays. Skates differ from rays
in that skates have a more muscular tail, usually have two dor-
sal fins and sometimes a caudal fin, and lay eggs rather than
giving birth to living young. Skates and rays differ from
sharks in having enlarged pectoral fins that attach to the side
of the head, no anal fin, horizontal gill openings, and eyes
and spiracles located on the top of the head; in sharks, the
eyes and spiracles are situated laterally. With the exception
of whales, sharks include the largest living marine vertebrates.
The whale shark (Rhinocodon typus), which may attain a
length of up to 15 m, is the world’s largest fish. Manta rays
(Manta sp.) and devil rays (Mobula sp.) may measure up to
7 m in width from fin tip to fin tip.

The Holocephali contains the chimaeras (ratfishes),
which have a long evolutionary history independent of that
of the elasmobranchs. They have large heads, long, slender
tails, and a gill flap over the gill slits similar to the opercu-
lum in bony fish. In addition to pelvic claspers, males pos-
sess a single clasper on their head, which is thought to clench
the female during mating.

Osteichthyes

Bony fish, the largest group of living fishes, have been the
dominant form of aquatic vertebrate life for the last 180 mil-
lion years. Comprising approximately 97 percent of all known



Linzey: Vertebrate Biology 5. Gnathostome Fishes

94 Chapter Five

Text

. FIGURE 5.5
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skates, and rays; (b) holocephalans.
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species of fishes, they first appear in the fossil record in the
Late Silurian period, and they are very closely related to acan-
thodians. Because most early fossils are from freshwater
deposits, it is thought that bony fishes, which possess well-
ossified internal skeletons, probably evolved in fresh water.

It is unclear how the common osteichthyan ancestor of
actinopterygians and sarcopterygians arose from non-oste-
ichthyan gnathostome ancestors. Zhu et al. (1999) reported a
400-million-year-old sarcopterygian-like fish (Psarolepis) from
China with an unusual combination of osteichthyan and non-
osteichthyan features. Zhu and colleagues feel that this early
bony fish provides a morphological link between osteichthyans
and non-osteichthyan groups. Whether Psarolepis turns out to
be a stem-group osteichthyan or a stem-group sarcopterygian,
its combination of unique characters will probably have a
marked impact on studies of osteichthyan evolution.

Two major groups currently are recognized: lobe-finned
fishes (subclass Sarcopterygii) and ray-finned fishes (subclass
Actinopterygii) (Figs. 4.6, 4.7, and 5.6). The subclass Sar-
copterygii contains the lungfishes and the coelacanths. These
fish possess muscular, lobed, paired fins supported by inter-
nal skeletal elements. Moyle and Cech (1996) treat each
group separately because recent studies indicate that each is
derived from a long independent evolutionary line. The evo-
lutionary histories of lungfishes and coelacanths are of great
interest because one or the other is considered by different
investigators to be a sister group of all land vertebrates
(tetrapods). In addition, the only living coelacanth, Latime-
ria, is the only living animal with a functional intracranial
joint (a complete division running through the braincase and
separating the nasal organs and eye from the ear and brain)

. FIGURE 5.6
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Representative sarcopterygians: (a) coelacanth; (b) lungfish.
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The first living coelacanth (Latimeria chalumnae) (Fig.
5.6a) was discovered in 1938, when natives caught one
while fishing in deep water off the coast of South Africa
in the Indian Ocean. Prior to this time, coelacanths were
known only from Mesozoic fossils and were thought to
have become extinct some 75 million years ago.

The 1938 specimen was taken in a trawling net in
water approximately 73 m deep near the mouth of the
Chalumna River (Fig. 5.7). It initially was examined by
Ms. M. Courtenay-Latimer, the curator of the museum in
nearby East London, South Africa. Although she could
not make a positive identification, she notified J. L. B.
Smith, an ichthyologist, who identified the fish as a coela-
canth and named it in honor of the curator and the river.

Since 1938, numerous coelacanths have been taken in
deep waters (73 to 146 m) around the Comoro Islands off
the coast of Madagascar. Known coelacanth populations
have been monitored for a number of years and show an
alarming decline in numbers. A study of underwater caves
along 8 km of coastline off Grande Comore revealed a

decline from an average of 20.5 individuals in all underwa-

. FIGURE 5.7
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The first living coelacanth was taken near the mouth of the Chalumna
River, southeast of East London in South Africa’s Cape Province. A sec-
ond population was discovered in Indonesia 10,000 km east of the
Comoro Islands by Mark Erdmann in 1997.

and paired fins that are coordinated, not like most fishes, but
in a fashion identical to human limbs.

The Actinopterygii formerly were classified into three
groups: Chondrostei (primitive ray-finned fishes), Holostei

ter caves in 1991 to an average of 6.5 in 1994. A total of
59 coelacanths were counted in 1991, but only 40 in 1994.
The total estimated population near Grande Comore is
about 200 individuals. The decline is thought to be due to
overfishing by native Comorans, who often get paid by sci-
entists eager to obtain a specimen.

The coelacanth is listed as an endangered species by
the International Union for the Conservation of Nature. To
coordinate and promote research and conservation efforts, a
Coelacanth Conservation Council has been formed. The
address for the Council is J. L. B. Smith Institute of Ichthy-
ology, Private Bag 1015, Grahamstown 6140, South Africa.

A previously unrecorded population of coelacanths
was discovered off the Indonesian island of Manado Tua,
some 10,000 km east of Africa’s Comora Archipelago, by
Mark Erdmann in 1997. The Indonesian coelacanth has

been described as a new species, Latimeria menadoensis.

Fricke et al., 1995
Erdmann et al., 1998
Pouyard et al., 1999

(intermediate ray-finned fishes), and Teleostei (advanced ray-
finned fishes). Currently, two major divisions of Actinoptery-
gii are recognized: Chondrostei (primitive ray-finned fishes)
and Neopterygii (advanced ray-finned fishes).

B MORPHOLOGY

Integumentary System

Unlike most other vertebrates, most fishes have an epider-
mis that consists entirely of living cells. Multicellular
glands that produce mucus, various toxic secretions, and
other substances are present in most species and are par-
ticularly abundant in those fish that lack scales. These
glands may be confined to the epidermis, or they may grow
into the dermis.

The dermis in most fishes is characterized by the
presence of scales composed of bony and fibrous material
(Fig. 5.8). Broad plates of dermal bone were present in the
earliest known vertebrates, the ostracoderms or armored
fishes, and they were well developed in the extinct placo-
derms. These large bony plates have gradually been
reduced to smaller bony plates or scales in modern fishes.
Cosmoid scales are small, thick scales consisting of a den-
tinelike material, known as cosmine, overlaid by a thin
layer of enamel. Although many extinct lobe-finned fish
possessed cosmoid scales, the only living fish having this
type of scale is the lobe-finned coelacanth (Latimeria).

Placoid scales (Fig. 5.8a) are characteristic of elas-
mobranchs and consist of a basal plate embedded in the
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dermis with a caudally directed spine projecting through
the epidermis. Both the plate and spine are composed of
dentine, a hard, bonelike substance. Each spine is covered
by enamel and contains a central pulp cavity of blood ves-
sels, nerve endings, and lymph channels from the dermis.
Modified placoid scales form a variety of structures
including shark teeth, dorsal fin spines, barbs, sawteeth,
and some gill rakers.

Ganoid scales (Fig. 5.8b) are rhomboidal in shape and
composed of bone. On the surface of the bone is a hard,
shiny, inorganic substance known as ganoin. Today, these

© The McGraw-Hill
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scales are found only on bichirs and reedfish (Po/ypterus and
Erpetoichthys), sturgeons (Acipenser), paddlefishes (Polyodon
and Psephurus), and gars (Lepisosteus). In gars, these scales fit
against each other like bricks on a wall, whereas in sturgeons
five rows of scales form ridges of armor along portions of
their sides and back.

Cycloid and ctenoid scales (Fig. 5.8¢, d) closely resem-
ble one another, and both may occur on the same fish. They
consist of an outer layer of bone and a thin inner layer of con-
nective tissue. The bony layer is usually characterized by con-
centric ridges that represent growth increments during the
life of the fish. Ctenoid scales possess comblike or serrated
edges along their rear margins, whereas cycloid scales have
smooth rear margins. They both are thin and flexible, have
their anterior portions embedded in the dermis, and overlap
each other like shingles on a roof. Cycloid and ctenoid scales
are characteristic of teleost fishes. Together with reduction
in heaviness and complexity, these scales allow increased flex-
ibility of the body.

Considerable variation exists in both the abundance and
size of fish scales. Most species of North American catfishes
(Ictaluridae) are “naked,” or smooth-skinned, whereas the
scales of eels are widely separated and buried deep in the
skin. Paddlefishes and sculpins have only a few scales. The
scales of trout are tiny (more than 110 in the lateral line), and
those of mackerels are even smaller.

Fishes that either lack scales entirely or have a reduced
number of scales are typically bottom-dwellers in moving
water (such as sculpin); fishes that frequently hide in caves,
crevices, and other tight places (such as many catfishes and
eels); or fast-swimming pelagic fishes (such as swordfish
and some mackerels). The loss of scales increases flexibil-
ity and decreases friction. Many ecologically similar fishes
that appear to be scaleless, such as most tunas and anguil-
lid eels, in fact have a complete covering of deeply embed-
ded scales.

Coloration is produced by pigment-bearing cells
known as chromatophores. Many kinds of pigments are
found in fishes, but the most common are melanins,
carotenoids, and purines. Those chromatophores contain-
ing the pigment melanin are known as melanophores and
produce brown, gray, or black colors. Lipophores are the
pigment-bearing cells that contain the carotenoids, which
are responsible for yellow, orange, and red colors. Purines
are crystalline substances that reflect light. The most com-
mon purine in fishes is guanine, which is contained in
special chromatophores known as iridophores or guano-
phores. Iridophores reflect and disperse light and are
responsible for iridescence.

Color change is controlled by the nervous and endocrine
systems. It involves reflex activities brought about by visual
stimulation of the eyes and/or the pineal body, through hor-
mones such as adrenalin and acetylcholine, and through the
stimulus of light on the skin and/or chromatophores. Color
change may be brought about either by a change in the shape
of the chromatophores or by a redistribution of the pigment
within the chromatophores.
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Flounders (order Pleuronectiformes) are famous for their
ability to match their background either to avoid preda-
tors or to enhance their ability to capture prey. The initi-
ation of a color change usually comes from visual cues. A
flounder with its head on one background and its body
on another will have a body color matching that of the
background around its head.

In the laboratory, tropical flounders (Bothus ocellatus)
can transform their markings in less than 8 seconds to
match even unusual patterns put on the floor of their
laboratory tanks. They changed their markings even
faster—in as little as 2 seconds—when exposed to the
same pattern for the second or third time. When swim-
ming over sand, flounders look like sand. Above a pat-
tern of polka dots, the fishes develop a pattern of dots.
They can even match a checkerboard fairly well when
placed on one in the laboratory.

Bothus ocellatus possesses at least six types of skin
markings, including H-shaped blotches, small dark
rings, and small spots. The darkness of these figures is
adjusted to blend into the different backgrounds. The
neural mechanisms that enable a flounder to alter its
spots are still not known, but it is thought that cells in
its visual system may respond specifically to shapes in
its environment.

Color Change in Flounders

Ramachandran et al., 1996

Multicellular epidermal glands of at least 42 families of
fishes are modified to function as light-emitting organs
known as photophores (Fig. 5.9). Most of these families are
teleosts (bony fishes); only two families of elasmobranchs
(sharks, skates, and rays) are known to be luminous. Most live
at depths of 300 to 1,000 m, although many move vertically
into surface waters on nightly feeding migrations.

Light in some luminous fishes is produced chemically
by the interaction of an enzyme (luciferase) with a phenol
(luciferin) (Bond, 1996). In others, including many marine
species that live in deeper waters (orders Stomiiformes,
Myctophiformes, Batrachoidiformes, Lophiiformes, and
others), bioluminescent bacteria reside in specialized
glandlike organs (Foran, 1991). Because these bacteria
glow continuously, fishes have evolved methods of cover-
ing and uncovering the pouches to produce light signals for
intraspecific communication, camouflage, and attracting
food. Some have evolved a pigmented irislike shutter to
conceal the light; others rotate the light organ into a black-
pigmented pocket (Fig. 5.9).

Lanternfishes (Myctophidae) are small, blunt-headed
fishes with large eyes and rows of photophores on the body
and head. Photophore patterns are different for each species,
and also different for the sexes of each species. This sexual
dimorphism led some early investigators to describe males
and females of the same species as separate species.

© The McGraw-Hill
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. FIGURE 5.9

Lantern-eye fish (Anomalops katoptron)

The bioluminescent light organ of the lantern-eye fish (Anomalops katop-
tron) is hinged at the front by a muscle (a). This muscle is used by the
fish to rotate the organ downward into a pouch (b and ¢). These fish
blink several times per minute.

Anglerfish have a long “fishing rod” attached to the skull,
with a luminous bulbous light lure at the tip that can be
wiggled about. Viperfish, on the other hand, have light
organs directly inside their mouths to lure prey into a
waiting stomach. The most specialized light source, how-
ever, may belong to a small predatory fish in the genus
Pachystomias, which emits a red beam from an organ
directly under its eye. Because most fishes cannot see red,
this fish can use its beam like a sniperscope, sighting and
then moving in on its target without detection.

BIO-NOTE 5.5

Light Organs in Predatory Fishes

Skeletal System

A fish’s skeleton is composed of cartilage and/or bone. It
provides a foundation for the body and fins, encases and pro-
tects the brain and spinal cord, and serves as an attachment
site for muscles. The axial skeleton of a fish consists of the
skull and vertebral column; the appendicular skeleton con-
sists of the fin skeleton.

Skull

The skull consists of the chondrocranium, splanchnocranium,
and dermatocranium. The chondrocranium (neurocranium)
surrounds the brain and the special sense organs. It develops
from paired cartilages, most of which eventually fuse with one
another. The splanchnocranium arises from arches of cartilage
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that develop in association with the pharynx. It develops into
the branchial (visceral, pharyngeal) arches that support the
gills and make up the skeleton of the jaws and gills in fishes
and amphibians that breathe by means of gills. The splanch-
nocranium may remain cartilaginous or become ensheathed by
dermal bones. The dermatocranium (Fig. 5.10), which devel-

. FIGURE 5.10
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ops in the dermis, is formed of dermal bones that overlie the
chondrocranium and splanchnocranium and completes the
protective cover of the brain and jaws.

In the Chondrichthyes, the skull consists of a cartilaginous
chondrocranium and splanchnocranium (Fig. 5.11). The
splanchnocranium in Chondrichthyes includes seven pairs of
branchial cartilages and a series of median cartilages in the pha-
ryngeal floor. The first pair of branchial cartilages, called the
mandibular arch, consists of a dorsal palatoquadrate (ptery-
goquadrate) cartilage and a ventral Meckel’s cartilage on each
side. The upper jaw is formed by the palatoquadrates, and the
lower jaw is formed on each side by Meckel’s cartilages. The
second pair of visceral cartilages, called the hyoid arch, consists
of several elements, with the most dorsal being known as
hyomandibular cartilages. Ligaments hold the jaws together
and bind them to the hyomandibular cartilages, which suspend
the entire splanchnocranium from the skull. The last five pairs
of visceral cartilages consist of four segments each (pharyngo-
branchial, epibranchial, ceratobranchial, and basibranchial) and
are similar to one another. Embryological evidence and com-
parative anatomy studies indicate that jaws evolved from the
first gill arch (Feduccia and McCrady, 1991).

The skulls of bony fish are compressed laterally. They are
cartilaginous initially, but are partly or wholly replaced by bone
as development progresses. The only portions of the embryonic
palatoquadrate cartilages that contribute to the upper jaws in
bony fish are the caudal ends, which become quadrate bones
(Fig. 5.12); the remainder of the palatoquadrate cartilages are
replaced by several bones, including the premaxillae and max-
illae. Teeth are usually present on the premaxillac and maxil-
lae (as well as on many bones forming the palate), but in
teleosts, maxillae may be toothless, reduced, or even lost from
the upper jaw margin. The posterior tip of Meckel’s cartilage
ossifies and becomes the articular bone; the remainder of

. FIGURE 5.11

Tail

Trunk Head

Fin cartilages

<7

S

FRNATA L

N TA st e e

el S S = S0 - oy
==

o mm—

Articulating base Vertebral column

Pelvic girdle

Fin cartilages Rib cartilages Palatoquadrate arch 1

Otic
capsule

Meckel's Nasal

arch2 cartilage capsule

Branchial arches 3-7
Pectoral girdle

Lateral view of the skelefon of a dogfish shark (Squalus) with detail of the head and visceral arches.
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Meckel’s cartilage becomes ensheathed by dermal bones such
as the dentaries and angulars (Fig. 5.12).

The hyoid skeleton of bony fish undergoes extensive
ossification and performs key roles in the specialized move-
ments of ingestion and respiration. The operculum, which
is of dermal origin, extends backward over the gill slits and
regulates the flow of water across the gills. Movements of the
operculum and hyoid, therefore, must be well coordinated.
An operculum is absent in most cartilaginous fishes.

© The McGraw-Hill
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Jaw suspension in fishes is accomplished in three ways
(Fig. 5.13). In some sharks, the jaws and hyoid arch are braced
directly against the braincase, an arrangement called
amphistylic suspension. In lungfish and chimaeras, the
hyomandibular cartilage is not involved in bracing the jaws.
This “self-bracing” condition, known as autostylic suspen-
sion, is also utilized by all of the tetrapods. In most of the
Chondrichthyes and in some of the bony fishes, the
hyomandibular cartilage is braced against the chondrocranium,

. FIGURE 5.12

Pterygiophore

- Lacrimal Nasal Parietal
Maxilla

Premaxilla

Dorsal fin

Hard rays (spines)  Soft rays

Caudal fin

P
Dorsal rib
{epipléural)
Ventral rib
(pleural)

Angular Preopercular Pectoral fin

Pelvic fin

Lateral view of the skelefon of a bony fish (Teleostei). Note the position of the paired and unpaired fins and the hyostylic method of
jaw suspension.

. FIGURE 5.13

Palatoquadrate

Symplectic

Modified hyostylic (Teleosts)

Squamosal w
Dentary -

Autostylic (Lungfishes, chimeras)

Amphistylic
(Primitive fish)

Meckel's
cartilage

Hyomandibula

Columella

Dentary
Craniostylic (Mammals)

Evolution of jaws and jaw suspension. The types of jaw suspension are defined by the points at which the jaws attach to the rest of
the skull. Note the mandibular arches (crosshatched areas) and hyoid arches (shaded areas). The dermal bone (white areas) of the
lower jaw is the dentary.



Linzey: Vertebrate Biology

100  Chapter Five

and the jaws are braced against the hyomandibular cartilage,
a condition known as hyostylic jaw suspension.

Vertebral Column

The vertebral column in fishes ranges from a column hav-
ing cartilaginous vertebrae with centra in elasmobranchs
(Fig. 5.11) to one having vertebrae of solid bone in teleosts
(Fig. 5.12). Extending from the skull to the tip of the tail,
fish vertebrae are differentiated into trunk vertebrae and
caudal (tail) vertebrae. Both ends of the centra (body) of a
vertebra in most fishes are concave, a condition known as
amphicoelous (Fig. 5.14). A greatly constricted notochord
runs through the center of each centrum and also fills the
spaces between adjacent vertebrae.

Fin Skeleton
The pectoral and pelvic girdles together with the skeleton of
the paired fins make up the appendicular skeleton of fishes

. FIGURE 5.14
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(Figs. 5.11 and 5.12). Most gnathostome fishes have both
pectoral and pelvic fins, although pelvic fins are lost in elon-
gate fishes, such as eels, that wriggle along the bottom.

The pectoral girdle braces the anterior pair of
appendages (pectoral fins) of fishes. Pectoral fins may be
located high on the sides of the body, more toward the
midline, or below the midline (Fig. 5.15). They may be
long and pointed or broader and more rounded. In most
fish, these fins operate not only as stabilizers, but also as
“diving planes.” They are set at an angle to generate lift for
the anterior part of the body and, in some species, are
important in thrust generation. In threadfins (Polynemi-
dae) (Fig. 5.15d), the pectoral fins are divided into two
parts with the lower portion consisting of several long fil-
aments that are thought to function as tactile organs. The
pectoral fins of batfish (Ogcocephalidae) (Fig. 5.15f) are
located posterior to the pelvic fins. They are used for
“walking” over the bottom.

The pelvic girdle braces the posterior pair of appendages
(pelvic fins). In sharks and in the more ancestral bony fishes,
such as salmon, shad, and carp, pelvic fins are located ventrally,
toward the rear of the fish; this is called the abdominal posi-
tion (Fig. 5.16a). In more recently evolved teleosts, many of
which are deep-bodied, the pelvic fins are more anterior and
are Jocated either slightly behind the pectoral fins, in the sub-
abdominal position (Fig. 5.16b); below the pectoral fins, in the
thoracic position (Fig. 5.16¢); or even in front of the pectoral
fins, in the jugular position (Fig. 5.16d). In some, such as eels
and eel-like fishes, the pectoral and pelvic fins are frequently
absent or greatly reduced in size, whereas in bottom-dwelling
fishes, pelvic fins are frequently modified into organs for hold-
ing onto the substrate (Figs. 5.16e—g).

Most fishes also have unpaired median fins that assist
in stabilizing their bodies during swimming (Figs. 5.11
and 5.12). These include one or two dorsal fins, a ventral
anal fin behind the anus or vent, and a caudal fin. Some
primitive bony fishes including salmon, trout, and smelts
(Salmoniformes), as well as catfishes (Siluriformes) and
characins (Characiformes), possess an adipose fin, a
median, fleshy dorsal fin that lies near the caudal fin and
has no internal stiffening rays or bony elements. It proba-
bly plays a minor role in propulsion. Eel-like fishes have
long dorsal and anal fins that frequently run most of the
length of the body.

Caudal fins are modified in three major ways. They are
unlobed, or diphycercal, in lungfishes and bichirs (Fig.
5.17a). Sharks, in contrast, possess heterocercal fins (Fig.
5.17b), in which one lobe is larger than the other. If the ver-
tebral column extends into the dorsal lobe, the caudal fin
is epicercal; if the vertebral column extends into the ven-
tral lobe, it is hypocercal. Such fins, which provide lift for
the posterior part of the body, counter the shark’s tendency
to sink and also assist in lifting the body off the substrate
following periods of rest. In most bony fishes, the upper
and lower lobes of the caudal fin are about the same size, or
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. FIGURE 5.15

(e) Gurnard (f) Batfish

(g) Flying fish

Modifications of pectoral fins (indicated by arrows| in several fish genera: (a) ventral view of sisorid caffish (Glyptothorax); (b) freshwater butterfly fish
(Pantodon); (c) hatcheffish (Gastropelecus); [d) threadfin (Polynemidael; (e] gurnard (Triglidae); (f) ventral view of batfish (Ogcocephalidae) with armlike

pectoral fins well behind pelvic fins; (g) flying fish (Exocoefidae).

homocercal (Fig. 5.17¢). The vertebral column does not
extend into either lobe.

Pelvic fins in male chimaeras, skates, and oviparous
sharks that utilize internal fertilization have been modified
by the addition of skeletal elements to form intromittent
organs known as claspers (see Fig. 5.35). The anal fin is
modified into an intromittent organ known as a gono-
podium in some male teleosts, such as guppies and mollies
(Poecilia), swordtails (Xiphophorus), and mosquitofish (Gam-
busia). These organs, which have evolved to improve fertil-
ization of the eggs, are inserted into the genital openings of
females and guide sperm into the female reproductive tract.

Fishes are propelled through the water by fins, body
movement, or both. In most fishes, both paired and unpaired
fins serve primarily for steering and stabilizing rather than for
propulsion. In general, the main moving force is created by the
caudal fin and the area immediately adjacent to it, known as
the caudal peduncle. It long had been hypothesized that the
anterior musculature generated most of the power and that
the posterior musculature transmitted the force to the tail
(Lighthill, 1971; Wainwright, 1983). By analogy, the anterior
muscle was thought to act as the “motor,” the tail as the “pro-
peller,” and the posterior muscle as the “drive shaft.” However,
through a combination of filming, electrical impulse record-

ings, and mathematical modeling of red muscle bundles in the
scup (Stenotomus chrysops), Rome et al. (1993) showed that
most of the power for normal swimming came from muscle
in the posterior region of this fish, and relatively little came
from the anterior musculature. Eels rely on extreme, serpent-
like body undulations to swim, with fin movement assisting to
a minor extent. Fishes with a fairly rigid body such as the file-
fish, trunkfish, triggerfish, manta, and skate, however, depend
mostly on fin action for propulsion.

Muscular System
The metamerically arranged body wall muscles are composed
of a series of zig-zag-shaped myomeres (Fig. 5.18a, b), with
each myomere constituting one muscle segment. Coordi-
nated contractions (contraction on one side accompanied by
relaxation on the opposite side) of posterior myomeres pro-
duce waves of contraction that provide the main locomotor
mechanism of most fishes. As this propulsive wave moves
posteriorly, the water adjacent to the fish is accelerated back-
ward until it passes over the posterior margin of the caudal
fin, producing thrust (Lighthill, 1969).

In most fishes, white muscles predominate and may
comprise up to 90 percent or more of the entire body

weight (Bond, 1995). White muscle has relatively thick
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. FIGURE 5.16

(e) Clingfish (f) Goby (g) Snailfish

Modifications of pelvic fins and their positions (pelvic fins indicated by arrows): (a] abdominal (sturgeon,
Acipenseridae; (b) subabdominal (sand roller, Percopsidae); (c) thoracic (bass, Moronidae); (d) jugular
(pollock, Gadidae). Some pelvic fins have been modified for holding onto the substrate: (e] clingfish (Gobie-

socidael; (f] goby (Gobiidae); (g) snailfish (Liparidae].
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. FIGURE 5.18
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[a) Lateroventral view of the head of a dogfish shark [Squalus) showing epibranchial (above the gills), hypobranchial (below
the gills), and branchiomeric musculature. (b) Muscles and internal anatomy of the yellow perch (Perca flavescens), a fresh-
water teleost fish. (c) Cross section of body musculature in a chinook salmon (Oncorhynchus tshawytschal. (d) Diagram

showing approximate extent of red muscle (stippled) in skipjack tuna (Katsuwonus pelamis).
Continued on page 104

fibers, no fat or myoglobin (a protein that bonds with oxy- mass (Cailliet et al., 1986) (Fig. 5.18d). Red muscle con-
gen), and primarily utilizes anaerobic metabolism. In those sists of thin-diameter fibers, contains fat and myoglobin,
fishes that swim most of the time and have an adequate and utilizes aerobic respiration.

oxygen supply, however, such as tuna, bonito, and marlin, Six groups of fishes (Rajidae, Torpedinidae, Mormyri-

red muscles make up a greater portion of the body muscle formes, Gymnotiformes, Melapteruridae, and Uranoscopidae)
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. FIGURE 5.18  Continved from page 103
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BIO-NOTE 5.6

Some degree of endothermy is present in sharks of the
family Lamnidae and Alopiidae and in certain oceanic
teleost fishes such as mackerels, tunas, and billfishes.
The development of endothermy requires the elevation
of aerobic capacity and the reduction of heat loss. Tunas
have exceptionally high metabolic rates and are able to
reduce their overall heat loss. They retain metabolic heat
by way of vascular countercurrent heat exchangers
located in the brain, muscle, and viscera. Red aerobic
muscle contributes the majority of metabolically derived
heat and is centrally located near the vertebral column
rather than laterally as in most teleosts. Thus, these
fishes warm their brain, muscle, and viscera. Billfishes,
however, use cranial endothermy and warm only the
brain and eyes by passing blood through the superior
rectus eyeball muscle. A countercurrent heat exchanger
retains the heat beneath the brain, and a distinct arterial
supply directs warm blood to the retina. The butterfly
mackerel also uses cranial endothermy, but the thermo-
genic tissue is derived from the lateral rectus eyeball
muscle. The development of endothermy may have per-
mitted range expansion into cooler waters.

Endothermy

Block et al., 1993

are known to possess electric organs derived from muscle
fibers. Certain muscle masses in these fishes are highly mod-
ified to produce, store, and discharge electricity. Specialized
cells known as electrocytes are stimulated by signals from

Red lateral muscle

Red muscle

Body cavity

(d) Skipjack tuna

spinal nerves to generate small voltage gradients. Because
electrocytes are arranged in columns surrounded by insulat-
ing tissues, voltages are linearly increased, similar to a series
of small batteries (Heiligenberg, 1977). Because these groups
of fishes are only remotely related, electric organs appear to
have evolved several times independently in Africa and South
America after the two continents separated. Although this
capability evolved in early vertebrates, only some of the prim-
itive fishes living today have retained this ability.

Some marine and freshwater fishes can produce charges
up to approximately 500 volts, although most species are lim-
ited to weak electric discharges in the range of millivolts to
volts. Most are nocturnal, have poorly developed eyes, and
live in dark, murky water where visibility is poor.

The electric ray (7orpedo) has two dorsal electric organs in
the pectoral fins, which are apparently used to immobilize prey.
In another ray (Raja) and the electric eel (Electrophorus), elec-
tric organs lie in the tail and are modifications of the hypaxial
musculature. Electric organs can be used for defense or to stun
prey, to scan the environment and locate enemies or prey, and
for social communication. (See the section on Sense Organs,
page 114, for additional information on electroreceptors.)

Cardiovascular System

In fishes, the sinus venosus is a thin-walled sac that serves
chiefly as a collecting chamber for venous blood it receives
from all parts of the body (Fig. 5.19a, b). Blood flows from
the sinus venosus into a large, thin-walled muscular sac, the
atrium (auricle). From the atrium, blood enters the ven-
tricle through an atrioventricular aperture guarded by
valves. The ventricle, a relatively large chamber with heavy
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. FIGURE 5.19
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walls of cardiac muscle, functions as the primary pump
distributing blood anteriorly. The anterior end of the ven-
tricle becomes a muscular tube, the conus arteriosus,
which connects with the ventral aorta and serves to mod-
erate blood pressure. In teleosts, the conus is short, and its
function is assumed by the bulbus arteriosus, an expan-
sion of the ventral aorta. A series of semilunar valves in the
conus arteriosus prevent the backflow of blood. Cameron
(1975) found that the teleost heart in three species of fresh-
water fish requires up to 4.4 percent of the total energy of
the fish.

The ventral aorta carries blood forward beneath the
pharynx, where six pairs of aortic arches connect the ventral
aorta with the dorsal aorta. The dorsal aorta carries blood
above the digestive tract toward the tail. It continues into the
tail as the caudal artery.

In most Chondrichthyes, branchial arteries form in the
aortic arches. Blood entering an aortic arch from the ventral
aorta must pass through gill capillaries before continuing to the
dorsal aorta. This arrangement allows aortic arches to serve a
gas exchange (respiratory) function. In most teleosts, the first
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and second aortic arches disappear during development. The
remaining pairs are converted to branchial arteries.

In fishes, all blood must traverse through at least two cap-
illary systems (gills and tissue) before returning to the heart
(Fig. 5.20a). A drop of blood passes through the heart of a fish
only one time during each circuit of the body. After passing
through the heart, the blood is carried to the gills for aeration
and then is distributed to all parts of the body. In most fish, all
of the blood flowing through the heart is venous blood. In
contrast, a drop of blood in amphibians, reptiles, birds, and
mammals must pass through the heart twice during any single
circuit of the body (Fig. 5.20b). As a result of this difference
in circulation pattern, the pressure of blood supplying the tis-
sues is lower in fishes than in reptiles, birds, and mammals.

The blood of fishes contains nucleated erythrocytes, leu-
cocytes, and thrombocytes. Seasonal changes in red blood cell
production have been reported in some fish (Hevesy et al.,
1964). For example, when oxygen demands of tissues are rel-
atively low, as when water temperatures are low and the fish
is not very active, large numbers of erythrocytes are not
required and the number tends to drop.

. FIGURE 5.20
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Single and double circulation. [a] The single circulation of fishes includes the heart, gills, and systemic capillaries in series with one another

[arrows indicate the path of the blood flow). A drop of blood passes through the heart only once during each circuit of the body. (b) The dou-
ble circulation of most amniotes includes the heart, lungs, and systemic capillaries. A drop of blood passes through the heart twice during each
circuit of the body.
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. BIO-NOTE 5.7
Icefishes
Antarctica’s marine fish fauna (there are no freshwater
species because there is no permanent liquid water on the
continent) comprises approximately 275 species, 95 of
which belong to the perciform suborder Notothenioidei.
This group contains many species with unusual adapta-
tions. Members of one family—Channichthyidae—are
known as icefishes and are unique among vertebrates in
that they totally lack the respiratory pigment hemoglobin
(although some nonpigmented erythrocytes are present),
and their muscles contain only minute traces of myoglo-
bin. These fishes, also commonly known as “white-
blooded fish,” possess creamy-white gills, yellowish-
tinted blood, and yellow muscles. Oxygen is carried
throughout the body in simple dissolved solution, a
process that reduces the oxygen-carrying capacity of the
blood to only about 10 percent of that of red-blooded
fishes. Although dissolved oxygen is high in the consis-
tently cold Antarctic waters, these sluggish fishes have
low metabolic oxygen requirements. Physiological com-
pensation is achieved through adaptations such as large
ventricles, low arterial pressure, large-diameter vessels,
and low erythrocyte densities that serve to increase blood
volume and flow rate.

Douglas et al., 1985
Harrison et al., 1991
Eastman, 1993

© The McGraw-Hill
Companies, 2003

Gnathostome Fishes 107

Respiratory System

In most fishes, external nares lead to blind olfactory sacs
that contain the olfactory epithelium. Water usually enters
the external nares through an incurrent aperture, flows over
the olfactory epithelium, and exits through an excurrent
aperture. In many lobe-finned fishes, nasal canals lead from
the olfactory sacs and open into the oral cavity via inter-
nal nares (choanae). However, these are not used in
aquatic respiration.

Internal nares are thought to have first served to increase
the effectiveness of olfaction by making possible more effi-
cient sampling of the environment. Their first respiratory
function was probably to help prevent desiccation of the gills
and lungs by serving as devices for aerial respiration. Thus,
internal nares in crossopterygians may have been preadapted
for use in aerial respiration.

In fishes, gills function primarily for respiration. They
are ventilated by a unidirectional flow of water, created
either actively by branchial pumping or passively by simply
opening the mouth and operculum while swimming for-
ward. The gill system consists of several major gill arches
on each side of the head (Fig. 5.21) with two rows of gill
filaments extending from each gill arch. Each filament con-
sists of rows of densely packed flat lamellae (primary and
secondary). Gill rakers, which project from gill arch carti-
lages into the pharynx, serve to protect the gills and to
direct food in the water toward the esophagus. Tips of fil-
aments from adjoining arches meet, forcing water to flow
between the filaments.

. FIGURE 5.21
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Gill coverings: [a) In sharks, valves formed from the individual gill septa guard each gill chamber. (b) In most teleosts and some other species, a com-
mon operculum covers the gills. Inset: A single gill arch. The gill filaments play a role in gas exchange, whereas the gill rakers strain water entering the

gill chamber from the pharynx.

From Hildebrand, Analysis of Vertebrate Structure. Copyright © 1986 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.
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Most elasmobranchs possess five exposed (naked) gill
slits that are visible on the surface of the pharyngeal region
(Fig. 5.21a). They are exposed because no operculum is pre-
sent. Each gill slit opens into a gill chamber whose anterior
and posterior walls possess gills that are supported by gill
arches. These are the sites of gas exchange. Water enters the
pharynx through the mouth or spiracle and passes into the
gill chambers, where it bathes the gill surfaces (Fig. 5.22). As
water flows from front to rear through the slits between the
lamellae, gas exchange takes place in the lamellae. At the
same time, blood flows through capillaries in the opposite
direction (rear to front). This countercurrent flow greatly
increases the efficiency of gills as gas exchangers by allowing
better exploitation of the low oxygen content of the water.
Water is forced from the gill chambers by contraction of
branchiomeric muscles. Water may leave the gills of bony
fishes with a loss of as much as 80 percent or 90 percent of
its initial oxygen content (Hazelhoff and Evenhuis, 1952). In
contrast, mammalian lungs remove only about 25 percent of
the oxygen present in inhaled air. (While gill respiration is
more efficient than mammalian respiration in terms of per-
cent saturation, it must be remembered that the amount of
oxygen available in air is approximately 20 times that in an
equal volume of water.)

Gills have become modified in some species such as the
“walking catfish” (Clarias batrachus) of southeastern Asia
and now introduced to southern Florida. In these species,
the second and fourth gill arches possess modified gill fil-
aments that do not collapse when exposed to the air. Ordi-
narily, gills tend to adhere to one another and lose much of
their effective surface area when removed from water.
Walking catfish usually leave the water during periods of
rain so that the gills can be kept moist while moving about
on land (Jordan, 1976).

Digestive System

Fishes may consume a variety of foods: filter-feeders feed on
plankton, herbivores feed on plant material, detritivores con-
sume partly decomposed organic matter, carnivores feed on
animal material, and omnivores consume a variety of plant
and animal material.

In most fishes, the mouth is terminal in position (Figs.
5.1b and 5.12a), although in some, especially sharks and rays,
it is located ventrally and often well back from the tip of the
head (subterminal) (Figs. 5.1a and 5.11). Still others, like
barracudas, have projecting lower jaws, and some, like the
swordfish, have elongated upper jaws.

Most fishes possess a flat, rigid, cartilaginous tongue
that arises from the floor of the oral cavity. It is not always
sharply demarcated and is not freely movable.

The roof of the oral cavity is formed by the primary
palate. If internal nares are present, they open into the ante-
rior portion of the oral cavity. Oral glands are sparse and
consist primarily of mucus-secreting cells.

Teeth are numerous and may occur on the jaws, palate,
and pharyngeal bones. Teeth composed of epidermal cells
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. FIGURE 5.22
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Source: After Hughes, Comparative Physiology of Vertebrate Respiration,
1963, Harvard University Press, Cambridge, MA.

are present in lampreys, hagfishes, and adult sturgeons. Teeth
may be attached to the outer surface, or summit, of the jaw-
bone, a situation called acrodont dentition, or rooted in indi-
vidual bony sockets, a situation called thecodont dentition.
Most fishes have polyphyodont dentition—that is, they can
replace damaged or injured teeth.



Linzey: Vertebrate Biology 5. Gnathostome Fishes Text

BIO-NOTE 5.8
Left- and Right-Mouthed Scale-Eaters

Seven of the thousands of species of cichlid fishes in the
lakes of Africa’s Rift Valley are scale-eaters—species that
exhibit a peculiar feeding habit involving eating the
scales from other fish. The prey’s behavior (see below)
serves to maintain a nearly perfect 1:1 ratio between two
genetically determined forms of predatory cichlids. These
forms are distinguished by mouths that twist either to
the left or to the right. Predators often have been shown
to exert such frequency-dependent selection on their prey
populations, but this is the first indirect evidence of
frequency-dependent selection by prey on predators.

The mouth of a scale-eating cichlid opens either
rightward or leftward as a result of an asymmetrical joint
of the jaw to the suspensory apparatus. As a result of this
lateral asymmetry, the mouth is “frozen open” on one
side, which makes the cichlid’s attacks more efficient.
However, this specialization, which is considered an
adaptation for efficiently tearing off a prey’s scales,
restricts each fish to attacking from just one side. Left-
mouthed scale-eaters only attack the right side of their
prey, and vice versa. Stomach analyses from left-
mouthed fish were found to contain mostly scales from
their prey’s right sides.

This restriction may explain why left-mouthed and
right-mouthed populations stay in balance. If, for exam-
ple, right-mouthed fish became more common, their
prey would change their behavior, becoming more alert
to activity on their left sides and thus fending off more
attacks by right-mouthed fishes. Meanwhile, left-
mouthed fish would gain the advantage, and the balance
would be restored.

Hori, 1993

Food and water, which are taken into the oral cavity
together, are separated in the pharynx, with gill rakers pre-
venting the food from passing out through the gill slits. The
pharyngeal region is thus a vital portion of both the diges-
tive and respiratory systems.

The stomach, a muscular organ at the end of the esoph-
agus, secretes digestive enzymes and serves as a temporary
storage site (Fig. 5.18b). The distinction between the esoph-
agus and stomach is poorly delineated in fishes. Blind
pouches known as pyloric caeca are found near the junction
of the stomach and intestine in ray-finned fishes, especially
teleosts (Fig. 5.18b). Their primary function appears to
involve fat absorption, although they secrete a variety of
digestive enzymes. No other vertebrate group possesses
pyloric caeca.

The digestive tract of most fishes is a relatively straight
tube terminating at the cloaca or anus. Predators have rela-
tively shorter intestines than herbivorous species because
meaty foods are more easily digested than plant foods.
Sharks, chimaeras, lungfish, and some primitive teleosts have
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intestines that incorporate a spiral valve that aids in diges-
tion by increasing the absorptive area (Fig. 5.23b-d).

In most fishes, the colon (large intestine) leads to the rec-
tum, which then opens into the cloaca. The cloaca is the com-
mon chamber at the end of the digestive tract in elasmobranchs

. FIGURE 5.23
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and lungfishes. It receives the colon, the urinary tract, and the
genital tract and opens to the exterior via the vent. In most of
the remaining fishes, the digestive, genital, and urinary systems
tend to open separately to the exterior; in some teleosts, the uri-
nary and reproductive systems may unite and empty into a
common sinus before leaving the body. The alimentary canal
and digestion in teleosts has been discussed in detail by Kapoor
et al. (1975).

Air (gas) bladders probably originated as modified,
paired pharyngeal pouches that were ventral in position
(Feduccia and McCrady, 1991). They originally evolved as
organs of respiration and, in some species, eventually
evolved into true lungs. In many ray-finned fishes
(Actinopterygii), they developed into paired swim blad-
ders and then into a single organ on the dorsal side of the
gut (Fig. 5.24). The climbing perch (Erythrinus) has a lat-
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eral attachment of its swim bladder to the gut (Fig. 5.24c¢)
and often is cited as an intermediate stage in the migra-
tion of the swim bladder to a dorsal position (Feduccia and
McCrady, 1991).

Because the density of most animal tissues is greater
than that of water, water-dwelling species tend to sink. This
can be prevented either actively by swimming movements
or passively by the development of a gas-filled swim blad-
der. The primary function of the swim bladder, therefore,
is to serve as a hydrostatic organ in which buoyancy can be
regulated with water depth. Swim bladders allow a rela-
tively precise control of buoyancy because the volume and
pressure of gas they contain can be regulated with compar-
ative ease, thereby altering the specific gravity of the fish
and increasing or decreasing its buoyancy. By the processes
of diffusion and/or active transport, gas enters the swim

. FIGURE 5.24
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bladder. The gases used differ among fishes. Oxygen, car-
bon dioxide, and nitrogen are found in swim bladders in
higher concentrations than would be expected on the basis
of their partial pressure in water.

Swim bladders are not found in lampreys, hagfishes,
and cartilaginous fishes, but they are present in about half
of the teleost fishes. Many bottom-dwelling species have
lost them as an adaptation to this lifestyle. Some teleosts
that lack these organs as adults have them during embryonic
development. To retain buoyancy, cartilaginous fishes such
as sharks never stop swimming. They use their pectoral fins
as hydrofoils and their asymmetrically shaped tails to gen-
erate lift. To increase their buoyancy, they also accumulate
low-density oils and the hydrocarbon squalene in their tis-
sues, particularly the liver.

Swim bladders are more or less oval, soft-walled sacs in
the abdominal cavity just below the spinal column (Fig. 5.25).
They may be paired or unpaired and may be partitioned into
chambers. They lie retroperitoneally (behind the peri-
toneum) near the kidneys and bulge into the coelomic cav-
ity. A pneumatic duct, when present in adults, usually
connects the swim bladder to the esophagus; it may, how-
ever, connect the swim bladder to the pharynx or even to the
stomach. Fishes in which the swim bladder connects to the
digestive tract via a pneumatic duct are termed physostomes
and include many of the more ancestral soft-rayed teleosts
such as herrings, salmon, catfishes, eels, pike, and cyprinids.
Physostomous species gulp air at the water’s surface and
push it through the pneumatic duct into the swim bladder
using a force supplied by the buccal cavity (Fange, 1976).
Gas is removed from the swim bladder by bubbling it
through the pneumatic duct and mouth.

Bony fish possessing a closed swim bladder that lacks a
pneumatic duct are known as physoclists. These fishes have
special structures associated with the circulatory system for
inflating or deflating the swim bladder. The source of gas is
normally from the blood contained in a network of capillar-
ies (rete mirabile or red gland) found in the lining of the swim
bladder (Fig. 5.25). Gas from the blood is moved into the
gas gland by the ree mirabile. The capillaries of the red gland
are usually supplied with arterial blood through branches of
the celiac artery and are drained by veins that empty into the
hepatic portal vein. Over two-thirds of all teleosts with swim
bladders are physoclists.

Because the density of the gases is much less than that
of the body tissues, slight changes in pressure will have a
pronounced effect on a fish’s buoyancy. Pressure on the body
of a fish increases significantly after a descent of only a frac-
tion of a meter. The pressure compresses the swim bladder,
making the fish denser and less buoyant, thereby increasing
the rate of its descent. To counteract this descent, the fish
must expend energy either by secreting more gas into its
swim bladder or by actively swimming. Thus, gas must be
secreted into the swim bladder against a pressure gradient;
the deeper the fish swims, the greater the gradient.
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. FIGURE 5.25
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(a) The swim bladder in a teleost fish lies just beneath the vertebral col-
umn. (b) Gas is secrefed into the swim bladder by the gas gland. Gas
from the blood is moved into the gas gland by the rete mirabile, an
array of tightly packed capillaries that acts as a countercurrent multiplier
to build up the gas concentration in the blood vessels. The arrangement
of venous and arterial capillaries in the refe mirabile is shown in (c).
Cas is released during ascent by opening a muscular valve; this allows
the gas fo enter an absorptive area (ovale), from which the gas is
removed by blood circulation.

The hemoglobins of certain fishes have structural char-
acteristics that make them efficient oxygen pumps, able
to drive gases into the swim bladder. A network of capil-
laries (rete mirabile) secretes lactic acid, which forces
nitrogen out of solution and also causes a marked
reduction in the oxygen affinity of blood hemoglobin—
a phenomenon known as the Root effect. It is this pH-
dependent release of oxygen from Root-effect hemo-
globin that largely accounts for the ability of fish to
“compress” oxygen and force it into the swim bladder
when extra buoyancy is needed.

BIO-NOTE 5.9
The Root Effect

Mylvaganam et al., 1996
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Besides their role in regulating buoyancy, swim bladders
are modified to perform other functions in some fishes. In
minnows, carp, catfish, and other members of the order
Cypriniformes, the swim bladder is involved in the sense of
hearing (Fig. 5.26b). A chain of small bones known as
Weberian ossicles joins together the anterior end of the swim
bladder and a Y-shaped lymph sinus known as the sinus
impar (Fig. 5.26b). The connecting bones are modified por-
tions of the first four vertebrae. The sinus impar lies adjacent
to a lymph-filled canal that joins the sacculi of the right and
left ears. Movements in the water cause vibrations of the gas
within the swim bladder. These vibrations are transmitted by
the Weberian ossicles to the inner ear. Some squirrelfishes
(Holocentridae), the tarpon (Elopidae), featherbacks
(Notopteridae), deepsea cods (Moridae), and sea breams
(Sparidae) have forked, forward extensions of the swim blad-
der that end near the ear and serve to amplify sound waves
(Moyle and Cech, 1996) (Fig. 5.26a). Herrings (Clupeidae)
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. BIO-NOTE 5.10
Courtship and the Swim Bladder

The “fastest” muscle among vertebrates is used neither for
fleeing predators nor for capturing food, but for sex—the
courtship part. The swim bladder muscle of the toadfish
(Opsanus tau) contracts and relaxes 200 times per second
(ie., at 200 Hz) as it makes its boat-whistle-like mating
call—compared with 0.5 to 5.0 Hz for the fish’s locomo-
tory muscles. Calcium, which triggers muscle contraction,
cycles through the swim bladder muscle 50 times as fast
as in locomotory muscle. The muscle also may have an
unusually fast version of a protein—troponin—that binds
and releases calcium; and the rate at which myosin cross-
bridges detach from actin filaments in the muscle is 100
times as fast as in muscles used for locomotion.

Rome et al., 1996

. FIGURE 5.26
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and elephantfishes (Mormyridae) have similar extensions that
enter the auditory capsule and are in contact with the inner
ear. Their function also is to amplify sound.

Many fishes make rasping, squeaking, grunting, or
squealing noises. In some, such as croakers and grunts, the
sounds are the result of muscles attached to the swim blad-
der. These contractions may cause the swim bladder to emit
thumping sounds, or they may cause air to be forced back and
forth between the chambers within the swim bladder.

Nervous System

Brain

In fishes, the anterior portion of the brain (telencephalon)
(Fig. 5.27) consists of rather prominent olfactory bulbs and
inconspicuous cerebral hemispheres. A pineal organ (epiph-
ysis), which serves as a photoreceptor, is present in most fishes.
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BIO-NOTE 5.11

Imprinting is a process of rapid, irreversible learning of
a particular visual, auditory, or olfactory stimulus that
occurs in the cerebrum at a “critical” or “sensitive”
period during development and that influences the
future behavior of the animal. Imprinting is known to
occur in fishes. Juvenile salmon, for example, imprint
on the distinctive odor of their natal stream before
migrating to sea. Several years later, as adults, this
olfactory imprinting enables them to return to their
home tributary.

Imprinting

Terminal nerve

Hasler and Wisby, 1951
Hasler et al., 1978
. FIGURE 5.27
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Remnants of the parapineal organ (parietal eye) are found in
some bony fishes. The cerebellum is particularly large and
assists in the maintenance of posture and balance. In some
species of fish, it overlies the medulla and the midbrain.

Cranial Nerves

The conventional view that vertebrates possess 12 cranial
nerves is based on mammalian anatomy, and its application
to the vertebrates as a group is inaccurate. In fishes and
amphibians (anamniotes), the 11th nerve is an integral part
of the 10th and whether or not a 12th nerve should be rec-
ognized is controversial. Furthermore, following establish-
ment of the nomenclature for the basic 12, a 13th
anteriormost nerve was identified, and to avoid disrupting the
time-honored numbering system, it was given the number 0.
So anamniotes actually possess 11 cranial nerves, and
amniotes have 13.

The first 10 (or 11) cranial nerves of all vertebrates
(Fig. 5.27) may be grouped into three categories: predom-
inately sensory nerves (0: terminal; I: olfactory; II: optic; and
VIII: vestibulocochlear); mixed nerves containing both sen-
sory and motor fibers and serving the eyeball muscles (I11I:
oculomotor; IV: trochlear; and VI: abducens); and mixed
branchiomeric nerves (V: trigeminal; VII: facial; IX: glosso-
pharyngeal; and X: vagus) supplying the head, neck, stom-
ach, heart, and lungs.

The spinal cord, a portion of the central nervous system,
technically begins at the foramen magnum, where it merges
imperceptibly with the brain. It is protected by the centra and
neural arches of the vertebrae as well as by fat and one or
more connective tissue membranes (meninges). Paired spinal
nerves emerge at regular intervals along the length of the
spinal cord and innervate each body segment. In all verte-
brates except lampreys, each nerve arises by a dorsal and ven-
tral root, which then join to form the spinal nerve. In
lampreys, dorsal and ventral roots alternate.

In most vertebrates, the spinal cord occupies the bony
vertebral canal and extends for most of the length of the ver-
tebral column. In fishes, however, the length of the spinal
cord varies considerably. In fishes with abundant tail muscu-
lature, the cord tapers gradually and extends to the end of the
tail. In some teleosts, however, the spinal cord is shortened
and terminates at various distances from the end of the ver-
tebral column. In a few species, the spinal cord is actually
shorter than the length of the brain. For example, the marine
sunfish Orthagoriscus spp. may reach a length of 2.5 m and
weigh 900 kg or more. Its spinal cord, however, is less than
2 cm in length (Weichert, 1965).

Sense Organs

Sensory receptors monitor the external and internal envi-
ronments. Some receptors are widely distributed over the
body; others are localized. Most receptors transmit nerve
impulses to the brain, where they are interpreted as sensa-
tions; some impulses are transmitted to the spinal cord and
result in reflex actions.

5. Gnathostome Fishes Text
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Neuromast System

Fish possess a neuromast system consisting of fluid-filled
pits, ampullae, and canals. Some neuromasts open onto the
surface of the skin via pores, whereas others consist of sunken
canals beneath the skin. Examples of neuromast organs
include lateral-line canals, cephalic canals, ampullac of
Lorenzini, and pit organs. The neuromast system, which
responds primarily to mechanical stimulation such as water
movement and sound waves, enables fish to avoid potential
enemies, to orient themselves, to locate food, and to partic-
ipate in schooling.

Portions of the neuromast system in some fishes, such
as the ampullae of Lorenzini in elasmobranchs, are sensitive
to minute electrical currents in the water and are known to
be electroreceptors. Electric currents are generated by such
processes as the exchange of ions across the gills and by the
contraction of respiratory muscles (see discussion on pages
103-104). Whenever an electric pulse is emitted, the fish is
surrounded by an electric field. When the pulse stops, the
field disappears. Any object near the fish will distort the elec-
tric field and change the way the current flows over the fish’s
body (Cooper, 1996). This creates an electric “shadow” on the
fish’s body surface, which is covered with electroreceptors.
From this information, the fish will sense an image and dis-
cern its size, shape, movement, and electrical properties. The
weakly electric fish (Gnathonemus petersii) can measure the
distance of stationary objects, independently of the objects’
size, shape, or constituent material, by instantaneously ana-
lyzing the electric image of objects with a single array of elec-
troreceptors embedded in its skin in the tail region (von der
Emde et al., 1998). Because most electric fish are nocturnal,
the evolution of an electric sense was a valuable adaptation.
The ability to perceive such electric fields helps these fishes
orient themselves, communicate with one another, and locate
prey, and it assists males in locating females during the mat-
ing season (Anonymous, 1992).

In a school of fish, movements of individuals are
extremely well coordinated and almost perfectly synchro-
nized. Fish in a school often swim at a constant pace and
maintain characteristic individual distances. They are able
to monitor the swimming speed and direction of travel
of neighboring fish. Thus, the school as a whole can exe-
cute complicated maneuvers that require individuals to
respond quickly to changes in the velocity and direction of
their neighbors.

Ear

All fishes have a series of closed tubes and sacs that com-
pose the membranous labyrinths (inner ears) embedded in
the auditory region of the skull (see Fig. 1.16). The fluid
within the labyrinth is known as endolymph. Each labyrinth
consists of three semicircular canals and two sacs (utriculus
and sacculus), with each of the sacs containing particles of
calcium carbonate known as otoliths. The utriculus and sac-
culus are involved primarily in maintaining static equilib-
rium, or posture: the position of the body (mainly the head)
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relative to the earth’s surface (i.e., with respect to gravity).
The semicircular canals are involved primarily with dynamic
equilibrium: the maintenance of the body’s position in
response to sudden movements such as rotation, acceleration,
and deceleration.

Although the membranous labyrinth serves primarily as
an organ of equilibrium in fishes, in a few species it has devel-
oped the accessory function of sound transmission. A series
of modified transverse processes of the first four trunk ver-
tebrae in some fishes serve as auditory structures (Fig. 5.26).
Portions of the first four vertebrae are actually separated from
the vertebrae themselves and form a chain of tiny bones that
connect the swim bladder to the inner ear. This arrangement
provides acute hearing. The tiny bones are known as Weber-
ian ossicles; their action in conjunction with the swim blad-
der was discussed on page 112.

Sound consists of regular compression waves that can be
transmitted in air, water, or solids; thus, “hearing” cannot be
restricted to the perception of compression in air only.
Because of its greater density, water is a much more effective
conductor of sound than is air. Underwater, sounds will carry
much farther and travel on average 4.8 times as fast (Moyle
and Cech, 1996).

It has long been thought that most teleost fishes cannot
detect sounds higher than 2 or 3 kHz (Fay, 1988). However,
Mann et al. (1997) report that the American shad (Alosa
sapidissima) can detect ultrasounds up to 180 kHz. These
researchers speculate that the American shad as well as other
clupeid fishes may be able to detect the ultrasonic clicks of
one of their major predators, echolocating cetaceans (whales).

Eye

The structure of the vertebrate eye has remained remarkably
constant throughout vertebrate evolution. Most fishes have
two lateral eyes that serve as primary receptor sites of light
(see Fig. 5.18a, b on page 103). Fishes that live in caves have
vestigial eyes, are frequently blind, and in many cases, have
eyelids that do not open.

In fishes, adjustments in focus for near and far vision
(called optical accommodation) are accomplished by move-
ment of the spherical lens closer to or farther away from the
cornea by muscles within the eye. This is accomplished
without changing the shape of the eye. The retina, located
at the rear of the vitreous chamber, contains light-sensitive
cells known as rods and cones. Colorless oil droplets are
found in the cone photoreceptors of some fish, an indica-
tion that they lack color vision (Bowmaker, 1986). Robin-
son (1994), however, reported colored oil droplets, and
possibly tetrachromatic (color) vision in the lungfish (Neo-
ceratodus forsteri).

Morphological adaptations to amphibious vision are
found in several groups of teleost fishes. Anableps, the “four-
eyed fish,” uses an aspherical lens and two pupils for amphibi-
ous vision (Fig. 5.28). The division of the eye into two
functionally separated areas allows the fish to have optical
accommodation both in water and in air. Other fishes, such
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as the amphibious clinids Dialommus and Mnierpes and the
blenniid Coryphoblennius, have flattened corneas that reduce
refraction in air. The Atlantic flying fish Cypselurus uses a
prismlike cornea (Jermann and Senn, 1992).

The only fishes in which adults are not bilaterally sym-
metrical are the soles and flounders (Pleuronectiformes).
Larval flatfish are bilaterally symmetrical and possess one
eye on each side of their head. As they mature and adapt to
a bottom-dwelling existence, however, they become asym-
metrical: one eye moves to the opposite side of the body.
This movement causes modifications of muscles, skull
bones, blood vessels, and nerves. Those species of flatfishes
that lie on the right side of their body have both eyes on
their left side; those that lie on their left side have both eyes
on their right side. Although the movement of the eye is
generally species-specific, there are some species that have
both left- and right-eyed forms.

Pineal and Parapineal Organs

Light-sensitive organs develop as a pair of sacs in the roof
of the diencephalon of most fish (see Fig. 5.27). The larger
and more dorsal sac develops on the right side and is known
as the pineal organ (epiphysis). A parapineal organ devel-
ops on the left side. In lampreys and some larval fishes, the
pineal and parapineal organs are both light-sensitive, but
unlike lateral eyes, they do not form images. Instead, they
monitor the duration of the photoperiod and intensity of
solar radiation. Pineal organs are also sensitive to light in
most adult fish and appear to have importance in the con-
trol of daily and seasonal circadian rhythms (Kavaliers,
1979). These organs appear to be ultrasensitive light sen-
sors closely connected to the brain. Gruber et al. (1975)
showed that the chondrocrania of three species of sharks

. FIGURE 5.28

The “foureyed” fish has the upper half of its eye adapted for vision in
air above the water line while the lower half is adjusted to seeing in
the water. A dumbbell-shaped pupil makes it possible to use both parts
of the eye simultaneously. Most of the time, this fish is found at or close
to the surface.
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were modified for light transmission, and that seven times
more light reached the pineal receptors than surrounding
areas of the brain.

Olfaction (Smell)

Olfactory organs are well developed in fish, and chemore-
ception in general plays an important and indispensable role
in their behavior. Chemoreception is involved in the pro-
curement of food, the recognition of sex, the discrimination
between individuals of the same or different species, defense
against predators, parental behavior, and migration and ori-
entation, as well as many other activities.

The olfactory region is a blind sac in all fishes except
lobe-finned fish; in all other vertebrates, the olfactory region
is connected to the oral, or pharyngeal, cavity. In fishes, each
naris is divided into incurrent and excurrent apertures, so
that the forward motion of the fish propels a stream of water
into one aperture and out the other. Water is induced to flow
through the olfactory sacs by the action of cilia within the
sac, by the muscular movement of the branchial pump, by
swimming, or by a combination of these actions. Olfactory
cells in the olfactory epithelium monitoring the water stream
can detect extremely small concentrations of certain chemi-
cals dissolved in water. Olfactory cues have been shown to
be extremely important to salmon in locating their natal
stream once they have reached the vicinity of the river mouth
(Hasler and Wisby, 1951; Hasler and Scholz, 1983; Bran-
non and Quinn, 1990; Barinaga, 1999). Sharks also possess
an extremely acute sense of smell.

Magnetoreceptor cells have been located in the nose of
the rainbow trout (Oncorbynchus mykiss) (Walker et al., 1997).
Behavioral and electrophysiological responses to magnetic
fields have been recorded.

Taste

Gustatory cells (taste buds) are located in the roof, side walls,
and floor of the oral cavity and pharynx, where they monitor
incoming water, as well as on the fins and body of some species
of fishes. The number of taste buds may vary greatly from one
region of the body to another, but the greatest number are
found in regions most closely associated with food contact.
Bottom-feeders or scavengers such as catfish, carp, and suck-
ers have sensitive chemoreceptors distributed over the entire
surface of the body. Gustatory cells are also abundant on the
barbels surrounding the mouth of a catfish. Whereas taste is
primarily a close-range sense, it is used in food item discrim-
ination after other senses such as smell, sight, or hearing have
recognized its presence. Besides its function in identifying
nutrients and verifying their palatability, taste receptors also
permit fish to avoid noxious substances. The gustatory system
in fishes has been reviewed by Kapoor et al. (1975).

Endocrine System
Since many of the endocrine glands and hormones are sim-
ilar in the different groups of vertebrates, they will be dis-
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cussed here. In the other vertebrate groups, discussion will
focus only on instances where a hormone has a different func-
tion from that discussed here.

The anterior lobe (adenohypophysis) of the pituitary
gland secretes a number of hormones, some of which con-
trol the activities of other endocrine glands. Growth hor-
mone (GH) stimulates body cells to grow and to maintain
their size once growth is attained. Adrenocorticotropic hor-
mone (ACTH) stimulates the adrenal cortex to secrete its
hormones. Thyroid-stimulating hormone (TSH) stimu-
lates the thyroid gland to synthesize and release thyroid hor-
mones. Two gonadotropic hormones are released cyclically
in response to exterior stimuli. Follicle-stimulating hor-
mone (FSH) stimulates the development of ovarian follicles
in the female and the development of spermatozoa in the
seminiferous tubules in the male. In the female, luteinizing
hormone (LH) induces development of a new endocrine
gland, the corpus luteum, following ovulation. In males,
luteinizing hormone is better known as interstitial cell-
stimulating hormone and induces interstitial cells of the
testes to produce testosterone. Melanocyte-stimulating
hormone (MSH) controls skin pigmentation by regulating
production of the pigment melanin. Prolactin (PRL) regu-
lates a wide range of processes in the different groups of
vertebrates. Certain parental behavior patterns are brought
about by the effects of prolactin. These include activities
such as nest building, the incubation of eggs, and the pro-
tection of young.

The posterior lobe (neurohypophysis) of the pituitary
serves solely for the storage and release of neurosecretions
synthesized in the hypothalamus. These include argenine
vasotocin (oxytocin), which is a smooth muscle contractor,
and vasopressin (antidiuretic hormone [ADH]), which reg-
ulates water loss.

The thyroid gland may be paired or unpaired. It secretes
thyroxin and triiodothyronine, which control the processes
of metabolism, metamorphosis, and maturation. Production
of thyroxin is regulated by thyroid-stimulating hormone
secreted by the anterior lobe of the pituitary gland. An
increase in TSH causes an increase in thyroid output, which
in turn depresses the secretion of TSH. A sufficient quan-
tity of iodine is also necessary for thyroid hormones to be pro-
duced. A third hormone, calcitonin, permits calcium in the
circulating blood to be used for metabolic functions such as
bone formation, muscle contraction, and nerve transmission.
Calcitonin reduces calcium levels in the blood and prevents
bone resorption. Fishes lack parathyroid glands (Duellman
and Trueb, 1986).

Adrenal glands are located on or near the kidneys. The
inner portion (adrenal medulla), or its equivalent, produces
epinephrine (adrenaline) and norepinephrine (noradrena-
line) in all vertebrates. Epinephrine is a vasodilator, and nor-
epinephrine a vasoconstrictor, of the circulatory system. They
increase the amount of blood sugar in times of sudden meta-
bolic need and stimulate increased production of adrenocor-
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tical hormones in times of prolonged stress. These hormones
cause acceleration of the heartbeat and increased blood pres-
sure, with increased blood flow to the heart muscle, skeletal
muscle, and lungs, and decreased blood flow to smooth mus-
cle of the digestive tract and skin. They are the primary hor-
mones involved in the “fight-or-flight” response to fear, pain,
and aggression. They help mobilize the physical resources of
the body in response to emergency situations.

The outer portion of the adrenal gland (adrenal cortex) is
essential to life. It produces corticoids such as aldosterone,
which regulates sodium levels by acting on the gills and/or
kidneys. Secretion of aldosterone promotes the retention of
sodium and the excretion of potassium by the kidney. Other
corticoids secreted include the glucocorticoids cortisone, cor-
tisol, and corticosterone. Together with aldosterone, gluco-
corticoids regulate the metabolism of carbohydrates, proteins,
and fats, as well as the use of electrolytes and water.

The pancreas is a unique organ in that some cells, the aci-
nar cells, function as an exocrine gland to aid in digestion, while
other cells are part of the endocrine system and secrete hormones.
Hormone-secreting cells are known as pancreaticislets (islets of
Langerhans), and in fishes, like most vertebrates, the islets are
dispersed throughout the secretory tissue of the pancreas. Islet
cells in fishes may also be found in scattered locations around the
gallbladder and between the pyloric caeca. Although the loca-
tion of islet cells may vary somewhat in different vertebrates, the
function of the pancreas is similar in all groups.

The two major pancreatic hormones are insulin and
glucagon, which function antagonistically to regulate blood
glucose levels. Insulin, secreted by beta cells of the islets, facil-
itates the assimilation of sugar by tissues and stimulates the
formation of glycogen in muscle tissue and in the liver from
blood glucose. Glucagon, a product of alpha cells, has the
opposite action and increases blood glucose concentration.

Gonads act as endocrine organs. The ovaries and testes
of most vertebrates produce three types of steroid hormones:
estrogens, androgens, and progesterone. Secretion of these
hormones is controlled by pituitary gonadotropins. Estro-
gen is produced by ovarian follicles. It causes formation of
primary follicles and also the development of the accessory
sex organs, including the reproductive tract. Maturation of
follicles depends on follicle-stimulating hormones from the
pituitary gland. Secretion of estrogen is partly responsible
for differentiation of the Miillerian ducts into uteri and
oviducts in female embryos. Estrogen also regulates repro-
ductive behaviors. In males, luteinizing hormone (LH) (also
known as interstitial-cell stimulating hormone, or ICSH)
from the anterior pituitary gland causes the interstitial cells
of the testes to produce the male androgen, testosterone.
Increased levels of testosterone cause the development of sec-
ondary sex characteristics and initiate the process of sper-
matogenesis. The failure of Miillerian ducts to develop in
males is caused by increased levels of androgens. Larger mus-
cles and bones in males are also a result of androgens. In
addition, androgens regulate reproductive behavior.
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Ultimobranchial bodies develop from the last pair of
pharyngeal (branchial) pouches in all vertebrates. They may
be known as postbranchial bodies or, in bony fish, as
suprapericardial bodies. In some fishes, amphibians, reptiles,
and birds, they produce calcitonin, which removes calcium
and phosphates from the circulating blood so these ions can
be utilized for essential functions such as bone formation,
muscle contraction, and nerve transmission.

A thymus gland is found in all vertebrates except lam-
preys and hagfishes. The thymus secretes the hormone
thymosin, which stimulates lymph glands to produce
lymphocytes. It is also involved in producing antibodies and
in the maturation of T lymphocytes, or T cells, which can
distinguish foreign cells and/or substances in the body (e.g.,
viruses, bacteria) and destroy them; thus, the thymus provides
a major defense mechanism to keep bodies free of foreign
substances. It increases in size until the animal reaches sex-
ual maturity, and then it steadily shrinks.

The pineal region in some lower vertebrates, such as lam-
preys, contains highly specialized cells that function as pho-
toreceptors. They function in a similar manner to that of the
mammalian retina and generate impulses that are carried to the
brain. As vertebrates evolved and the cerebrum grew back over
the dorsal portion of the brain, the pineal organ lost much of
its photoreceptivity and became primarily an endocrine organ.

The pineal gland secretes the hormone melatonin,
which causes melanophores to aggregate in lower vertebrates.
The pineal is negatively light-sensitive and secretes mela-
tonin during darkness. Thus, pineal and blood melatonin lev-
els exhibit daily (diurnal) rhythms. The weight of the pineal
gland varies within a 24-hour cycle: Its weight is lowest at the
end of the daily light period (Wurtman et al., 1968; Falcon
etal., 1987; Kezuka et al., 1988), and continuous light reduces
the weight of the pineal gland. Considering its 24-hour cycle,
the pineal may play a role in the synchronization of other 24-
hour circadian cycles such as sleeping, eating, and adreno-
cortical function. Although diurnal rhythms of the melatonin
level in the retina have been reported in amphibians, birds,
and mammals, the lateral eyes of trout apparently have no sig-
nificant endocrine function as far as regulating melatonin lev-

els in the blood (Zachmann et al., 1992).

Urogenital System

Freshwater fishes live in water that has a lower salt concentra-
tion (hypotonic) than that of their own body fluids (Fig. 5.29).
They have large renal corpuscles and use water freely in excret-
ing nitrogenous wastes. Marine fishes, on the other hand, live
in water in which the salt concentration is normally higher
(hypertonic) than in their own body fluids. They are in danger
of losing water to their environment.

With the exception of hagfish, whose body fluids have
salt concentrations similar to that of sea water, all other marine
vertebrates maintain salt concentrations in their body fluids
at a fraction of the level in the water (Schmidt-Nielsen, 1990).
Bony marine fishes maintain osmotic concentrations of about
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Osmotic regulation in freshwater and marine bony fishes. Freshwater fishes maintain osmotic and ionic
balance in their dilute environment by actively absorbing sodium chloride across their gills (some salt is
also gained with food). To flush out excess water that constantly enters the body, a glomerular kidney pro-
duces a dilute urine by reabsorbing sodium chloride. Marine fishes drink sea water to replace water lost
osmotically to their salty environment. Sodium chloride and water are absorbed from the stomach. Excess
sodium chloride is actively transported outward by the gills. Other sea salts, mostly magnesium sulfate,
are eliminated with the feces and secreted by the tubular kidney.

one-fourth to one-third the level in sea water. They have
reduced the size of their renal corpuscles, and they excrete
excess salt through the gills. Cartilaginous fishes maintain salt
concentrations in their body fluids at roughly one-third the
level in sea water. They maintain osmotic equilibrium by
retaining large amounts of organic compounds, primarily urea,

in their body fluids. This allows these fishes to raise the total
osmotic concentration of their blood so that it is equal to, or
slightly exceeds, that of sea water without increasing the over-
all salt concentration of their body (Schmidt-Nielsen, 1990).

Many modern fishes (e.g., salmon, eels, shad, smelt)
migrate during their lives between oceanic and fresh waters.



Linzey: Vertebrate Biology 5. Gnathostome Fishes Text

Animals that do this require adaptations to control the
osmotic pressure of their internal fluids. Osmoregulation is
thought to be controlled by hormones: thyroxin from the
thyroid gland, and corticosteroids from the adrenal glands.
Fishes that are anadromous—that is, spend most of their life
in the sea and migrate to fresh water to breed, such as Chi-
nook salmon (Oncorhynchus tshawytscha)—must be able to
prevent dilution of their fluids by the inward diffusion of
water from the less concentrated external medium. In con-
trast, freshwater fishes passing into the sea to spawn—called
catadromous—must prevent concentration of their fluids by
loss of water to the more concentrated external medium. The
most common catadromous fish in North America is the
American eel (Anguilla rostrata). Fishes whose migration
from fresh water to the sea, or vice versa, is not for the pur-
pose of breeding but occurs regularly at some other stage of
the life cycle are referred to as diadromous. For example,
bull sharks (Carcharhinus) and sawfishes (Pristis) move in
and out of Lake Nicaragua in Central America.

A pronephric kidney forms as a developmental stage in
all vertebrates but is functional only in larval fish and
amphibians. It remains throughout life only in lampreys, hag-
fishes, and a few teleosts as a mass of lymphoid tissue.

As differentiation of the embryo proceeds, more and more
tubules form behind the pronephric tubules (see Fig. 4.15).
The anteriormost tubules usually are little different from the
pronephric tubules (segmentally arranged with nephrostomes),
but soon the segmented arrangement (metamerism) is lost and
internal glomeruli and tubules develop that lack nephrostomes.
With the disappearance of pronephric tubules, the pronephric
duct becomes the opisthonephric (mesonephric) duct and the
newer kidney is known as the opisthonephros (mesonephros).
The latter is the functional kidney of adult fish and amphib-
ians (opisthonephros) and functions as an embryonic kidney
in reptiles, birds, and mammals (mesonephros). The term
mesonephros is used in reference to the kidney that serves as an
intermediate stage in the development of a vertebrate, whereas
the term opisthonephros is used in reference to the adult kid-
ney. They both develop from the same portion of the nephro-
genic mesoderm.

The opisthonephros may extend for most of the length
of the coelom as in sharks, or it may be confined to more cau-
dal regions. In males, the anteriormost tubules of the
opisthonephros have no association with glomeruli and are
used solely to conduct sperm to the opisthonephric duct.
This part of the kidney becomes known as the epididymal
kidney, and the highly coiled part of the opisthonephric duct
that drains it is the epididymis. The corresponding part of
the opisthonephros in females may or may not degenerate.

Although most teleosts excrete ammonia, African lung-
fishes (Protopterus) are capable of excreting either ammonia,
while living in an aquatic environment, or urea, while in esti-
vation (i.e., in a dormant condition during droughts). Elas-
mobranchs, as well as the coelacanth (Latimeria), filter urea
from the blood plasma at the glomerulus and excrete it as the
primary nitrogenous end product. However, much of the urea
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is reabsorbed from the filtrate by the kidney tubules, thus pre-
venting major losses of urea in the urine (Schmidt-Nielsen,
1990). The urea is retained and gives their body fluids a
nearly isosmotic relationship with their environment.

Most fishes, with the exception of lampreys, hagfishes,
and elasmobranchs, have a urinary bladder. Bladders of most
fishes are terminal enlargements or evaginations of the
mesonephric ducts known as tubal bladders.

BIO-NOTE 5.12

Natural “Antifreeze” in Antarctic Fishes

Small ice crystals, inadvertently swallowed when drink-
ing seawater, presumably exist in the bodies of notothen—
ioid Antarctic fishes (suborder Notothenioidei). A major
physiological-biochemical adaptation of these fishes is
the presence of macromolecular “antifreeze” substances
(sugars and amino acids) in their body fluids. Glycopep-
tides (glycoproteins) inhibit ice growth through a process
known as adsorption—inhibition. By adsorption onto
existing ice crystals, the glycopeptides produce a barrier
between the ice surface and water molecules, thereby
preventing further growth of the ice crystals, which
could cause tissue damage. Antifreeze glycopeptides are
synthesized in the liver and are found in most of the
body fluids. Peak effectiveness is reached when antifreeze
levels reach about 4 percent by mass.

The same molecules that keep fish from freezing in
frigid polar waters may one day enable blood banks to
refrigerate platelets for weeks at a time. Human platelets
are disk-shaped cell fragments that help clot blood after
injury. They are often given to surgery patients to limit
bleeding. But unlike red blood cells, they cannot be frozen
and must be used within 5 days. However, platelets kept
in a solution containing glycoproteins derived from the
blood of Antarctic or Arctic fish last up to 21 days at 5°C.
This is a completely new and innovative approach to the
long-term storage problem of blood products.

Eastman, 1993
Tablin et al., 1996

The caudal ends of the opisthonephric ducts may enlarge
to form urinary bladders or seminal vesicles for the tempo-
rary storage of sperm. In some fishes, such as the lamprey and
dogfish shark, the two opisthonephric ducts empty caudally
into a urinary, or urogenital, papilla. When accessory urinary
ducts are numerous in males, the opisthonephric ducts may
be used chiefly, or entirely, for sperm transport.

Both testes and ovaries are usually paired and are sus-
pended by mesenteries from the wall of the body cavity near
the kidneys. During the spawning season, the testes are
smooth, white structures that rarely account for more than
12 percent of the weight of the fish, whereas the ovaries are
large, yellowish structures, granular in appearance, that may
make up 30 to 70 percent of a fish’s weight (Moyle and Cech,
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1996). The ovaries of most teleosts are hollow and saccular,
whereas the ovaries of most other fishes are solid. A few her-
maphroditic species have ovotestes, which are part ovary and
part testis, and these species are capable of self-fertilization.
Synchronous (or simultaneous) hermaphrodites have ripe
ovaries and testes at the same time but usually spawn with
one or more other individuals, alternately taking the role of
male and female. Some, such as the belted sandfish (Serranus
subligarius), a small bass found only along the Florida coast,
have fertilized their own eggs in captivity, but in the wild,
self-fertilization is unlikely to happen because other spawn-
ing individuals are usually in close proximity. The neotropi-
cal cyprinodont Rivulus marmoratus can fertilize its eggs
internally prior to oviposition (Wheeler, 1985; Bond, 1979).
Synchronous hermaphrodites are known from the following
families: Chlorophthalmidae, Bathypteroidae, Alepisauridae,
Paralepididae, Ipnopidae, Evermannellidae, Cyprinodonti-
dae, Serranidae, Maenidae, and Labridae.

Female elasmobranchs have a pair of ovaries, but the left
one may be greatly reduced in size in some genera (Scyliorhi-
nus, Pristiophorus, Carcharbinus, Galeus, Moustelus, and
Sphyrna). In rays, the left ovary is functional in Urolophus; the
right ovary is completely absent in Dasyatis (Kardong, 1995).

A pair of oviducts and a pair of uteri arise from the
Miillerian ducts (originally called pronephric ducts) in
female elasmobranchs (Fig. 5.30). Oviducts possess ovidu-
cal (nidamental or shell) glands that secrete albumen (pro-
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tein) and shells around the eggs. The paired ostia (anterior
openings of the oviducts) unite to form a single ostium in
the falciform ligament.

Most female teleosts have paired ovaries. Fusion of the
ovaries occurs in some genera, such as the perches (Perca), so
that there is only one functional ovary. In the Japanese rice-
fish (Oryzias latipes) and the guppy (Poecilia reticulata), only
one gonad develops.

In contrast with most vertebrates, most teleosts have
oviducts that are continuous with the covering of the ovaries,
so that the ova are not shed into the body cavity. Ovaries in
this saccular ovary—oviduct system are known as cystovarian
ovaries (Hoar, 1969). Most nonteleosts and a few teleosts
have gymnovarian ovaries, in which the ovaries open into
the body cavity and the ova are conveyed through an open
funnel to the oviduct. These include the loach (Misgurnus),
as well as members of the Anguillidae, Salmonidae, and
Galaxiidae (Bond, 1996).

In some male fishes, such as the bowfin (4mia), sturgeon
(Acipenser), and gar (Lepisosteus), the opisthonephric duct
conducts sperm as well as urine (Fig. 5.31). Connections
between the opisthonephros and testes are established early
in embryonic life when some of the anterior mesonephric
tubules connect with a network of channels within the testes.
These modified mesonephric tubules become structures
known as vasa efferentia and carry sperm from the testes to
the opisthonephric duct.

. FIGURE 5.30
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Oviducts of female fishes: (a) shark; (b] sturgeon (Acipenser) and bowfin (Amial); (c] bichir (Polypterus); (d) teleost. The oviduct (Millerian duct) arises adjo-
cent to and parallel with the opisthonephric duct in most fishes. In teleosts, the oviduct is usually replaced by an ovarian duct that is derived separately.
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Urogenital systems of male fishes: (a) hagfish (Bdellostoma)—the single testis of the hagfish hangs in the dorsal body wall between the kidneys;
(b) elasmobranch (Torpedo); (c) lungfish (Protopterus); (d) teleost, sea horse (Hippocampus).

In the Salmonidae, sperm are shed directly into the body
cavity and exit through an abdominal pore or pores. In Chon-
drichthyes, sperm pass through a duct shared with the kid-
ney (opisthonephric duct) and may be stored in a seminal
vesicle for a short time before being expelled. It is the same
situation in most nonteleost bony fishes, except that a sem-
inal vesicle is lacking. Most teleosts possess separate sperm
ducts (Moyle and Cech, 1996).

Some male fishes, including sharks, skates, rays, sawfish,
and guitarfish, possess intromittent organs. Elasmobranchs
possess claspers—grooved digitiform appendages of the
pelvic fins (see Fig. 5.35). Associated with each clasper is a
muscular saclike siphon that lies just beneath the skin and fills
with water just prior to mating. During copulation, the male
inserts one of his claspers into the female’s reproductive tract.
Sperm are washed along the groove in the clasper and into
the female by sea water discharged from one of the siphon
sacs. The siphon sac also contributes large quantities of an
energy-rich mucopolysaccharide to the seminal fluid. In
many teleosts, the anal fin is modified for sperm transport
and is known as a gonopodium.

B REPRODUCTION

Reproductive cycles of temperate fishes are closely tied to
seasonal changes in temperature, day length, and in some

cases, acidity of the water (Lam, 1983; Weiner et al., 1986).

Under the influence of increasing light and temperature, the
hypothalamus and pituitary glands are stimulated to produce
hormones that control the development of the gonads and
initiate reproductive behavioral activities and the develop-
ment of secondary sexual characteristics. Temperatures above
a certain level will inhibit spawning (Moyle and Cech, 1996),
whereas low pH caused by acid rain has been shown to delay
maturation of gonads in rainbow trout (Salmo gairdneri)
(Weiner et al., 1986). Some fishes spawn only once as an
adult and then die (e.g., Chinook salmon [Onchorynchus
tshawytscha)); others reproduce for several years (e.g., bass
[Micropterus]). In other species, sperm can be stored in
females and remain viable for many months and possibly for
several years.

The onset of reproductive activity (generation time) in
fishes varies with sex. In many species, especially those with
sexual differences in size (e.g., striped bass [Morone saxatilis]
and sturgeon [Acipenser]) and live-bearers (e.g., guppies [ Poe-
cifia] and many species of sharks), males mature at a smaller
size and younger age than do females. Reproductive activity
also varies with the nature of the population, because a larger
size may be attained at a younger age in expanding popula-
tions inhabiting favorable environments. Where the envi-
ronment is favorable for growth and favors high adult
survival, fishes tend to delay maturation, whereas if condi-
tions are unfavorable, so that growth and adult survival are
low, reproduction tends to take place at a younger age.
Females that belong to an expanding population tend to
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reproduce at an earlier age than those in more stable popu-
lations (Moyle and Cech, 1996).

Various means of sexual recognition have evolved among
fishes. Some, such as female stingrays (Dasyatis), passively
emit electric fields that attract males (Anonymous, 1992). A
difference in form or color between the sexes of a given
species is known as sexual dimorphism (Fig. 5.32). In many
fishes, adult females are larger than adult males. This sexual
dimorphism is particularly evident in those fish that bear live
young, such as members of the family Poeciliidae (guppies,
mollies, swordtails, and mosquitofish). In others, especially
species in which males compete for females, the males are the
larger sex (e.g., many coral-reef fish).

Sexual dimorphism also may involve the development of
tubercles on the heads and/or scales of males during the
breeding season (Fig. 5.32¢). These structures often develop
on body parts that come into contact with females and may

. FIGURE 5.32
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Sexual dimorphism in fishes: (a) humped back and hooked jaws of the
male pink salmon (Oncorhynchus gorbuschal); (b) domed forehead and
anterior position of the dorsal fin in a dolphin (Coryphaena hippurus);
(c) nuptial tubercles on the snout and forehead of a male creek chub
(Semotilus atromaculatus); (d) parasitic male of the deepsea anglerfish
(Photocorynus spiniceps).

5. Gnathostome Fishes Text

© The McGraw-Hill
Companies, 2003

stimulate the female to lay eggs and assist males in main-
taining contact during spawning (Moyle and Cech, 1996).
Males of some species, such as three-spined sticklebacks
(Gasterosteus aculeatus) and guppies (Poecilia reticularia),
become brightly colored during the breeding season. Male
sticklebacks develop a red belly or throat and a whitish back.
Female sticklebacks exhibit a significant preference for males
having the most intense coloration (Milinski and Bakker,
1990). Parasitization of male sticklebacks by the ciliate that
causes “white spot” significantly decreases the intensity of
the male’s coloration and reduces the male’s acceptance by
females. Because tropical fishes breed all year, males typically
retain their bright colors throughout the year.

Some fishes engage in elaborate courtship behavior
(Fig. 5.33). The male three-spine stickleback, for example,
constructs a tubelike nest and then, using a complex courtship
ritual, entices the female to enter the nest. Her occupation of
the nest, in turn, stimulates the male to thrust his snout
against her rump in a series of quick rhythmic trembling
movements. This induces the female to spawn. Without the
stimulus of the male’s tremble-thrusts, the female is incapable
of spawning. Male gouramis (Helostomatidae) and Siamese
fighting fish (Belontiidae) build bubble nests as part of their
courtship behavior (Fig. 5.34b). As a female expels eggs from
her body, the male blows them upward and into the floating
nest, which he then maintains until the eggs hatch.

Most fishes do not establish long-lasting pair bonds.
Males and females come together to breed and then go their
separate ways. Some female mosquitofish (Gamébusia) will
mate with dozens of males during one breeding cycle. Oft-
spring of these multiple unions are genetically more diverse
than offspring of females who mate with just one male
(Brown, 1991). In addition, larger females breed many times
and produce larger broods, both of which have definite sur-
vival value. Female Mediterranean blenniid fish (Aidablennius
sphynx) may use “test” eggs to assess paternal quality (Kraak
and Van Den Berghe, 1992). Females initially lay a small
quantity of eggs at a male-guarded site. If the male guards
the eggs successfully, she will continue laying at his site.

Most female bony fishes release eggs into the water,
where sperm are deposited by males (Fig. 5.34a). Although
all sperm consist of a head containing the nucleus, a midpiece
containing mitochondria that serve as an energy source, and
a tail (flagellum) for locomotion, they exhibit much variation
in shape. These species of fishes usually spawn in groups and
do not have elaborate courtship displays or specialized repro-
ductive structures. They depend on water currents for egg
dispersal. Other fishes hide their eggs among gravel or rocks,
or build nests in which eggs are buried (Fig. 5.34b). Female
salmon and trout (Salmonidae), for example, excavate redds
(nests) in gravel substrates by digging with their tails. Redds
are defended by both sexes. Some fishes protect the eggs
while spawning and also guard the embryos until they hatch
(e.g., many North American minnows [Cyprinidae]); in some
cases, guarding extends through larval development (e.g.,
sunfish and bass [Centrarchidae]) (Fig. 5.34b). In addition
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Mating behavior in the three-spined stickleback (Gasterosteus aculeatus). The movements that make up the courtship behavior of this species can be
fraced down to the activity of single muscles or groups of muscles such as those that move a single fin. It has repeatedly been shown that in this
species one partficular movement in the behavior train acts as a stimulus for the next. The instinctive movements imply a course of patterned rather than
haphazard activity. In early spring in shallow ponds and lakes, the male builds a nest of vegetation, which is held together with a sticky secrefion from
the male’s kidneys. After excavating a hole through the mass of vegetation, the male changes color, with his chin becoming red and his back a bluish
white. (a) Upon finding a female, the male swims to his nest, thrusts his red snout into it, and then he turns on his side and presents the fins across his
back to the female. (b) The female then swims into the burrow in the nest. (c] The male follows and touches the base of her tail, an action that stimu-
lates the female to deposit 50 to 100 eggs. d) The male then enters the nest, fertilizes the eggs, and by using his fins and tail, moves water over
them fo bring in additional oxygen. With fertilization accomplished, the male leaves the nest.

to providing extensive protection for their young, these fishes
usually exhibit elaborate courtship behavior.

Fertilization in fishes is usually external. As females
release eggs, sperm are released by one or more males in the
same general area. In some teleosts, such as Fundulus, the
male and female interlock their anal and pelvic fins and then
execute external fertilization.

Internal fertilization occurs in most cartilaginous fishes
and in some teleost fishes. Males of some teleost species pos-
sess an intromittent organ known as a gonopodium that may
be formed from a thickened anal spine (e.g., Embiotocidae)
or a modified anal ray (e.g., Poeciliidae). Gonopodia have
grooved passageways that guide sperm into the female dur-
ing copulation. The shape and structure of the gonopodium
in poeciliids is a key feature in the classification of this fam-
ily. Sharks and rays have modified pelvic fins known as
claspers (Fig. 5.35). A clasper is inserted into the female,
and sperm are transported along a groove into her cloaca.
Many fishes with internal fertilization, such as guppies (Poe-
cilia reticulata), dogfish sharks (Squalus), and coelacanths
(Latimeria), carry the embryos until the time of birth.

Some fishes protect their eggs and/or offspring by carry-
ing them in their mouths or in special pouches (Fig. 5.34c).

Maternal mouthbrooding is found in sea catfishes (Ariidae),
cichlids (Cichlidae), cardinal fishes (Apogonidae), and bony-
tongues (Osteoglossidae). Females take eggs into their mouths
during spawning and inhale sperm to ensure fertilization in the
mouth. The brood is carried in the mouth until the young are
able to swim and feed. Male sea horses (Syngnathidae), as well
as some pipefishes (Syngnathidae), have a brood pouch (mar-
supium) on the belly into which females deposit eggs (Fig.
5.34c and 5.37). Following incubation, the young are carried
in the pouch until they can swim actively on their own.
Some fishes are hermaphroditic, a condition in which
one individual is both male and female. Some hermaphro-
dites possess both male and female sex organs at the same
time and are called synchronous hermaphrodites; others
change sex as they grow and are called sequential her-
maphrodites. Sea basses (Serranidae), for example, are syn-
chronous hermaphrodites. Fertilization is external, and each
member of the pair assumes a specific sex role associated with
the release of eggs or sperm. Individuals release only one type
of gamete during a spawning episode. Individuals of other
species, such as black hamlets (Hypoplecturus nigricans), take
turns releasing eggs for their partners to fertilize, a mating
system referred to as “serial monogamy.” Serial monogamy is
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FIGURE 5.34
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Methods of egg deposition in fishes are diverse. They range from (a) simply releasing the eggs into the water to (b) depositing the eggs in a carefully
constructed nest. (c) In some species, the eggs are carried on or within the body of one of the parents.



Linzey: Vertebrate Biology 5. Gnathostome Fishes Text

. FIGURE 5.35

Vestigial oviduct

Liver
Esophagus
Testis
Mesorchium
Archinephric
duct 3 :
Leydig's gland
Opisthonephros 3
)
2
W* Seminal vesicle
Accessory urinary
Sperm sac duct
\ Intestine
Siphon N (()
) e Cloaca
Abdominal
pore
Pelvic fin
Clasper

Male intromittent organs of the horn shark (Heferodontus francisci). Each
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Embryo of the mummichog (Fundulus heteroclitus) at hatching. The
embryo is nourished by the yolk contained within the egg. At hatching,
a small amount of yolk remains within the yolk sac.
Source: Lagler, et al., Ichthyology, 1962, John Wiley & Sons, Inc.

common among parrotfishes (Scaridae), wrasses (Labridae),
and groupers (Serranidae). The most common form of
sequential hermaphroditism, called protogyny, occurs when
females turn into males. A less common form is protandry,
a change from male to female. Protandrous species are found
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among the moray eels (Muraenidae), damselfishes (Poma-
centridae), and anemonefishes and porgies (Sparidae). These
processes allow eggs and/or sperm to be produced when the
numbers of one sex in the population are low.

Most marine teleosts release large numbers of small,
buoyant eggs that contain relatively small amounts of yolk.
Some sturgeons (Acipenser, Huso), for example, may deposit
as many as 5 million eggs (Herald, 1967) and the mackerel
(Scomberomicrus cavalla) lays more than 6 million eggs (Elgar,
1990) during each annual breeding cycle. The eggs are fer-
tilized externally and develop and hatch while drifting in the
water. This method of reproduction, which provides for wide
dispersal of the young, may have evolved as a means of
decreasing predation and the possibly adverse effects of local
environmental changes (Moyle and Cech, 1996). Marine lar-
vae, which usually are very different in appearance from their
parents, are specialized to feed and grow for weeks or months
while adrift at sea.

Freshwater fishes, on the other hand, deposit fewer eggs
than marine species; these eggs are significantly larger than
those of marine species because of a greater amount of yolk.
Eggs hatch into juveniles with adultlike body forms. In addi-
tion, nest building and parental care are more common in
freshwater species than in marine species. Clutch size in both
freshwater and marine fishes is correlated positively with fish
length (Elgar, 1990): larger fishes tend to lay a greater num-
ber of relatively small eggs.

B GROWTH AND DEVELOPMENT

Prenatal Development

Oviparous Species

All skates, some sharks, and many bony fishes are oviparous.
Some female sharks that can store sperm release fertilized eggs
over an extended period of time. These shark eggs are large and
covered with tough, leathery cases, many of which have ten-
drils at the corners, apparently to attach the egg cases to sea-
weeds. Other species of oviparous fishes tend simultaneously
to release vast quantities of eggs and sperm into the water. Fer-
tilized eggs may drift with the current, or they may be deposited
within a nest constructed by one or both parents. The devel-
oping embryo is nourished by yolk contained within the egg.

Viviparous Species

Viviparity is defined as the retention of fertilized eggs within
the female reproductive tract. Embryos may be enclosed in
a thin membrane or envelope along with a yolk supply, or they
may be nourished by direct transfer of nutrients from the
mother. Young are born alive. Most sharks, all rays, sawfish,
guitarfish, and some bony fishes, including the coelacanth
(Latimeria chalumnae), are viviparous. The eggs of the coela-
canth are reported to be as “big as a grapefruit, the largest in
any animal” by David Noakes of the University of Guelph in
Ontario (Milius, 1998). The 10-m-long whale shark (RAin-

codon typus), the largest fish in the oceans, is viviparous.
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In some sharks, such as the hammerhead sharks (Sphyrna
spp-) and requiem sharks (Carcharinus spp.), embryos ini-
tially are nourished by yolk, but the yolk supply is used up
early in development. Remnants of the yolk sac form a pla-
centa-like connection to the wall of the uterus, which sup-
plies the developing young with nourishment during the
remainder of the 9- to 12-month gestation period.

In the lamnoid sharks (order Lamniformes), which
includes the makos (Isurus spp.), threshers (Alopias spp.),
crocodile sharks (Pseudocarcharias spp.), great white (Car-
charodon carcharias), and sand tiger (Carcharias taurus), the
embryos use up their yolk supply and “hatch” in the uterus
after the first several months of their 10- to 12-month ges-
tation period. The female continues to ovulate throughout
the gestation period, and when the yolk supply runs out, the
young ingest the nutritious eggs (Luer and Gilbert, 1991).
In some species of rays that use up their supply of yolk before
development is complete, young are nourished by a fluid
known as uterine milk secreted by stringlike “trophonemata”
that line the inner wall of the uterus (Luer and Gilbert, 1991).

Several methods of nutrient exchange exist in viviparous
bony fishes. In some, placenta-like growths form in the pos-
terior portion of the maternal reproductive tract. Surfperches
(Embiotocidae) are a small group of fishes found only along
the northern Pacific coasts of North America and Asia.
Females carry young in uterus-like sacs in the ovary. Body
fluids of the mother that contain nutrients diffuse through
greatly enlarged and highly vascularized dorsal, pelvic, and
anal fins of the embryos, which are in close contact with the
mother’s tissues (Moyle and Cech, 1996).

Duration of Embryonic Development

Live-bearing sharks and rays have gestation periods of 6 to
22 months (Moyle and Cech, 1996). Hatching in oviparous
fishes, however, may be as short as 1-2 days in gouramis and
coral fishes or as long as 16 months in some sharks and rays
(Moyle and Cech, 1996). The rate of development generally
is temperature-dependent (Bond, 1996). For example, at
10°C, trout and salmon eggs hatch in about 50 days, but at
2°C, incubation requires about 6 months. Incubation tem-
perature also influences the development of certain segmen-
tal features of the body such as vertebrae, scale rows, and fin
rays. Typically, individuals from a selected batch of eggs incu-
bated at low temperatures will have more vertebrae, scale
rows, and fin rays than their siblings incubated at higher tem-
peratures (Bond, 1996). The opposite is true in a few species.

Hatching and Birth

Most fish embryos produce hatching enzymes that assist in
digesting the membrane enclosing them at the time of hatch-
ing. In many bony fishes, secretions come from special glands
on the head or inside the mouth (Bond, 1996).

The sex of some fishes, such as the Atlantic silverside
(Menidia menidia), is determined in part by the temperature
of the water when the young are born (Conover and Kynard,
1981). Low temperatures early in the season produce females;
higher temperatures later in the year yield males.

5. Gnathostome Fishes Text
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Parental Care

Parental care is lacking in oviparous elasmobranchs and in
most other fishes. However, some species spend a great deal
of time preparing a nest, oxygenating the eggs, and guard-
ing the eggs and young. All three genera of lungfishes lay
large, yolky eggs in nests formed by scooping out depres-
sions in the pond bottom where the water is shallow. In the
African lungfish Protopterus, males guard their nests and may
beat the water with their tails to scare away predators and,
perhaps, to aerate the nest (Thomson, 1991).

Salmon and trout excavate a nest (redd) and bury the eggs
for protection. Several species, such as gouramis, build bubble
nests for their floating eggs. Eggs of some species adhere to
the bodies of adult fish and are transported with them. Some
fishes carry eggs and/or young with them in brood pouches
(sea horses, pipefishes, some catfishes) (Fig. 5.37). Mouth-
brooders, such as sea catfishes (Aridae), cichlids (Cichlidae),
cardinal fishes (Apogonidae), and bonytongues (Osteoglossi-
dae), carry the eggs, embryos, and sometimes even larval fishes
in their mouth cavities.

Growth and Metamorphosis

The life of an oviparous fish is divided into four stages:
embryo, larva, juvenile, and adult. Most of the embryonic
stage is passed within the egg, although it may continue for
a short time after hatching while the embryo’s nutrition is still
derived from yolk (Fig. 5.36). The larval period begins when
the fish is able to catch food organisms. During this time,
the skeleton and other organ systems become fully formed,

. FIGURE 5.37

& i

Female sea horses deposit their eggs in a brood pouch on the
abdomen of the male. The eggs are incubated and hatched inside of
the sealed brood pouch. The young are expelled once they are capa-
ble of swimming on their own.
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and the fins develop. In most species, there is no dramatic
development that signals the end of the larval stage and the
beginning of the juvenile stage; it is a gradual, progressive
transition. In the juvenile stage, the fish and its organ sys-
tems grow considerably in size; thus, this is usually a period
of rapid growth. During this stage, which lasts until the
gonads mature, the fishes may be distinctively colored. When
gonads mature, the fish is able to spawn and is considered to
be an adult.

Those species of fishes that have undergone their devel-
opment within the female’s reproductive tract are well
developed at birth and are born as miniature adults. Thus,
there is no larval life stage.

%D .
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Attainment of Sexual Maturity

The time required to reach sexual maturity in most fishes
ranges from several weeks to several years. Some, such as
members of the viviparous perch family (Embiotocidae),
become sexually mature a few weeks after birth (Moyle and
Cech, 1996). Other species, such as salmon (Oncorbynchus),
usually spawn when 4 or 5 years of age.

Longevity

Maximum longevity in fishes is probably about 50 years.
Some sharks along with such species as sturgeons and pad-
dlefishes are probably among the longest-lived.
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1. What advantages are conferred on an organism by having ver-
tebrae that are differentiated into various types?

2. Distinguish between ostracoderms and placoderms. What
important evolutionary advances did each contribute to verte-
brate evolution?

3. Discuss the theories concerning the origin of paired fins.

4. Why was the discovery of the first living coelacanth (Latime-
ria) in 1938 of such great importance to scientists?

5. Compare the functions of paired fins and unpaired median
fins such as the dorsal and caudal fins.

6. What is the function of the bulbous arteriosus in fish? Why is
it not present in birds and mammals?

7. Why is an operculum important to bony fish and not to most
cartilaginous fish? What functions does it perform?

8. Explain the mechanism by which bony fish control their
buoyancy.

9. Trace the pathway that food would follow from the time it
enters the mouth of a largemouth bass until it is absorbed into
the bloodstream.

10. How are spiral valves and villi similar?

11. Why wouldn’t you expect birds to have taste buds distributed
over their entire body surface, as does a catfish? What adap-
tive advantage does this arrangement afford the catfish?

12. When (or under what conditions) are freshwater fishes in dan-
ger of excessive water intake (“drowning”) and marine fishes
in danger of dehydration? What mechanisms has each group
evolved to counteract these problems?

13. Which hormones influence male reproductive function?

14. Differentiate between oviparous and viviparous. Give an
example for each.

15. Compare and contrast the advantages and disadvantages to
the female of external versus internal fertilization.
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original research performed by members in which fish,
amphibians, or reptiles are utilized as study organisms.

Environmental Biology of Fishes. Published by Kluwer Academic
Publishers, Dordrecht, Netherlands. Publishes original stud-
ies of the ecology, life history, epigenetics, behavior, physiol-
ogy, morphology, systematics, and evolution of marine and
freshwater fishes.

Fish Physiology and Biochemistry. An international journal. Amster-
dam: Kugler Publications.

Journal of Fish Biology. Published by Fisheries Society of the British
Isles. London: Academic Press. Publishes articles with new
biological insight into any aspect of fish biology.

Journal of Paleontology. Published by the Paleontological Society.
Research in all areas of paleontology.
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Visit the zoology web site at http://www.mhhe.com/zoology to find
live Internet links for each of the references listed below.

1. Introduction to the Chondrichthyes.
University of California at Berkeley, Museum of Paleontol-

ogy. Images, photos, systematics.

2. The Great White Shark.
Images and information. University of California at Berkeley,
Museum of Paleontology. Images, photos, systematics, more
information, and links.

3. Sharks and Their Relatives.
Sea World Education Department information on sharks.

4. FAO Fisheries Department Homepage.
Many links and resources on fisheries.

5. Reel Time: Saltwater Fish.
Information on common fishes of the North Atlantic.
6. Class Actinopterygii.
University of Michigan site on actinopterygiian fish. Pic-
tures, much information on the morphology, distribution, and
ecology of a large number of fish. Each fish is linked to addi-
tional web pages.
7. Introduction to the Actinopterygii.
University of California at Berkeley, Museum of Paleontol-
ogy. Images, photos, systematics, more information, and links.
8. Neopterygii.
University of California at Berkeley, Museum of Paleontol-
ogy. Images, photos, systematics, more information, and links.
9. Teleostei.
University of California at Berkeley, Museum of Paleontol-
ogy. Images, photos, systematics, more information, and links.
10. Teleostei.
Arizona’s Tree of Life Web Page. Pictures, characteristics,
phylogenetic relationships, references on teleost fishes. A

cladogram and references on teleosts. Some links to various
groups of teleosts. http://phylogeny.arizona.edu/tree/eukary-
otes/animals/chordata/actinopterygii/teleostei.html

11. Marine Fishes of Hawaii.
A pictorial guide to the families of marine fishes found in the
waters surrounding the Hawaiian Islands.

12. Dissection of the Perch.
Several pictures of internal organs.

13. Subphylum Vertebrata, Class Osteichthyes, from the Uni-
versityof Minnesota.
14. American Society of Ichthyologists and Herpetologists.

This organization publishes Copeia, and includes related soci-
eties, links and publications. Many links to other sites focus-
ing on ichthyology and herpetology.

15. Vertebrate Systematics.
University of California at Berkeley, Museum of Paleontology.
Information on the systematics and natural history of each of the
major groups of fishes and links to other fish sites. Click on pho-
tographs for more information about each group.

16. Great Lakes Fishery Commission.
Information on fishery management in the Great Lakes. This
site contains recent information on the lamprey problem in
the Great Lakes, as well as information on sport and com-
mercial fishing. It also includes a newsletter and information
of fisheries research.

17. Fins.
This site, provided by the Fish Information Service, is an
archive of information about aquariums.

18. The Audubon Guide to Seafood.
This interesting chart tells of recent trends in populations of
seafood that humans commonly consume, and gives recom-
mendations of what to eat and what to avoid to be ecologi-
cally responsible.
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CHAPTER 6

Amphibians

B INTRODUCTION

Amphibians are the first quadrupedal vertebrates that can
support themselves and move about on land. They have a
strong, mostly bony, skeleton and usually four limbs (tetra-
pod), although some are legless. Webbed feet are often pre-
sent, and no claws or true nails are present. The glandular
skin is smooth and moist. Scales are absent, except in some
caecilians that possess concealed dermal scales. Gas exchange
is accomplished either through lungs (absent in some sala-
manders), gills, or directly through the skin. Amphibians
have a double circulation consisting of separate pulmonary
and systemic circuits, with blood being pumped through the
body by a three-chambered heart (two atria, one ventricle).
They are able to pick up airborne sounds because of their
tympanum and columella and to detect odors because of their
well-developed olfactory epithelium.

The emergence of a vertebrate form onto land was a
dramatic development in the evolution of vertebrates. Some
ancestral vertebrate evolved a radically different type of limb
skeleton with a strong central axis perpendicular to the body
and numerous lateral branches radiating from this common
focus. This transition had its beginnings during the early to
middle Devonian period and took place over many millions
of years (Fig. 6.1). It involved significant morphological,
physiological, and behavioral modifications. A cladogram
showing presumed relationships of early amphibians with
their aquatic ancestors as well as with those amphibians that
arose later is shown in Fig. 6.2. Phylogenetic relationships
depicted in such diagrams are controversial and subject to a
wide range of interpretations.

B EVOLUTION

Controversy surrounds the ancestor of the amphibians. Was
it a lungfish, a lobe-finned rhipidistian, or a lobe-finned
coelacanth? Rhipidistians, which are now extinct, were dom-

inant freshwater predators among bony fishes. Did amphib-
ians arise from more than one ancestor and have a poly-
phyletic origin, or did they all arise from a common ancestor,
illustrating a monophyletic origin? Are salamanders and cae-
cilians more closely related to each other than either group
is to the anurans?

Great gaps in the fossil record make it difficult to con-
nect major extinct groups and to link extinct groups to mod-
ern amphibians. These so-called “missing links” are a natural
result of the conditions under which divergence takes place.
Evolution at that point is likely to have been rapid. Any sig-
nificant step in evolution probably would take place in a rel-
atively small population isolated from the rest of the species.
Under such conditions, new species can evolve without being
swamped by interbreeding with the ancestral species, and the
new species and new habits of life have more chance of sur-
vival. The chances of finding fossils from such populations,
however, are minute. In addition, as amphibians became
smaller, their skeletons became less robust and more delicate
due to an evolutionary trend toward reduced ossification.
These factors increased the likelihood of the skeletons being
crushed before they could fossilize intact.

The extinct lobe-finned rhipidistian fishes, which were
abundant and widely distributed in the Devonian period
some 400 million years ago, have been regarded by some
investigators as the closest relatives of the tetrapods (Panchen
and Smithson, 1987). One group of rhipidistians, the oste-
olepiforms (named in reference to the earliest described genus
Osteolepis, from the Devonian rocks of Scotland), had sev-
eral unique anatomical characters. One of the best known
osteolepiforms was Eusthenopteron foordi (Fig. 6.3). These
fishes possessed a combination of unique characteristics in
common with the earliest amphibians (labyrinthodonts)
(Figs. 6.4 and 6.5). Along with most of the bony fishes
(Osteichthyes), rhipidistians both had gills and had air pas-
sageways leading from their external nares to their lungs, so
that they presumably (there is no concrete evidence, because
no fossils of lungs exist) could breathe atmospheric air. If the
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oxygen content of the stagnant water decreased, respiration
could be supplemented by using the lungs to breathe air. The
skeletons of rhipidistians were well ossified, and their mus-
cular, lobed fins contained a skeletal structure amazingly
comparable to the bones of the tetrapod limb (Fig. 6.5). Such
fins may have given these fish an adaptive advantage by facil-
itating mobility on the bottoms of warm, shallow ponds or
swamps with abundant vegetation (Edwards, 1989), to move
short distances over land to new bodies of water, and/or to
escape aquatic predators. Palatal and jaw structures, as well
as the structure of the vertebrae, were identical to early
amphibians. The teeth have the complex foldings of the
enamel—visible as grooves on the outside of each tooth—
that are also found in the earliest labyrinthodont (“labyrinth
tooth”) amphibians (Fig. 6.4).

The skull and jaw bones of Elginerpeton pancheni from
the Upper Devonian (approximately 368 million years ago)
in Scotland exhibit a mosaic of fish and amphibian features,
making it the oldest known stem tetrapod (Ahlberg, 1995).

Appendicular bones (amphibian-like tibia, robust ilium,
incomplete pectoral girdles) exhibit some tetrapod features,
but whether this genus had feet like later amphibians or fish-
like fins has not been established. The genera Elginerpeton
and Obruchevichthys from Latvia and Russia possess several
unique derived cranial characters, and so they cannot be
closely related to any of the Upper Devonian or Carbonifer-
ous amphibians. Instead, they form a clade that is the sister
group of all other Tetrapoda.

Some researchers feel that the sole surviving crossoptery-
gian, the coelacanth (see Fig. 5.6), is the closest extant rela-
tive of tetrapods. Evidence supporting this hypothesis has
been presented by Gorr et al. (1991), who analyzed the
sequence of amino acids in hemoglobin, the protein that car-
ries oxygen through the bloodstream. This study concluded
that coelacanth hemoglobin matched larval amphibian
hemoglobin more closely than it matched the hemoglobin of
any other vertebrate tested (several cartilaginous and bony
fishes, larval and adult amphibians). As might be expected,
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. FIGURE 6.3

Eusthenopteron, a lobefinned rhipidistian that is a possible early ances-
for of the tefrapods.

. FIGURE 6.4

(c) Labyrinthodont tooth

{a) An Upper Devonian lobefinned fish (Eusthenopteron) and (b) a Car
boniferous labyrinthodont amphibian (Diplovertebron). Note in the
amphibian the loss of median fins, the transformation of paired paddles
info limbs, the development of strong ribs, and the spread of the dorsal
blade of the pelvic girdle. [c) Labyrinthodont tooth characteristic of
crossopterygians and labyrinthodont amphibians.
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considerable controversy has been generated by these find-
ings, since extinct forms such as rhipidistians could not be
analyzed for comparison.

Based on the most extensive character set ever used to
analyze osteolepiform relationships, Ahlberg and Johanson
(1998) presented evidence showing that osteolepiforms were
paraphyletic, not monophyletic, to tetrapods. Their analyses
revealed that tetrapod-like character complexes (reduced
median fins, elaborate anterior dentition, morphology of a
large predator) evolved three times in parallel within closely
related groups of fishes (rhizodonts, tristicopterids, and elpis-
tostegids). Thus, Ahlberg and Johanson concluded that
tetrapods are believed to have arisen from one of several sim-
ilar evolutionary “experiments” with a large aquatic predator.

Still other researchers (Rosen et al., 1981; Forey, 1986,
1991; Meyer and Wilson, 1991) have presented convincing
anatomical and molecular evidence favoring lungfishes as
the ancestor. Forey (1986) concluded that, “among Recent
taxa, lungfishes and tetrapods are sister-groups, with coela-
canths as the plesiomorphic sister-group to that combined
group.” Meyer and Wilson (1991) found lungfish mito-
chondrial DNA (mtDNA) was more closely related to that
of the frog than is the mtDNA of the coelacanth. Zardoya
and Meyer (1997a) reported that a statistical comparison
using the complete coelacanth mtDNA sequence did not
point unambiguously to either lungfish or coelacanths as the
tetrapods’ closest sister group. However, when Zardoya and
Meyer (1997b) reanalyzed their data, they concluded that
they could “clearly reject” the possibility that coelacanths
are the closest sister group to tetrapods. (The possibility that
coelacanths and lungfish are equally close relations of
tetrapods, although unlikely, could not be formally ruled
out.) At present, most paleontologists and ichthyologists
reject the lungfish hypothesis.

Some researchers consider tetrapods to have arisen from
two ancestral groups. Holmgren (1933, 1939, 1949, 1952)
considered tetrapods to be diphyletic, with the majority being
derived from one group of fossil fish, the Rhipidistia, and the
rest (the salamanders) being derived from lungfishes (Dip-
neusti). As recently as 1986, Jarvik (1980, 1986) continued
to argue that tetrapods were diphyletic with salamanders,
being separately derived from a different group of rhipidis-
tians, the Porolepiformes, than were other tetrapods, whose
ancestry is traced to the rhipidistian Osteolepiformes. Ben-
ton (1990) considered the class Amphibia to be “clearly a
paraphyletic group if it is assumed to include the ancestor of
the reptiles, birds, and mammals (the Amniota).”

The Devonian period saw great climatic fluctuations,
with wet periods followed by severe droughts. As bodies of
water became smaller, they probably became stagnant and
more eutrophic as dissolved oxygen dropped dramatically.
They also probably became overcrowded with competing
fishes. With their lobed fins and their ability to breathe air,
ancestors to the tetrapods could have moved themselves
about in the shallow waters and onto the muddy shores (see
Fig. 6.3). Lobed fins with their bony skeletal elements, along
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. FIGURE 6.5
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with lateral undulations of the fish’s body wall musculature,
could have allowed these fishes to move across land in search
of other bodies of water. This movement would be similar to
the movements of the walking catfish (Clarias) today, which
uses its pectoral spines along with lateral undulations to
“walk” on land, or mudskippers (Perigpthalmus), which climb
out of the water and “walk” on mudflats and along mangrove
roots on their pectoral fins. Thus, lobed fins and the ability
to breathe air may have allowed increased survival as an
aquatic animal, and then later allowed movement overland.
These ancestral semiamphibious groups may have been mov-
ing temporarily onto land to avoid predators or to seek
arthropod prey. Early Devonian arthropod faunas are known
from North America, Germany, and the United Kingdom
and may well have been an abundant food source (Kenrick

and Crane, 1997). These arthropods included centipedes,

millipedes, spiders, pseudoscorpions, mites, primitive wing-
less insects, and collembolans. Little by little, modifications
occurred that allowed increased exploitation of arthropod
prey, and time spent on land increased.

The class Amphibia is divided into three subclasses:
Labyrinthodontia, Lepospondyli, and the subclass contain-
ing all living amphibians, Lissamphibia.

Labyrinthodontid

The earliest known amphibians are the labyrinthodonts
(order Ichthyostegalia) (Fig. 6.6), and the earliest known
labyrinthodont fossils are from Upper Devonian freshwater
deposits in Greenland. Labyrinthodonts appear to have been
the most abundant and diverse amphibians of the Carbonif-
erous, Permian, and Triassic periods. At the present time, two
families and three genera are recognized, with the best known
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. FIGURE 6.6
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(a) Modern salamander

(b) Labyrinthodont

Moderm salamander (a) and ancient labyrinthodont (b). Lateral undulations of the body
are used to extend the sfride of the limbs. The forward planting of the feet requires the
crossing of the fibia by the fibula and thus places twisfing stress on the tarsus.

genera being Ichthyostega and Acanthostega. The name
Ichthyostega means “fish with a roof,” referring to its primi-
tive fishlike structure and the thick roof of its skull. The first
Ichthyostega fossils were discovered in 1932.

Ichthyostega was a fairly large animal (approximately 65
to 70 cm) that exhibited characters intermediate between
crossopterygians and later tetrapods (see Figs. 6.1, and 6.2).
It had short, stocky limbs instead of fins. Jarvik (1996) pro-
vided evidence of pentadactyl hind feet (five digits) and
refuted the statements of Coates and Clack (1990) that each
hind foot contained seven digits. The pentadactyl limb is an
ancestral vertebrate characteristic. The skull was broad, heav-
ily roofed, and flattened, and it possessed only a single occip-
ital condyle (rounded process on the base of the skull that
articulates with the first vertebra). Ichthyostegids possessed
rhachitomous “arch vertebrae” similar to those of some
crossopterygians. The snout was short and rounded, and an
opercular fold was present on each side of the head. The tail
was fishlike and had a small dorsomedial tail fin partially
supported by dermal rays. Ichthyostega probably was primar-
ily aquatic, as evidenced by the presence of lateral line canals,
but it likely could move about on land using its short, but
effective, limbs.

The branchial (gill) skeleton of Acanthostega gunnari
from the Upper Devonian (about 363 million years ago) has
revealed structural details similar to those of modern fishes
(Coates and Clack, 1991; Coates, 1996). These features indi-
cate that Acanthostega “retained fish-like internal gills and an

open opercular chamber for use in aquatic respiration, imply-
ing that the earliest tetrapods were not fully terrestrial”
(Coates and Clack, 1991). Fish differ from tetrapods in that
their pectoral girdles are firmly attached to the back of the
skull by a series of dermal bones; these bones are reduced or
lost in tetrapods. Acanthostega retains a fishlike shoulder gir-
dle, similar to that in the lungfish, Neoceratodus. Both fore-
limbs and hindlimbs are thought to have been flipperlike, and
the forelimb contained eight fingers (Coates and Clack,
1990, 1991). Limbs with digits probably evolved initially in
aquatic ancestors rather than terrestrial ones. They could
have provided increased maneuverability among aquatic
plants and fallen debris in shallow waters near the edges of
ponds and streams.

The discovery in Upper Devonian deposits in Scotland
of the tibia of Elginerpeton bearing articular facets for ankle
bones (and thus feet) is strongly suggestive of tetrapod affin-
ity and represents the earliest known tetrapod-type limb
(Ahlberg, 1991). This find pushed back the origin of
tetrapods by about 10 million years. Because tetrapod or
near-tetrapod fossils have been described from the Upper
Devonian (about 370 million years ago) of Pennsylvania in
the United States, Greenland, Scotland, Latvia, Russia, and
Australia (Ahlberg, 1991; Daeschler et al., 1994), a virtually
global equatorial distribution of these early forms was estab-
lished by the end of the Devonian.

Two other groups of labyrinthodonts evolved: the tem-
nospondyls and the anthracosaurs. Members of the order Tem-
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nospondyli had two occipital condyles and a tendency toward
a flattened skull. They were more successful as amphibians
than the order Anthracosauria, which was a short-lived group
(but which were ancestral to the turtles and diapsids). The
ancestor of turtles and diapsids is thought to have diverged
from the main anthracosaur line during the Late Mississippian
period (approximately 370 million years ago). The tem-
nospondyls, which may have given rise to the living amphib-
ians, died out by the end of the Triassic (245 million years ago).
Numerous problems had to be overcome in order to sur-
vive on land. Some have been solved by the amphibians; oth-
ers were not overcome until reptiles evolved. One major
problem was locomotion. The weight of the body in a ter-
restrial vertebrate is passed to the legs through the pectoral
and pelvic girdles. The general consensus is that the primi-
tive bony elements of the ancestral fish fin gradually differ-
entiated into the bones of the tetrapod forelimb (humerus,
radius, ulna, carpals, metacarpals, and phalanges) and
hindlimb (femur, tibia, fibula, tarsals, metatarsals, and pha-
langes). The girdles and their musculature were modified
and strengthened. Even today, however, most salamanders
cannot fully support the weight of their bodies with their
limbs. They still primarily used a lateral undulatory method
of locomotion, with their ventral surfaces dragging on the
ground. Salamander appendages project nearly at right angles
to the body, thus making the limbs inefficient structures for
support or rapid locomotion. Not until reptiles evolved did
the limbs rotate to a position more beneath the body.
Although the earliest amphibians probably were cov-
ered by scales, the evolution of the integument and the
subsequent loss of scales in most forms made dessiccation
a significant threat to survival. The problem of dessicca-
tion was solved partly by the development of a stratum
corneum (outermost layer of the epidermis) and by the pres-
ence of mucous glands in the epidermis. The entire epider-
mis of fishes consists of living cells, whereas the stratum
corneum in amphibians is a single layer of dead keratinized
cells. The keratinized layer is thin and does not prevent the
skin from being permeable. These developments were espe-
cially vital in preventing dessiccation in derived groups that
used cutaneous gas exchange to supplement oxygen obtained
through their lungs. In forms that lost their lungs completely
and now rely solely on cutaneous gas exchange (family
Plethodontidae), these changes became absolutely critical.
Most fishes deposit eggs and sperm in water, and fertil-
ization is external. One problem that most amphibians did
not solve was the ability to reproduce away from water. Des-
iccation risk to eggs greatly limits the distribution of amphib-
ians and the habitats that can be exploited. Fertilization of
eggs is external in some salamanders and most anurans. In
most salamanders, however, fertilization occurs internally but
without copulation. In these forms, males deposit sper-
matophores (see Fig. 6.33) whose caps are full of sperm. The
caps are removed by the female’s cloaca (the posterior cham-
ber of the digestive tract, which receives feces and urogeni-
tal products), and sperm are stored in a chamber of the cloaca
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known as the spermatheca. As eggs pass through the cloaca,
they are fertilized and must be deposited in a moist site.
Many amphibians undergo larval development within the
egg, called direct development, and hatch as immature ver-
sions of the adult form. Others hatch into aquatic larvae and
undergo metamorphosis into terrestrial adults. Some, how-
ever, remain completely aquatic as adults. A few species are
viviparous, a method of reproduction in which fertilized eggs
develop within the mother’s body and hatch within the par-
ent or immediately after laying.

Lepospondyli

Lepospondyls were small, salamander-like amphibians that
appear in the fossil record during the Carboniferous and Per-
mian periods. They are distinguished from the labyrintho-
donts primarily on the basis of their vertebral construction.
The vertebral centra were formed by the direct deposition of
bone around the notochord; their formation was not pre-
ceded by cartilaginous elements as in the temnospondyls and
anthracosaurs. Little is known regarding their relationships
to each other or to other groups of amphibians.

Lissamphibia

Lissamphibia include the salamanders, frogs, toads, and cae-
cilians. Fossil salamanders are represented reasonably well in the
fossil record beginning in the Upper Jurassic of North Amer-
ica and Eurasia (approximately 145 million years ago) (Estes,
1981). Blair (1976) noted that all fossil salamanders were from
land masses of the Northern Hemisphere. Currently, the old-
est known fossils of the most successful family in North Amer-
ica, the Plethodontidae, date back only to the Lower Miocene
of North America (Duellman and Trueb, 1986).

Salamander-like fossil amphibians, the albanerpeton-
tids, are known from the mid-Jurassic to mid-Tertiary
(Miocene epoch) across North America, Europe, and Cen-
tral Asia (McGowan and Evans, 1995). Some investigators
place this group within the salamanders, whereas others con-
sider them to be a separate amphibian group. Although they
resemble salamanders by having an unspecialized tailed body
form, cladistic analysis using a data matrix of 30 skeletal
characters suggests that they represent a distinct lissamphib-
ian lineage (McGowan and Evans, 1995).

Caecilians were unknown as fossils until Estes and Wake
(1972) described a single vertebra from Brazil. It was recov-
ered from Paleocene deposits approximately 55 million years
old. Since then, additional fossils have been recovered from
Jurassic deposits, pushing the age of caecilians back to
approximately 195 million years ago (Benton, 1990; Mon-
astersky, 1990c). Jurassic specimens apparently had well-
developed eyes, sensory tentacles, small functional limbs, and
were about 4 cm long. Because of the diminished role of the
limbs for terrestrial locomotion, most researchers presume
that these ancient caecilians also burrowed underground.

The nature and origin of caecilians continues to be open
to debate. We still do not know whether caecilians evolved
from a group of early lepospondyl amphibians known as
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microsaurs and developed separately from salamanders and
anurans, or whether the three groups of amphibians are more
closely related (Feduccia and McCrady, 1991).

The oldest known froglike vertebrate was taken from
a Triassic deposit (200 million years ago) in Madagascar
(Estes and Reig, 1973). Its relationship to modern frogs is
still unclear; therefore, it is placed in a separate order, the
Proanura. The 190-million-year-old Prosalirus bitis, the old-
est true frog yet discovered, comes from the Jurassic period
in Arizona (Shubin and Jenkins, 1995). The fossil includes
hind legs, which were long enough to give it a powerful for-
ward spring, and a well-preserved pelvis.

In the end, the primitive paired fins of an ancestral fish,
used originally for steering and maneuverability, evolved into
appendages able to support the weight of an animal and pro-
vide locomotion on land. Additional limb modifications have
evolved in the turtles, diapsids, and mammals.

B MORPHOLOGY

Integumentary System
An amphibian’s skin is permeable to water and gases and also
provides protection against injury and abrasion. Many species
of salamanders and anurans absorb moisture from the soil or
other substrates via their skins (Packer, 1963; Dole, 1967,
Ruibal et al., 1969; Spotila, 1972; Marshall and Hughes,
1980; Shoemaker et al., 1992). Water uptake in anurans
occurs primarily through the pelvic region of the ventral skin,
a region that is heavily vascularized and typically thinner
than the dorsal skin. Called the “seat patch” or “pelvic patch,”
it accounts for only 10 percent of the surface area but 70 per-
cent of the water uptake in dehydrated red-spotted toads
(Bufo punctatus) (McClanahan and Baldwin, 1969). In dehy-
drated giant toads (Bufo marinus), the hydraulic conductance
of pelvic skin is six times that of pectoral skin (Parsons and
Mobin, 1989). In addition, some minerals, such as sodium,
are absorbed from the aqueous environment through the skin.
Rates of absorption depend on soil moisture and the ani-
mal’s internal osmotic concentration. Thus, in addition to
protection, amphibian skin is important in respiration,
osmoregulation, and to some extent, thermoregulation.
The skin consists of an outer, thin epidermis and an inner,
thicker dermis (Fig. 6.7a). The epidermis is composed of an
outermost single layer of keratinized cells that form a distinct
stratum corneum, a middle transitional layer (stratum spin-
osum and stratum granulosum), and an innermost germina-
tive layer (stratum germinativum or stratum basale), which is
the region that gives rise to all epidermal cells. Mucous and
granular (poison) glands may also be present. Aquatic
amphibians have many mucus-secreting glands and usually
few keratinized cells in their epidermis. Terrestrial forms,
however, have fewer mucus-secreting glands and a single layer
of keratinized cells. The keratinized layer is thin and does not
prevent the skin from being permeable. As in fishes, the epi-
dermis of most amphibians lacks blood vessels and nerves.
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Molting or shedding of outer keratinized epidermal tis-
sue occurs in both aquatic and terrestrial salamanders and
anurans. It involves the separation of the upper keratinized
layer (stratum corneum) from the underlying transitional
layer. Prior to shedding, mucus is secreted beneath the layer
of stratum corneum about to be shed in order to serve as a
lubricant. The separated stratum corneum is shed either in
bits and pieces or in its entirety, and it is consumed by most
species immediately after sloughing. The period between
molts is known as the intermolt, and its duration is species-
specific. Both the shedding of the stratum corneum and the
intermolt frequency are under endocrine control, with molt-
ing being less frequent in adult amphibians than in juveniles
(Jorgensen and Larsen, 1961). In the laboratory, molt fre-
quency has been shown to increase with temperature (Ste-
fano and Donoso, 1964). Photoperiod is less important
(Taylor and Ewer, 1956), whereas the relationship of food
intake to molting is variable and unclear.

Multicellular mucous and granular glands are numerous
and well developed (Fig. 6.7b). These glands originate in the
epidermis and are embedded in the dermis. Mucous glands,
which continuously secrete mucopolysaccharides to keep the
skin moist in air and allow it to continue serving as a respi-
ratory surface, are especially advantageous to aquatic species
that spend some time out of water. Excessive secretion of
mucus when an animal is captured can serve as a protective
mechanism by making the animal slimy, slippery, and diffi-
cult to restrain.

Granular glands produce noxious or even toxic secre-
tions. Such secretions benefit their possessors by making
them unpalatable to some predators. These glands often
occur in masses and give a roughened texture to the skin. The
warts and parotoid glands of toads (Fig. 6.7¢) and the dor-
solateral ridges of ranid frogs (Fig. 6.7d) are examples. Secre-
tions of these integumentary glands consist of amines such
as histamine and norepinephrine, peptides, and steroidal
alkaloids. In some groups of frogs, such as the poison-dart
frogs of Central and South America, phylogenetic relation-
ships have been based on the biochemical differences of
integumentary gland secretions.

Toxin-secreting granular glands are most abundant in
anurans, but also occur in some caecilians and salamanders.
Members of the family Salamandridae and the genera
Pseudotriton and Bolitoglossa (Plethodontidae) are known to
secrete toxins (Brodie et al., 1974; Brandon and Huheey,
1981). Toxins, which can be vasoconstrictors, hemolytic
agents, hallucinogens, or neurotoxins, may cause muscle con-
vulsions, hypothermia, or just local irritation in a potential
predator. For example, Salamandra secretes a toxin that causes
muscle convulsions, whereas the newts Nozophthalmus and
Taricha possess a neurotoxic tetrodotoxin. Sufficient toxin is
present in one adult 7uricha granulosa to kill approximately
25,000 white mice (Brodie et al., 1974). Skin secretions of
Bolitoglossa cause snakes of the genus Thamnaphis to pause
during ingestion, paralyzes their mouth, and may render
them incapable of moving or responding to external stimuli.
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Amphibian skin. (a) Section through the skin of an adult frog. The epidermis consists of a basal stratum germinativum (stratum basale), a fransitional
layer consisting of a stratum spinosum and a stratum granulosum, and a thin, superficial stratum corneum. (b) Diagrammatic view of amphibian skin
showing the mucous and poison glands that empty their secretions through short ducts onto the surface of the epidermis. (c] Warts and parotoid
glands (arrow) of the giant toad (Bufo marinus). (d) Dorsolateral ridges (arrows) of the leopard frog (Rana pipiens).

Snakes often die after attempting to eat Bolitoglossa rostrata
(Brodie et al., 1991).

Bacteria-killing antibiotic peptides—small strings of
amino acids, which are the building blocks of all proteins—
were originally discovered in the skin of African clawed
frogs (Xenopus laevis) (Glausiusz, 1998). The peptide was
named magainin by its discoverer, Michael Zasloff. Maga-
inin filters urea from the blood plasma at the glomerulus; it
is discharged onto the frog’s skin in response to adrenaline,
which is released when pain receptors in the skin send the
brain a message that an injury has occurred. Magainins have
now been found in many species, ranging from plants and
insects to fish, birds, and humans. These peptides are being
turned into antibiotic drugs in hopes of providing an alter-
native to currently available antibiotics. They can kill a wide
range of microorganisms, including Gram-positive and
Gram-negative bacteria, fungi, parasites, and enveloped
viruses, without harming mammalian cells. In addition,
some can selectively destroy tumor cells. Their mechanism
of action is completely different from that of most conven-

tional antibiotics. Instead of disabling a vital bacterial
enzyme, as penicillin does, antimicrobial peptides appear to
selectively disrupt bacterial membranes by punching holes
in them, making them porous and leaky. Efforts are cur-
rently under way to chemically synthesize the peptides and
make them available for clinical trials.

Although a wide variety of toxic secretions have been
identified in many species of anurans, several genera of trop-
ical frogs—Dendrobates, Phyllobates, and Epipedobates—pos-
sess extremely toxic steroidal alkaloids in their skin,
apparently as a chemical defense against predation (Daly et
al., 1978; Myers and Daly, 1983). Some 300 alkaloid com-
pounds affecting the nervous and muscular systems have been
identified. The alkaloids, which render neurons incapable of
transmitting nerve impulses and induce muscle cells to
remain in a contracted state, may cause cardiac failure and
death. Other alkaloids block acetylcholine receptors in mus-
cles, block potassium channels in cell membranes, or affect
calcium transport in the body. Although these frogs rarely
exceed 5 cm in length, the combination of toxic alkaloids in



Linzey: Vertebrate Biology

138 Chapter Six

the body of a single frog is sufficient to kill several humans
(Kluger, 1991). Members of the same species, however, are
immune to each other’s toxins.

Alkaloid substances from tropical frogs may be a source
of new drugs for humans. In 1992, J. W. Daly and the
U.S. National Institutes of Health patented an opioid
compound from a poison-arrow frog (Epipedobates tri-
color). The compound, epibatidine, acts as a painkiller
that is 200 times more powerful than morphine. Devel-
opment of epibatidine as an analgesic agent has been
precluded, however, because its use is accompanied by
adverse effects such as hypertension, neuromuscular
paralysis, and seizures. By using nuclear magnetic reso-
nance spectroscopy to determine epibatidine’s structure,
researchers have been able to produce a potential new
painkiller, ABT-594, that lacks some of the opioid’s
drawbacks. It apparently acts not through opioid recep-
tors but through a receptor for the neurotransmitter
acetylcholine, blocking both acute and chronic pain in
rats. Safety trials to determine whether the drug is safe
and effective in humans have already begun.

Research in natural products chemistry involving
dendrobatid frogs has become more difficult because
these frogs, native to several South American countries,
have become rare and have been accorded protection as
threatened species under the Convention on Interna-
tional Trade in Endangered Species of Flora and Fauna.

BIO-NOTE 6.1

Drugs from Tropical Frogs

Bradley, 1993

Myers and Daly, 1993
Bannon et al., 1998
Strauss, 1998

Several western Colombian Indian tribes utilize the
deadly toxic secretions of three species of Phyllobates for lac-
ing blowgun darts with poison (Myers and Daly, 1993). Frogs
are impaled on sticks and held over open fires. The heat
causes the glands to secrete their toxin, which is collected and
allowed to ferment. Darts are dipped into the solution and
allowed to dry. The small amount of poison on the tip of a
dart is sufficient to instantly paralyze small birds and mam-
mals that are sought for food.

In the wild, about half of the 135 species in the family
Dendrobatidae produce poisons. These alkaloids persist for
years in frogs kept in captivity but are not present in captive-
raised frogs. The alkaloids vanish in the first generation raised
outside their natural habitat. Studies at the National Insti-
tutes of Health, the National Aquarium, and elsewhere are
attempting to find the cause of this intriguing situation. One
hypothesis is that the wild diet may include some “cofactor,”
an organism such as an ant or another substance that is not

an alkaloid itself but is needed to produce the frogs’ alkaloids
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(Daly et al., 1992; 1994a, b). For example, offspring of wild-
caught parents of Dendrobates auratus from Hawaii, Panama,
or Costa Rica raised in indoor terrariums on a diet of crick-
ets and fruit flies do not contain detectable amounts of skin
alkaloids. Offspring raised in large outside terrariums and
fed mainly wild-caught termites and fruit flies do contain
the same alkaloids as their wild-caught parents, but at
reduced levels. Another hypothesis suggests the frogs need
some kind of unknown environmental factor to trigger the
production of the toxins, such as a combination of sunlight
and variable temperatures, or the stress of hunting for food.

Most species that possess noxious or toxic secretions are
predominately or uniformly red, orange, or yellow. Such
bright aposematic (warning) coloration is thought to pro-
vide visual warning to a predator. Supposedly, predators learn
to associate the foul taste with the warning color and there-
after avoid the distasteful species. In some species, these col-
ors are present along with a contrasting background color
such as black.

Because their skin has little resistance to evaporation,
amphibians experience high rates of water loss when exposed
to dessiccating conditions. Heat is lost as water evaporates,
resulting in decreased skin temperatures (Wygoda and
Williams, 1991). Most amphibians are unable to control the
physiological processes that result in heat gain and/or loss;
thus, thermoregulation is accomplished through changes in
their position or location. Some arboreal anurans, such as the
green tree frog (Hyla cinerea), have been shown to have reduced
rates of evaporative water loss through the skin, and their body
temperatures may be as much as 9°C higher than typical ter-
restrial species (Wygoda and Williams, 1991). The adaptive
significance of lower rates of evaporative water loss may be to
allow these frogs to remain away from water for longer peri-
ods, thus making them less susceptible to predators.

The skin of many amphibians is modified and serves a
variety of functions. These modifications include the highly
vascularized skin folds of some aquatic amphibians, the
annuli or dermal folds of caecilians, and the costal grooves
in many salamanders, all of which serve to increase the sur-
face area available for gas exchange. The male hairy frog
(Astylosternus robustus) of Africa possesses glandular filaments
resembling hairs on its sides and hind legs (Fig. 6.8). These
cutaneous vascular papillae develop only during the breeding
season and are thought to be accessory respiratory structures
that are used when increased activity triggers an increased
demand for oxygen. Other integumentary structures, such as
superciliary processes, cranial crests, and flaps on the heels
of some frogs (calcars), are thought to aid in concealment.
Metatarsal tubercles that occur on some fossorial forms aid
in digging, and toe pads assist in locomotion. Brood pouches
occur in South American hylid “marsupial” frogs (Gas-
trotheca) and in the Australian myobatrachine (Assa).

During the breeding season, some male salamanders
(ambystomatids, plethodontids, and some salamandrids)
develop glands on various parts of their bodies. Such glands
may be on the head, neck, chin (mental), or tail. During
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. FIGURE 6.8
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[a) The “hairy frog” (Astylosternus robustus) receives its name from the thick growth of vascular filaments resembling hair that
develops in the male during the breeding season. These are respiratory organs that compensate for the reduced lungs of
this species at the time of the year when the metabolism increases. (b) A helloender (Cryptobranchus alleganiensis), an

aquatic salomander, with highly vascularized skin folds.

courtship, these glands come in contact with the female’s
body. Their secretions, known as pheromones, presumably
aid in stimulating the female. The biochemical identification
of one such pheromone from the mental gland of a sala-
mander (Plethodon jordani) was reported by Rollman et al.
(1999). Similar glands are present on various parts of the
bodies of male anurans. In addition, the thumb pads of many
breeding male anurans consist of clusters of keratinized
mucous glands that help them clasp females.

Webbing between the fingers and toes of anurans is part
of the integument. It is most extensively developed on the
rear feet of the more aquatic species and provides a broader
surface to the foot when swimming. In some species, such as
the Malaysian flying frog (Rbacophorus reinwardtii), both
hands and feet are fully webbed and are used in a parachute
fashion for controlled jumping from a higher perch to a lower
one. The tips of the digits of some salamanders and anurans
are modified with thickened, keratinized epidermis.

Many tree frogs possess expanded adhesive toe pads with
glandular disks at the tips of their toes, which aid in grasping
and climbing (Fig. 6.9). Toe pads consist of columnar epithe-
lium whose cells feature stout, hexagonal, flat-topped apices
that are separated from each other by deep crypts (Fig. 6.10)
(Ernst, 1973; Green, 1979). Studies by Emerson and Diehl
(1980), Green (1981), and Green and Carson (1988) show
that surface tension created by mucus secretions is the primary
factor in allowing anurans with toe pads to cling to smooth
surfaces. The strength of the adhesive bond, produced by the
surface tension of the fluid that lies between the toe pad and

. FIGURE 6.9

Class frog [Centrolenella) with the heart visible through the skin.
Adhesive toe pads aid in climbing.

the substrate, is a function of the area of contact with the sub-
strate. An intercalary bone allows the adhesive toe disk to be
offset from the end of the digit so that the entire surface of
the toe pad can be in contact with the substrate (Fig. 6.11b).
Arboreal salamanders lack toe pads, but may have recurved,
spatulate terminal phalanges to assist in grasping (Fig. 6.11¢).

The dermis of amphibians contains a rich network of cap-
illaries that supply nutrients to the epidermis. Dermal scales,
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. FIGURE 6.10
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Scanning electron micrographs of the foe pad of a frog: (a) ventral view of the entire toe pad of Litoria rubella; (b} the opening of @ mucous gland on
the epidermal surface of the toe pad in Eleutherodactylus coqui; (c) fibrous epithelium of individual toe pad cells in Hyla picta.

or ossicles, are present in several kinds of anurans (Brachy-
cephalus, Ceratophrys, Gastrotheca, Phyllomedusa, and others)
and in caecilians. The ability to change skin color is advanta-
geous to amphibians, both in providing protective coloration
and in temperature regulation. Three types of chro-
matophores—melanophores, iridophores, and xanthophores
(erythrophores)—are present in the epidermis and/or in the
dermis. Color change may be effected by the amoeboid move-
ment of the chromatophores or by a shifting of pigment gran-
ules within the cell. Color change in adult amphibians appears
to be controlled primarily by melanocyte-stimulating hormone
(MSH) secreted by the anterior lobe (adenohypophysis) of the
pituitary gland (Duellman and Trueb, 1986). Coloration may
be the result of the dispersion or concentration of pigments,
or a combination of pigments and dermal structures. For exam-
ple, lightening of the integument is due to secretion of mela-
tonin, a hormone found in the pineal gland, brain, and retina
that aggregates melanin granules in dermal melanophores, thus
causing the skin to appear lighter in color (Baker et al., 1965;
Pang et al., 1985). Melatonin also appears to be responsible
for color change in amphibian larvae (Bagnara, 1960).

. BIO-NOTE 6.2
Why Frogs Are Green
Why do many frogs appear green? Because the epithe-
lium is transparent, a portion of skin appears green from
the outside when light of long wavelength passes
through the iridophores and is then absorbed by
melanophores, whereas light of short wavelength is dif-
fracted and refracted back by the iridophores. Only the
green component of this refracted light escapes absorp-
tion in the yellow color screen of the lipophores. Other
colors such as blue, yellow, and black are seen either
where the pigment layers are not continuous, or where
they are irregularly arranged.

Lindemann and Voute, 1976

. FIGURE 6.11
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Arboreal adaptations in the phalanges of tree frogs and some salaman-
ders. [a) Tree frogs have terminal phalanges that rotate on the intercalary
bones. (b) A diagrammatic cross section of a tree frog's toe pad in con-
fact with a smooth glass surface illustrating the mechanism of adhesion
by surface fension. Key: e, adhesive epidermis; cg, circumferal groove
of the toe pad; m, meniscus; p1, first phalange; ib, intercalary bone or
cartilage; p2, second phalange. (c] Arboreal salamanders such as Anei-
des lugubris may have recurved, spatulated terminal phalanges.

Skeletal System

Compared with that of fishes, the amphibian skeleton
exhibits increased ossification, loss and fusion of elements,
and extensive modification of the appendicular skeleton for
terrestrial locomotion (Fig. 6.12).
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. FIGURE 6.12
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(a) Dorsal view of a salamander skeleton. (b) Lateral view of salamander trunk vertebrae. (c) Skeleton of a bullfrog

(Rana catesbeianal).

Terrestrial salamanders have a somewhat arched and nar-
row skull, whereas in aquatic forms the skull is flatter. Sala-
mander skulls, which may be partly or wholly ossified,
contain fewer bones than skulls of teleost fishes. Through loss
and fusion, skulls of caecilians and anurans contain even
fewer bones than those of salamanders (Fig. 6.13a, b). The
broad, flat head of anurans is almost as wide as the body.

The upper jaw of anurans is composed of a pair of pre-
maxillae and a pair of maxillac. Meckel’s cartilage in the lower
jaw is ensheathed primarily by the dentary and angular bones,
with the latter articulating with the quadrate of the skull.

The posterior ends of the embryonic palatoquadrate car-
tilages serve as the posterior tips of the upper jaws. They
may remain as quadrate cartilages, or they may ossify to
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(a—c) Source: Warren F. Walker, Jr., Vertebrate Dissection, 524 edition, 1975, Saunders College Publishing;
(d—f) Source: Wingert, Frog Dissection Manual, Johns Hopkins University Press.

become quadrate bones. The more anterior part of the pala-
toquadrate cartilages become ensheathed by dermal bones
such as the premaxilla and maxilla. The upper jaw is con-
nected directly to the skull in amphibians, a method of jaw
suspension known as autostylic. The dentary forms the
major portion of the mandible (lower jaw).

The hyomandibular cartilage, which in sharks is located
between the quadrate region of the upper jaw and the otic
capsule, ossifies in tetrapods and becomes the columella of
the middle ear (see Fig. 6.23). It transmits sound waves from
the quadrate bone to the inner ear. The columella serves as
an evolutionary stage in conducting airborne sounds in ter-

restrial vertebrates, a process culminating in the presence of
three ear ossicles in mammals.

Larval gill-bearing amphibians have visceral arches that
support gills. During metamorphosis, changes occur that result
in a pharyngeal skeleton (that initially was adapted for branchial
respiration) being converted in the span of a few days to one
characteristic of animals that live on land and breathe air. Those
amphibians (salamanders) that remain aquatic as adults retain
an essentially fishlike branchial skeleton throughout life, except
that the number of gill-bearing arches is fewer than in fishes.

As vertebrates became increasingly specialized for life
on land, the ancestral branchial skeleton underwent substan-
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tial adaptive modifications. Some previously functional parts
were deleted, and those that persisted perform new and some-
times surprising functions. For example, the hyobranchial
apparatus supports gills in larval salamanders and the com-
plex, projectile tongue in metamorphosed adults. In anurans,
however, vocalization is possible because of modifications of
the hyobranchial apparatus to form laryngeal cartilages.

The vertebral column in amphibians varies considerably
in length. Some salamanders have as many as 100 vertebrae,
and caecilians may have up to 285 (Wake, 1980a). Anurans
usually have 8 (excluding the urostyle), though the number
may range from 6 to 10.

With the evolution of tetrapods and life on land, the ver-
tebral column has become more specialized. It serves to sup-
port the head and viscera and acts as a brace for the suspension
of the appendicular skeleton. Four (sometimes five) types of
vertebrae are present in most salamanders (Fig. 6.12a), whereas
the anuran vertebral column normally is divided into four
regions (Fig. 6.12¢). In salamanders, the first trunk vertebra
became a cervical vertebra, which now provides for an increas-
ingly flexible neck. This single cervical vertebra, the atlas, has
two concave facets for articulation with the two occipital
condyles of the skull. Trunk vertebrae vary in number from
approximately 10 to 60 depending on the species.

Because of the force generated against the vertebral col-
umn by the tetrapod hindlimbs and pelvic girdle, the termi-
nal trunk vertebra has become enlarged and modified as a
sacral vertebra. Salamanders have a sacrum consisting of one
sacral vertebra, which serves to brace the pelvic girdle and
hindlimbs against the vertebral column. This arrangement
does not provide very strong support for the hindlimbs; there-
fore, most salamanders have difficulty completely raising their
bodies off the ground when walking. Their sprawl-legged
stance and sinusoidal method of locomotion also contribute
to their inability to keep their bellies off the substrate. Most
salamanders “wriggle.” A caudal-sacral region consisting of
2 to 4 vertebrae immediately posterior to the sacrum is rec-
ognized by some authors. The caudal, or tail, vertebrae may
range up to 20 or more in salamanders. Some salamanders
have weak articulations between their caudal vertebrae that
allow them to shed their tails (caudal autotomy) when
attacked by predators (Wake and Dresner, 1967).

Caecilians have one cervical vertebra (atlas) and a vari-
able number of trunk vertebrae. They lack a sacrum, and
most species lack a tail. With the exception of the atlas, all
vertebrae of caecilians are nearly identical in shape.

The anuran vertebral column consists of cervical, trunk,
sacral, and postsacral regions (Fig. 6.12¢). The presacral
region consists of 5 to 8 vertebrae, with the first being mod-
ified as a cervical vertebra, the atlas. A single vertebra, the
sacrum, is modified for articulation with the pelvic girdle.
Postsacral vertebrae are fused into a urostyle, an unseg-
mented part of the vertebral column that is homologous to
the separate postsacral vertebrae of early amphibians.

Ampbhicoelous vertebrae in which both anterior and pos-
terior faces of the centra are concave are found in caecilians,
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a few primitive anurans, and some salamanders. Most sala-
manders and a few anurans possess opisthocoelous vertebrae,
in which the centrum is concave on its posterior face and con-
vex on its anterior face. Most anurans possess procoelous
vertebrae, in which the concave surface faces anteriorly and
the posterior face is convex. Intervertebral joints of amphib-
ians are reinforced by two pairs of processes (zygapophyses)
arising from the neural arch (Fig. 6.12b).

The earliest amphibians had well-developed ribs on both
trunk and tail vertebrae (Fig. 6.4b). In modern amphibians,
however, ribs are always absent on the atlas and are either
reduced or absent on the other vertebraec. When present, they
are usually shortened structures that are fused with trans-
verse processes. They are longest in caecilians, shorter in sala-
manders, and vestigial or absent in most anurans.

A true sternum, characteristic of higher tetrapods, appears
for the first time in amphibians. It is absent in caecilians and
in some salamanders. In other salamanders, it is poorly devel-
oped and exists as a simple, medial triangular plate that artic-
ulates with the pectoral girdle. It is poorly developed in
primitive frogs, but in more advanced frogs, it may exist as a
rod-shaped structure consisting of four elements or as an ossi-
fied plate. Although ribs do not attach to it, the amphibian
sternum functions as a site for muscle attachment.

The evolutionary origin of the sternum is unclear. One
hypothesis is that it results from the fusion of the ventral ends
of the thoracic ribs. A second hypothesis proposes that the
sternum developed independently of the ribs, a view that is
supported by the embryonic origin of the sternum in reptiles
and mammals. Feduccia and McCrady (1991) noted that it
“may even be possible that amphibian and amniote sterna have
evolved independently and are not homologous structures.”

Early amphibians, which were not truly terrestrial and
spent much of their time in water, possessed two pairs of
limbs. The pectoral girdle of early tetrapods closely resembled
the basic pattern of their crossopterygian ancestors; it did not
articulate with the vertebral column, and the coracoid braced
the girdle against the newly acquired sternum (Fig. 6.4).

In modern salamanders, the pectoral girdle is mostly
cartilaginous, with one-half of the girdle overlapping the
other and moving independently. A small ventral, cartilagi-
nous sternum lies posterior to the pectoral girdle in some
salamanders.

In most anurans, the scapula and other elements may be
ossified or cartilaginous; the girdle is suspended from both
the skull and the vertebral column and is designed to absorb
the shock of landing on the forelimbs.

The structure of the pectoral girdle of anurans has been
used as an important taxonomic tool. Those families in
which the two halves of the pectoral girdle overlap and that
possess posteriorly directed epicoracoid horns (Bufonidae,
Discoglossidae, Hylidae, Pelobatidae, Pipidae, and Lepto-
dactylidae) have an arciferous type pectoral girdle (Fig.
6.14a). Here, the epicoracoids articulate with the sternum
by means of grooves, pouches, or fossae in the dorsal surface
of the sternum. Those families in which the sternum is fused
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esculenta).

to the pectoral arch and the epicoracoid cartilages of each
half of the pectoral girdle are fused to one another (Ranidae,
Rhacophoridae, and Microhylidae) have a firmisternal type
of girdle (Fig. 6.14b).

Considerable diversity in limbs exists among modern
amphibians as a result of their locomotion (hopping) and their
various adaptations to aquatic, burrowing, and arboreal habits.
Limbs of modern salamanders are short, stout, and directed
outward at right angles to the body. Anterior limbs consist of
a single upper bone, the humerus, two lower forearm bones,
the radius and ulna, as well as carpals, metacarpals, and
phalanges (Fig. 6.12a). The primary function of the fore-
limbs in salamanders is to raise the body and assist the hind
limbs in moving the body forward. In anurans, the forelimb
is considerably shorter than the hindlimb (Fig. 6.12¢). Instead
of having two foreleg bones (radius, ulna), the ossification of
the ligament between the radius and ulna creates a single bone:
the radio-ulna. Carpals, metacarpals, and phalanges com-
plete the skeleton of the forelimb.

Modifications to the front limb in amphibians involve a
reduction of bones by loss or fusion. Most modern amphib-
ians have reduced or lost at least one digit and one
metacarpal, so that four functional digits are present on each
front foot. Others, such as members of the genus Amphiuma,
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have girdles, but both forelimbs and hindlimbs are vestigial.
Both girdles and limbs are absent in caecilians.

The pelvic girdle of salamanders may be partially ossi-
fied and consists of a ventral puboischiac plate and a dor-
sal pair of ilia on each side. A median Y-shaped ypsiloid
(prepubic) cartilage develops just anterior to the pubic area
in most salamanders. The ypsiloid cartilage is associated
with the hydrostatic function of the lungs. By elevating the
cartilage, the salamander is thought to be able to compress
the posterior end of its body cavity and force air in its lungs
forward, thereby causing its head to rise in the water. When
the ypsiloid cartilage is depressed, air is thought to move
posteriorly in the lungs, thereby reducing the buoyancy of
the head so that it tends to sink in the water (Duellman and
Trueb, 1986).

In anurans, each half of the pelvic girdle consists of an
ilium, ischium, and pubis (Fig. 6.12¢). Ilia are greatly elon-
gated and articulate with the sacrum. They extend to the
end of the urostyle, where they meet the ischia and pubis. Ilia
are thus adapted to absorb the shock of impact when frogs
land after a jump.

Hind limbs in salamanders consist of a single upper
bone, the femur, two lower leg bones, the tibia and fibula,
as well as tarsals, metatarsals, and phalanges (Fig. 6.12a).
Sirens (family Sirenidae) have a pectoral girdle and small
forelimbs, but lack pelvic girdles and hindlimbs.

The well-developed hindlimbs of anurans are specialized
for jumping and swimming (Fig. 6.12¢). The head of the
upper leg bone (femur) articulates with the acetabulum
(socket) of the pelvic girdle. Distally, the femur articulates
with the tibiofibula, representing the fusion of the separate
tibia and fibula and forming a stronger and more efficient
structure for leaping. As in salamanders, the knee joint is
directed anteriorly to provide better support and power for
forward propulsion. A series of tarsal bones constitutes the
ankle. Four or five metatarsals form the foot, and phalanges
form the toes. A small additional bone, the prehallux, fre-
quently occurs on the inner side of the foot. It commonly sup-
ports a sharp-edged tubercle used for digging by burrowing
species like spadefoot toads (Scaphiopus). Most amphibians
have five digits on each of the rear feet. The primary func-
tion of the hindlimbs is to provide the power for locomotion.

All anurans, whether primarily walkers, hoppers, or
swimmers, use some form of jumping or leaping (saltatorial)
locomotion. For this, forelimbs must be positioned differently
than those of salamanders and fulfill a different role in loco-
motion. Duellman and Trueb (1986) describe the mecha-
nism of a frog’s leap in the following manner:

At rest, the shoulder joint tends to be extended with the
upper arm lying against the flank rather than held out
at a right angle to the body as in salamanders. The
elbow joint is flexed and the forearm directed in an
anteromedial direction rather than directly forward.
Thus, the entire lower arm and hand are rotated inward
toward the center of the body. As the animal thrusts
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itself forward in a leap, it probably rolls off the palmar
surface of the hand while straightening the elbow and
wrist joints. Thus, the forelimb lies parallel to the body
for maximum streamlining. After full thrust has been
developed from the hindlimbs, the forelimb is flexed at
the elbow, and the upper arm is pulled as far forward
as possible. Subsequent flexion of the wrist allows the
animal to land on its hands, the force of landing pre-
sumably being absorbed by the pectoral girdle.

Muscular System

The body musculature of amphibians varies widely; that of
aquatic salamanders is similar to the pattern in fishes,
whereas the body musculature of terrestrial species, especially
anurans, is markedly different. Metamerism is clearly evident
in salamanders, caecilians, and in larval anurans. Epaxial
myomeres have begun to form elongated bundles of muscle
that extend through many body segments. These muscles,
which are partially buried under the expanding appendicu-
lar muscles, extend along the vertebral column from the base
of the skull to the tip of the tail. In salamanders, these mus-
cles are known as the dorsalis trunci and allow for side-to-
side movement of the vertebral column, the same locomotor
pattern as in fishes.

Those amphibians that utilize lateral undulations of their
hypaxial muscles for swimming, such as most larval forms
and adult aquatic salamanders, retain a more fishlike, seg-
mented hypaxial musculature. Even terrestrial salamanders
utilize lateral undulations to a great extent. In other amphib-
ians, hypaxial muscle masses begin to lose their segmental
pattern and form sheets of muscle (external oblique, internal
oblique, transversus), especially in the abdominal region.

As vertebrates evolved into more efficient land-dwelling
forms, the axial musculature decreased in bulk as the loco-
motor function was taken over by the appendages and their
musculature. The original segmentation becomes obscured as
the musculature of the limbs and limb girdles spreads out over
the axial muscles.

The appendicular muscles of most amphibians are far
more complicated than those of fishes due to the greater
leverage required on land. In amphibians, the limbs (for the
first time in the evolution of the vertebrates) must support
the entire weight of the body. Due to the difference in loco-
motion between salamanders and anurans, considerable vari-
ation exists in the musculature of the girdles and limbs
between these two groups. Even so, many salamanders still
drag their bellies over the substrate when they walk. Lateral
undulatory movements of the body wall assist the appendic-
ular muscles in this movement.

Hindlimb muscles of frogs that jump must generate
maximum mechanical power during jumping. Maximum
power is generated by the rapid release of calcium from sar-
coplasmic reticula in muscle fibers, which initiates cross-
bridge formation between actin and myosin filaments in the
sarcomeres, and by having the maximum number of muscle
fibers contracting (Lutz and Rome, 1994).
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BIO-NOTE 6.3

Caecilians are legless, wormlike, burrowing tropical
amphibians. Unlike other vertebrates, caecilians have mus-
cles that ring the body wall, running from the belly to the
back (the muscles in most vertebrates tend to run length-
wise, from head to tail). By contracting these muscles, cae-
cilians pressurize the fluid in their body cavity, creating a
hydrostatic force that goes in the direction of the head,
driving the animal forward and causing it to become
longer and thinner. This remarkably efficient technique
permits the caecilian to generate about twice the force of a
similar-size burrowing snake, which uses the muscles that
run along the vertebral column to twist and arch itself
through the soil. By using its entire body as a single-cham-
bered hydrostatic organ, a caecilian applies nearly 100 per-
cent of its muscular energy toward forward motion.

Forward Motion in Caecilians

O'Reilly et al., 1997

In amphibians, muscles of the first visceral arch con-
tinue to operate the jaws. Some of the muscles of the second
arch retain their association with the lower jaw, whereas mus-
cles of the third and successive arches operate gill cartilages
in those amphibians with gills. In amphibians without gills,
these muscles are reduced. They assume new functions such
as assisting in swallowing and opening and closing of the
pharynx and larynx.

Cardiovascular System

The evolution of lungs was a significant development in the
evolution of vertebrates. Those mechanisms must have
evolved to enable the best use of the oxygenated blood
returning from the lungs via pulmonary veins. Development
of an interatrial septum in the heart of most amphibians was
essential in helping keep oxygenated blood separated from
deoxygenated blood.

Instead of the simple two-chambered heart (atrium, ven-
tricle) characteristic of most fishes, many amphibians have a
heart with two atria and a single ventricle (Fig. 6.15).
Although the interatrial septum is incomplete (fenestrated)
in most salamanders and caecilians and is lacking completely
in lungless salamanders, it is complete in anurans (Fig. 6.16).
The right atrium receives deoxygenated blood from the sinus
venosus; the left atrium receives the pulmonary veins (absent
in lungless forms) and oxygenated blood. Some blood trav-
els from the heart via pulmonary arteries to cutaneous arter-
ies in the skin in order for cutaneous respiration to occur.
Once aerated, the blood returns to the heart via cutaneous
and pulmonary veins. Ventricular trabeculae (ridges in the
ventricular wall) are common in many amphibians and help
to keep oxygenated and deoxygenated blood separated in the
ventricle. A few salamanders have partial interventricular
septa, but no living amphibian is known to have a complete
interventricular septum.
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In most fishes, six aortic arches appear between the
developing gill slits in embryos (Fig. 6.17). The most ante-
rior aortic arch disappears during embryonic development, so
that adult elasmobranchs are left with five arches. Adult
teleosts have four aortic arches, the second usually disap-
pearing as well during development. Lungfishes have the

same four arches, and the lungs are supplied from the most
posterior of these. This is equivalent to the sixth of the orig-
inal embryonic series. The lungs of all land vertebrates are
supplied with blood from this source, indicating common
ancestry and homology.

During development, most larval salamanders and all
tadpoles pass through a stage in which the arches form gill
capillaries and also may supply the external gills. Later, the
gill circulations are lost and the adult pattern develops. Aor-
tic arches 3 (carotid), 4 (systemic), and 6 (pulmonary) always
are retained, and arch 5 (systemic) is present in some sala-
manders. All anurans and some salamanders have a spiral
valve in the conus arteriosus that shunts oxygenated blood to
arches 3 and 4 (to the head and dorsal aorta) and deoxy-
genated blood to arch 6.

All amphibians utilize cutaneous gas exchange to some
degree. The moist skin may play only a minor role in oxy-
gen uptake in some species, whereas in others, such as
plethodontid (lungless) salamanders, it plays a major role.
Branches of the pulmonary artery transport blood to the skin,
so that many amphibians lose most of their carbon dioxide
through their skin. Blood returning from the skin through
the cutaneous vein and into the right atrium is oxygenated
just as that returning from the lungs into the left atrium is
oxygenated. Depending on the extent to which cutaneous
respiration is being utilized, keeping the two bloodstreams
separate may or may not be an advantage.

The blood of many amphibians consists of plasma, ery-
throcytes, leucocytes, and thrombocytes. Frogs, however, lack
thrombocytes. Normal erythrocytes are elliptical, nucleated
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disks varying in size from less than 10 Mm in diameter in
some species to over 70 Mm (in Amphiuma), the largest
known erythrocyte of any vertebrate.

Hematopoiesis (production of all formed elements in
the blood—i.e., all red and white blood cells) in salamanders
takes place primarily in the spleen, whereas in anurans it
occurs in the spleen and in the marrow of the long bones
at metamorphosis and upon emerging from hibernation
(Duellman and Trueb, 1986). Leucocytes may be formed
in the liver, in the submucosa of the intestines, and in the
bone marrow.
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Respiratory System
Body size and temperature influence gas exchange in
amphibians. In general, as mass increases, oxygen consump-
tion and carbon dioxide production increase, although the
consumption rate declines with increasing mass. Thus, res-
piratory surfaces may be unable to meet the metabolic needs
without modification. Modifications include increasing the
surface by additional folds of skin or partitioning of the lungs;
increasing vascularization of the skin and/or having blood
vessels closer to the surface; increasing the gas transport
capacity of the blood and increasing flow rate; and/or simi-
lar respiration-enhancing devices.
External nares (nostrils) lead via nasal passages to inter-
nal nares (choanae) (Fig. 6.18a). Because amphibians lack a
secondary palate, the internal nares usually open far forward
in the roof of the mouth just inside the upper jaw. From the
pharynx, air passes through the glottis into a short trachea.
Ampbhibians are the most primitive vertebrates to have
the anterior end of the trachea modified to form a voice box
or larynx. Voice is well developed in most male frogs and
toads which have two muscular bands stretching across the
laryngeal chamber; these form vocal cords that vibrate when
air passes over them. Tightening or relaxing these vocal cords
causes variations in pitch. Many male anurans have paired or
median vocal sacs, or resonating chambers (Fig. 6.18). The
size, shape, and position of vocal sacs is species-specific.
Calls have long been thought to radiate from the vocal
sac. However, Alejandro Purgue of the University of Cali-
fornia at Los Angeles discovered that the ears account for up
to 90 percent of the sound output in the American bullfrog
(Rana catesbeiana) (Purgue, 1997; Pennisi, 1997a). The ears
act as loudspeakers amplifying the sound of the frog’s vocal
cords. The vocal sac serves primarily to store the air used by
the vocal cords. Six additional, closely related frog species
have loudspeaker ears, whereas western chorus frogs and Cal-
ifornia tree frogs use other body parts as resonators.
Although a larynx is present in the mudpuppy (Necturus)
and a few other salamanders, most lack vocal cords and are

The totally aquatic pipid anuran Xenopus borealis lacks
vocal cords yet produces long series of clicklike sounds
underwater at night. Although it retains an essentially
terrestrial respiratory tract, the larynx is highly modified.
Unlike all other anurans, sound production does not
involve a moving air column. Rather, calcified rods with
disklike enlargements in the larynx are held tightly
together. When muscle tension is developed and exceeds
the adhesive force, the disks rapidly separate, leaving a
vacuum. A click is produced by air rushing at high speed
into the space between the disks.

BIO-NOTE 6.4
Sounds Without Vocal Cords

Yager, 1992a, b



Linzey: Vertebrate Biology

148 Chapter Six

6. Amphibians Text

© The McGraw-Hill
Companies, 2003

. FIGURE 6.18
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voiceless. Sounds reported from salamanders are probably
produced by the inspiration and expiration of air. A few, such
as the Pacific giant salamander (Dicamptodon ensatus), have
a large larynx and bands, known as plicae vocales, that
resemble anuran vocal cords. Air from the lungs passes over
the plicae, causing them to vibrate. Lungless salamanders
(plethodontids) lack both a trachea and a larynx.

A force-pump mechanism (Fig. 6.19) is used by amphib-
ians to get air into their lungs. Air enters the oral cavity
through the internal nares. When the nostrils close and the
floor of the oral cavity is raised, air is forced through the
glottis into the lungs and is retained by closure of the glot-
tis sphincter. While air is in the lungs and the glottis is closed,
“throat flutters” can provide additional aeration of oral sur-
faces (Fig. 6.19¢). By taking repeated volumes of air into its
lungs several times in succession without letting air out, a frog
or toad can blow itself up to a considerable size as a defen-
sive maneuver when confronted by a potential predator.

Amphibians utilize several different methods of gas
exchange: cutaneous, buccopharyngeal, branchial, and pul-
monary. Some salamanders and one caecilian (Aretochoana)
(Anonymous, 1996a) are the only tetrapods in which the evo-
lutionary loss of lungs has occurred. Land-living members of
one large family of salamanders (Plethodontidae), which con-
stitute about 70 percent of existing salamander species, utilize

only cutaneous and buccopharyngeal gas exchange. They
depend entirely on gas exchange through the moist, well-vas-
cularized skin (cutaneous gas exchange) and through the lin-
ing of the mouth and pharynx (buccopharyngeal gas exchange).
Lunglessness, which reduces buoyancy, has been proposed to
be adaptive, particularly for larval survival, in flowing, well-
oxygenated streams (Wilder and Dunn, 1920; Beachy and
Bruce, 1992). Ruben and Boucot (1989), however, suggested
terrestrial or semiterrestrial ancestors for plethodontids, which
would mean that lungs were lost for reasons other than ballast.
Larval amphibians breathe by means of external gills
(branchial gas exchange). In anuran tadpoles, gills are
enclosed in an atrial chamber, which may be either ventral
or lateral and which opens via a spiracle. The position of the
spiracle is a generic characteristic. In tadpoles, water enters
the atrial chamber via the mouth, flows over the gills, and
passes to the outside through the spiracle. Gills of tadpoles
are usually smaller and simpler than those of salamander lar-
vae. During metamorphosis, gills of anurans are reabsorbed,
the gill slits close, and gas exchange using lungs takes over.
In larval salamanders and caecilians, gills are exposed on
each side behind the head. No atrial chamber develops. As
they mature, aquatic amphiumas (4mphiuma spp.) and hell-
benders (Cryptobranchus alleganiensis) develop lungs and lose
their gills, but retain the openings of one pair of gill slits.
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. FIGURE 6.20

(b)

Breathing in the frog. Frogs use positive pressure fo force air into their
lungs. In the sequence shown, air is drawn in through the nostrils by
lowering the floor of the mouth (a). By closing the nostrils, opening the
glottis, and elevating the floor of the mouth, the frog forces the air into
its lungs (b). The mouth cavity is ventilated rhythmically for a period (c,
after which the air is forced out of the lungs by contraction of the body
wall musculature and by the elastic recoil of the lungs (d).

Some species, however, retain gills throughout their lives
(perennibranchiates). The retention of larval or embryonic
characters is known as neoteny. Adult Necturus, for example,
possess both gills and lungs, and two gill slits remain open.
Adult sirens (Sirenidae) also have lungs, gills, and gill slits.
Necturus and Cryprobranchus are water-breathing aquatic sala-
manders that utilize aerial gas exchange primarily under stress
conditions such as environmental hypoxia and possibly dur-
ing recovery from strenuous activity. Sirens and amphiumas,
both of which have highly vascularized lungs, are aquatic sala-
manders that are primarily air breathers and are known to
enter drought-induced estivation, during which time they
breathe atmospheric air exclusively. Their aquatic gas
exchange mechanism is primarily limited to the integument.

Larval gills in salamanders vary as a result of adaptation

to the larval habitat (Fig. 6.20). Terrestrial forms within the

(c) Pond type

Gills in larval salamanders. (a) terrestrial type (Plethodon vandykei);
(b] mountain siream type (Dicampiodon ensatus); (c) pond type
[Ambystoma gracile).

family Plethodontidae lay their eggs on land, and the young
undergo larval development in the egg. They have staghorn-
shaped gills. Stream salamanders have reduced gills with
short, broad gill filaments. Pond salamanders have larger,
featherlike gills for life in quiet water with reduced oxygen.

With the development of lungs, oxygen from a mixture of
gases (air) passes through moist, gas exchange membranes deep
within the body (pulmonary gas exchange), and gas exchange
takes place with minimal loss of water through evaporation.
Internal lungs must be ventilated by a tidal movement of air to
replenish the oxygen supply at the gas exchange surfaces.

The paired lungs of amphibians develop within the pleu-
roperitoneal (coelomic) cavity before metamorphosis.
Although some salamanders (plethodontids) lack lungs and
the lungs of some mountain stream salamanders are extremely
small, lungs are present in all other adult amphibians. In cae-
cilians, the right lung is functional, and the left lung is rudi-
mentary—presumably an adaptation associated with the
elongate body form of caecilians. This adaptation is similar
to that found in snakes (Chapter 8).

The internal lining of amphibian lungs may be either
smooth, or it may be pocketed to increase the surface area
available for gas exchange. Lung linings are more complex in
anurans, where the lungs may be made up of many folds lined
with alveoli (respiratory pockets) that are supplied by dense
capillary networks. Pulmonary oxygen uptake (lung and buc-
copharyngeal surfaces) accounts for only 26 to 50 percent of
the total gas exchange in mole salamanders (Ambystomatidae)
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(Whitford and Hutchison, 1966); however, approximately 80
percent of the carbon dioxide release is through the skin.

Some neotenic salamanders, some adult newts, and pipid
frogs apparently utilize the lungs more as hydrostatic organs
than as organs for gas exchange. In Necturus, for example, only
about 2 percent of the oxygen is obtained via lungs when water
is well oxygenated. Some of these forms take air in through
their mouth, which along with the pharynx, is lined with highly
vascularized epithelium, called the buccopharyngeal mucosa.
In winter, when the oxygen uptake is quite low, the skin takes
up more oxygen than the lungs. In summer, when oxygen con-
sumption is high, uptake through the lungs increases several-
fold and far exceeds cutaneous uptake (Schmidt-Nielsen, 1990).
Oxygen uptake through the skin remains nearly constant
throughout the year (Dolk and Postma, 1927).

Rates of oxygen consumption by larval and adult
amphibians at rest and during locomotion have been pre-
sented by Gatten et al. (1992). Absolute levels of oxygen
uptake during rest and exercise and the difference between
these two measures were found to be consistently lower in
salamanders than in anurans.

Digestive System

Most species of amphibians possess a tongue in their oral cav-
ity. It may be attached by its anterior end or its posterior
end, or it may be mushroom-shaped (boletoid) and consist
of a pedestal with a free upper edge. These variations permit
the tongue to be used in taxonomic classifications. The
tongue is poorly developed in aquatic forms and is absent in
pipid frogs (Pipidae).

In those salamanders with protrusible tongues, the tongue
is mounted on the hyoid, and hyoid movement serves to evert
the tongue beyond the mouth. Tongues of some plethodontid
salamanders can be extended several times the length of the
head. Anurans lack such an intrinsic lingual skeleton.

. BIO-NOTE 6.5

A Projectile Tongue

Salamanders of the genus Hydromantes possess tongues
that can shoot out about 6 cm, or 80 percent of the sala-
mander’s body length. The tongue is fired from the mouth
by a ballistic mechanism and is retracted by muscles that
originate at the pelvis. When the tongue is extended, the
entire tongue skeleton leaves the mouth completely. Hydro-
mantes is the only vertebrate known to shoot part of its vis-
ceral skeleton completely out of its body as a projectile.

Deban, Wake, and Roth, 1997

The anuran tongue is a well-developed, sticky prehensile
organ that is important in gathering food, particularly insects.
Numerous glands and secretory cells maintain a layer of sticky
mucus that coats the tongue and assists in capturing prey.
Tongues of most anurans are attached anteriorly, are highly
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flexible, and are used for securing food. Because considerable
diversity exists in tongue structure, the mechanism of pro-
traction varies (Gans and Gorniak, 1982; Nishikawa and
Roth, 1991; Nishikawa and Cannatella, 1991; Deban and
Nishikawa, 1992) (Fig. 6.21). Protrusion involves muscular
action with the tongues of some, such as Rana and Bufo, being
highly protrusible, whereas those of Ascaphus, Discoglossus, and
most hylids are weakly protrusible (Deban and Nishikawa,
1992). Food capture involves a lingual flip in which the pos-
terodorsal surface of the retracted tongue becomes the
anteroventral surface of the fully extended tongue. The tongue
of caecilians is rudimentary, cannot be protruded from the
oral cavity, and is capable of only limited movement.

Most amphibians have small teeth (Figs. 6.13a—c) that
are shaped alike, a situation called homodont dentition, and
are found on the palate as well as on the jaws. Teeth are
attached to the inner side of the jawbone, which is called
pleurodont dentition, and are replaced an indefinite num-
ber of times if lost or injured, which is known as polyphyo-
dont dentition. Because amphibians do not chew their food,

. FIGURE 6.21

Posterodorsal
surface of
tongue

(c)

Lingual flipping feeding mechanism in the toad Bufo marinus. Note the
depressed anterior part of the jaw.
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the function of teeth is to grasp and hold food until it is
swallowed. Most frogs lack teeth in the lower jaw.

The boundary between the esophagus and stomach is
indistinct. The stomach is generally unspecialized and retains
food items for 8 to 24 hours, during which the food mixes
with gastric secretions and digestion begins (Larsen, 1992).

Feeding habits and digestive systems change drastically with
metamorphosis. Larval forms with herbivorous diets have longer
intestines than those with carnivorous diets in order to more effi-
ciently break down the cellulose cell walls of plant cells.

Anuran larvae have much longer mid- and hindguts than
do larval salamanders. Anuran digestive tracts are coiled
within the abdominal cavity, and their total length is several
times greater than the length of the animal. The maximum
length of the gut is reached when the hind legs are well devel-
oped. Reduction in length of larval intestines comes from
contraction of the circular and longitudinal muscles at both
ends. Shortening and reorganization of the gut in Bufo
requires 24 hours and occurs within 10 days after the front legs
break through (Bowers, 1909). Larval salamanders tend to be
carnivorous and feed on larger prey than do anuran tadpoles.

All amphibians have a cloaca that receives the contents of
the digestive, urinary, and reproductive systems. A urinary blad-
der is connected to the ventral side of the cloaca. The com-
parative anatomy and phylogeny of the cloacae of salamanders
has been discussed by Sever (1991a, b, 1992). Kikuyama et al.
(1995) isolated sodefrin from the abdominal gland of the cloaca
of the male red-bellied newt (Cynaps pyrrhogaster). Sodefrin is
a species-specific, female-attracting pheromone (a secretion
that elicits a behavioral response in another member of the
same species), the first ever identified in an amphibian. It is also
the first peptide pheromone identified in a vertebrate.

Behavioral asymmetry in forelimb usage has been demon-
strated in European toads (Bufo buf), which showed a bias
for right forepaw use. Toads (and frogs) that ingest unde-
sirable objects such as ants and wasps (whose bodies may
contain toxins) empty their stomachs by regurgitating
(everting) their entire stomach. The stomach hangs out of
the side of their mouth, and they use their hand to wipe
away remaining vomitus from the surface of the prolapsed
stomach before reswallowing it. The right hand is always
used for this “gastric” grooming. Why? Because the anuran
stomach, like ours, lies somewhat left of center and is held
in place by membranes. Because the membrane attached to
the right side of the stomach is shorter, it pulls the stom-
ach to the right as it is everted. Toads and frogs cannot
reach over to the right corner of their mouth with their left
hand because their arms are too short, and so they use the
right hand.

BIO-NOTE 6.6

Right Forelimb Dominance in Toads

Bisazza et al., 1996
Naitoh and Wassersug, 1996
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Nervous System

The anterior portion of the brain consists of a pair of olfac-
tory lobes and a pair of cerebral hemispheres (Fig. 6.22). A
pineal organ is present and may serve as a photoreceptor, but
only remnants of the parapineal organ are found in amphib-
ians. Optic lobes are present; however, the cerebellum is rel-
atively inconspicuous—a condition presumably correlated
with the comparatively simple locomotor activities of many
amphibians. Impulses from the lateral-line system are directed
to the cerebellum, which coordinates and controls voluntary
muscular activity. The cerebellum is very poorly developed in
those amphibians with a reduced lateral-line system.

Cranial nerves in anamniotes were discussed in Chap-
ter 5. Amphibians have the same 10 basic cranial nerves as
fishes, and the same terminalis nerve. However, some author-
ities recognize 2 additional nerves: the accessory nerve (XI),
which supplies the cucullaris muscle in amphibians; and the
hypoglossal nerve (XII), which innervates muscles of the
tongue and supplies hypobranchial muscles in the neck.
Primitive fossil amphibians apparently had 12 cranial nerves
emerging from their skull. Due to a shortening of the cra-
nium, the 12th cranial nerve is now associated with the first
two spinal nerves (Duellman and Trueb, 1986).

Two meninges—an outer dura mater and an inner vas-
cular pia-arachnoid membrane—surround the spinal cord.
In tailed amphibians, the spinal cord extends to the caudal
end of the vertebral column, whereas in most frogs it con-
sists of just 11 segments and ends anterior to the urostyle.
Cervical and lumbar enlargements occur for the first time,
because these are the first forms to have appendages mod-
ified into true limbs. Eleven pairs of spinal nerves emerge
from the spinal cord of anurans by means of ventral and
dorsal roots. An autonomic nervous system, which con-
trols activities of smooth muscles, glands, and viscera, is

well developed.

. FIGURE 6.22
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Dorsal view of the frog brain within the cranial cavity.
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Sense Organs

Neuromast Organs

Larval and adult aquatic amphibians possess neuromast
organs in the form of lateral-line canals and cephalic canals.
Receptors are distributed either singly or in small groups over
the dorsal and lateral surfaces of the body and head. Recep-
tors are especially abundant on the head, where they form
distinct patterns.

Each neuromast consists of a pear- or onion-shaped
group of hair cells embedded in the epidermis. They perceive
low-frequency vibrations of the water and water currents and
may also be sensitive to pressure (Russell, 1976). Collectively,
they enable the animal to maintain equilibrium and posture.
In some salamanders, such as the axolotl (neotenic Ambystoma
spp.), the lateral-line system also provides electroreception.
In these salamanders, two types of sensory units are present:
electrosensitive and mechanosensitive. Electrosensitive units
react to minute voltage gradients, whereas mechanosensitive
units are extremely sensitive to movements in the water
(Munz et al., 1984).

The lateral-line organs of some salamanders regress and
regenerate in an annual cycle. Regeneration is associated with
the return of the amphibians to an aquatic existence during
the breeding season. It is the only special sensory system in
vertebrates that alternately regresses and regenerates during
the life of the animal (Russell, 1976).

Ear

The amphibian ear shows several advances over the ear of
fishes. Amphibians possess an auditory system with three
main divisions: an outer ear, 2 middle ear, and an inner ear
(Fig. 6.23). The system is sensitive to both ground vibra-
tions and airborne sound waves, with the ears of most anu-
rans being more highly developed than those of salamanders
and caecilians.

The outer ear of most anurans consists of a tympanic
membrane, or tympanum, which initially receives airborne
vibrations; it is absent in larval and adult salamanders and
caecilians (Jaslow et al., 1988). In some species, such as Rana,
this membrane may be much larger in males than in females,
even though the two sexes may be of approximately equal
body size (Fig. 6.24). Although Capranica (1976) noted that
the functional significance of the size of the eardrum was
not clear, new studies (e.g., Purgue, 1997) suggest that its
larger size in some male anurans is due to male’s using their
tympanum as an amplification device, as discussed on pages
147-148 in this chapter.

In anuran tadpoles, the developing lungs serve as
eardrums. A columella connects the round window mem-
brane of the inner ear with the bronchus and lung sac on the
same side of the body. Changes in lung volume result in dis-
placement of the bronchial membranes (Caprancia, 1976).

Ampbhibians are the first group of vertebrates in which
the first pair of pharyngeal pouches becomes involved in
forming the middle ear. The distal end of each pouch expands
to form the tympanic cavity in anurans, while the Eustachian
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. FIGURE 6.23
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(a) The inner ear of many salamanders receives sounds via a
squamosal-columella route and/or via the opecularis muscle from the
scapula. [b) As in frogs, the two inner ears on the opposite sides of the
head are connected by means of a fluidilled channel that passes
through the cerebral cavity. This arrangement may allow sound vibra-
fions to spread from one ear fo the other (black arrows). (c) In a frog,
both ears are connected via the Eustachian tubes and phamyx; thus,
any sound that sets one tympanum in motion also affects the ear on the
opposite side. This unique structure is thought to allow frogs to localize
the source of sounds.
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(a)
Sexual dimorphism. The tympanum is markedly larger in male green frogs (Rana clamitans) (b)
than in the females (a).

(auditory) tubes form a passageway from the middle ear to
the pharynx (Feduccia and McCrady, 1991).

The middle ear, or tympanic cavity, is an air-filled cham-
ber that contains the small, rod-shaped columella (Fig. 6.23)
and another small movable bone, the operculum. A small
opercularis muscle joins the operculum to the pectoral girdle.
The primary function of the columella, which is homologous
to the dorsal segment of the hyoid arch (hyomandibula) in
fishes and transmits vibrations from the tympanum to the
oval window, is to convey sound from the external environ-
ment to the fluid-filled inner ear. In anurans lacking a tym-
panum, the columella may be reduced or absent. All
salamanders lack tympanic cavities (Fig. 6.23). The columella,
often degenerate, is joined to the squamosal bone by a short
squamosal—columellar ligament (Fig. 6.23), so that sounds
may reach the inner ear via a squamosal—columella route.

In addition, sound waves may travel from the ground to
the inner ear via the scapula—opercularis muscle—operculum
route. In anurans, a Eustachian (auditory) tube leads from
the middle ear to the pharynx and serves to equalize pressure
on both sides of the tympanum. Because salamanders and
caecilians lack a middle ear, they also lack a Eustachian tube.

The inner ear consists of a utriculus, a sacculus, a lagena
(slight bulge in the ventral wall of the saccule), and three
semicircular canals each lying in a different plane. Two
fluids—endolymph and perilymph—are present in the inner
ear and function in both hearing and the maintenance of
equilibrium. Endolymph is enclosed within the inner ear
membranes, whereas perilymph is external to the membranes.
Movement of the endolymph stimulates sensory hair recep-
tors and allows vibrations to be transmitted to the brain. The
receptor cells, located in ampullae at the base of each canal
(at the point where each canal enters the utriculus), are
known as cristae. By having each canal oriented in a differ-
ent plane, the endolymph in one or more of the canals will
shift with even the slightest movement. Patches of sensory
epithelia known as maculae are present within the utriculus
and sacculus.

(b)

Eyes

Eyes of terrestrial amphibians are large and well developed,
and they show a number of advances over those of fishes (see
Fig. 1.18d, page 15). Salamanders have good color vision;
anurans probably have some color vision (Porter, 1972). Col-
orless oil droplets are found between the inner and outer seg-
ments of cone photoreceptor cells of some species (Bowmaker,
1986). They probably filter out damaging ultraviolet radiation,
but they do not appear to contribute to acuity of vision (Hail-
man, 1976). Their function may be chiefly chemical storage,
perhaps in relation to the visual pigment cycle, or they may
make wavelength perception more “even” by spreading out
the photons.

At times, the eyes may be partially retracted into the
orbit, which facilitates the swallowing of large objects.
Because the eyeballs protrude into the oral cavity, they assist
in forcing food into the esophagus.

Movable eyelids and orbital glands (Harderian and
lacrimal) are present to afford protection for the eyes in most
terrestrial forms. The eyelids and glands develop at meta-
morphosis in most salamanders and anurans. The lower eye-
lid has a much greater range of motion than the upper and is
better developed in anurans than in salamanders. Eyelids are
absent in purely aquatic salamanders and in all amphibian lar-
vae. Harderian glands, which secrete an oily substance, and
lacrimal glands, which secrete a watery fluid (tears), are pre-
sent evolutionarily for the first time in the vertebrates. They
serve to lubricate and cleanse the outer surfaces of the eyes.

In many frogs, the lower eyelid has become modified
into a translucent or transparent fold of skin called the nic-
titating membrane (Fig. 6.25). This membrane can be
drawn up over the retracted eye by tendons encircling most
of the eyeball and gives the frog a certain amount of vision
even when it appears to be sleeping with partly closed eyes.
This membrane is often marbled with a pattern of colored
lines or spots in designs characteristic of the species. In water,
the nictitating membrane is drawn over the eye to protect it
while allowing the frog some degree of vision.
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. FIGURE 6.25

i

Bullfrog (Rana catesbeiana) showing the eye partly covered by the nicti-
tating membrane.

The amphibian lens, hard and almost spherical, cannot
change shape. Accommodation for near vision is accom-
plished by contraction of the protractor lentis muscle, which
moves the lens closer to the cornea. Relaxation of the pro-
tractor muscle allows the eye to focus on distant objects. Fur-
ther discussion of the amphibian visual system can be found
in Fite (1976).

Some cave-dwelling and subterranean salamanders and
caecilians may be blind, or the eyes may be vestigial or poorly
developed (Fig. 6.26). Cave-dwelling genera include Typhlo-
molge, Typhlotriton, and Haideotriton—all members of the
family Plethodontidae.

Pineal Organ

A pineal organ is present in all amphibians; the parietal
organ, however, is present only in anurans. Both organs func-
tion as photoreceptors and are located in the top of the head
between the eyes. They both appear to be important in the
establishment of endogenous rhythms, in thermoregulation,
in gonadal development, and in compass orientation (Adler,
1970). The parietal organ is known to be sensitive both to
light intensity and to different wavelengths of light (Dodt
and Heerd, 1962; Dodt and Jacobson, 1963).

. FIGURE 6.26

%..-“ .I : : - : ’
The Texas blind salamander (Typhlomolge rathbuni), a plethodontid. Note

the poorly-developed eyes, external gills, and lack of pigment in the skin.
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Nose

Amphibians have a double olfactory system. Air enters the
nasal chamber via external nares and exits via internal nares
into the oral cavity. Air entering the external nares must flow
past the olfactory epithelium on its way to the lungs, thus
allowing the olfactory epithelium to sample chemicals in the
airflow. The olfactory epithelium, therefore, monitors an
airstream instead of a water stream. In addition, rudimentary
vomeronasal, or Jacobson’s, organs (first described in 1811,
by L. Jacobson, a Danish physician), are present for the first
time (Fig. 6.27). Each vomeronasal organ consists of a ven-
tral segment of olfactory epithelium that has become iso-
lated from the nasal passageway and usually is located dorsal

. FIGURE 6.27

(a) Female Male

Nostril

Vomeronasal
organ .
9 Nasolabial
groove

(b)

Vomeronasal

organ
Nasal
chamber

(c)

Sexual dimorphism in the nasolabial grooves and vomeronasal organs
of plethodontid salamanders. (a) Note the difference in forking of the
grooves at the edge of the upper lip in ensatina (Ensatina eschscholizii):
(left) female; (right] male. (b) Nasal passage of the red-backed sala-
mander (Plethodon cinereus) exposed to show the position of the
vomeronasal organ. (c] Cross sectfion through female (fop) and male
[bottom) nasal passages at line a-b in (b), showing differences in the
size of the vomeronasal organ.

Source: Stebbins and Cohen, A Natural History of Amphibians, 7995,
Princeton University Press.
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to the vomer bone in the oral cavity. The organs, consisting
of a pair of deep grooves in salamanders and a pair of sacs in
anurans, are innervated by a branch of the olfactory nerve.
They probably play a role in the recognition of food and are
used to test substances held in the mouth. The presence of
a vomeronasal system is often an indication of the use of
olfactory signals, or pheromones, for intraspecific commu-
nication. Indeed, chemical signals associated with courtship
or territoriality have been demonstrated repeatedly in adult
salamanders (Dawley, 1984; Horne and Jaeger, 1988), but not
in adult caecilians. An aquatic, female-attracting pheromone
named splendipherin is the first pheromone to be identified
from an adult anuran (Wabnitz et al., 1999). It is secreted
from the parotoid and rostral glands of the male magnificent
tree frog (Litoria splendida).

The sense of smell has been shown to be particularly
well developed among plethodontid salamanders (see Jaeger
and Gergits, 1979, for review). The presence of nasolabial
grooves in these salamanders is thought to aid in their olfac-
tory reception and is unique among terrestrial vertebrates
(Fig. 6.27). A small furrow extends from the edge of each
upper lip to the nostril. The lower ends of the grooves may
divide into long branches, break up into capillary networks,
or end in nipplelike palps projecting downward from the
upper lip. When the snout comes into contact with moist sur-
faces, fluid rapidly passes up the grooves by capillary action
to the external nares, where ciliary action draws it into the
nose and over the chemoreceptors of the vomeronasal organs
(Brown, 1968; Dawley, 1987; Dawley and Bass, 1989).
Nasolabial grooves are found in both sexes, but they are
larger, better developed, and more elaborate in males
(Dawley, 1992). They are thought to play a significant role
in reproductive behavior by allowing males to track and iden-
tify females. Plethodontids frequently engage in nose-
tapping, a behavior in which the snout is used to tap the
substrate or other individuals. Plethodontid salamanders are
the only nonmammalian vertebrates in which sexual dimor-
phism of the vomeronasal system has been documented.

Caecilians have an opening on each side of the head
between the eye and nostril, through which a tentacle with
both chemoreceptive and tactile functions can be extended.
The tentacle, which is unique among vertebrates, contains a
duct that opens to the exterior. Its primary function is to con-
vey airborne chemoreceptive information to the vomeronasal
organs. Development of the tentacle is thought to be an adap-
tation to caecilians’ subterranean, burrowing existence, and
the tentacle allows chemoreception during burrowing and
swimming when the nostrils are closed. Tentacles appear to
have evolved through modification of muscles and other
structures associated with the eyes, which are degenerate
(Billo and Wake, 1987; Schmidt and Wake, 1990).

In many caecilians, the paired tentacles can be protracted
a considerable distance out of the head. In the East African
caecilian Scolecomorphus kirkii, the eye is attached laterally to
the base of the tentacle. As the tentacle protracts and retracts,
the eye moves with it and can actually be protruded beyond
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the skull (O'Reilly et al., 1996). This is the only known ver-
tebrate with highly mobile, protrusible eyes.

Taste

Taste buds primarily are found scattered over the dorsal sur-
face of the tongue, the floor of the mouth, the jaws, and the
palate. Those on the dorsal surface of the tongue in frogs are
in the form of epithelial disks (Sato, 1976; Jaeger and Hill-
man, 1976). Each taste bud consists of a cluster of gustatory
(taste) cells opening via a taste pore.

Endocrine System

Because, in most cases, the endocrine organs are homologous
in the vertebrates, the discussion in Chapter 5 included hor-
mones and their respective actions for all groups. Only spe-
cific examples of hormonal action will be covered here and
in the chapters on reptiles and mammals.

The morphological and physiological changes that occur
during metamorphosis are the result of hormones secreted by
a finely tuned integration of endocrine glands. The hypo-
thalamus in the brain controls the release of pituitary hor-
mones such as thyroid-stimulating hormone, prolactin, and
possibly a growth hormone—all secreted by the adenohy-
pophysis (anterior pituitary gland)—that appear to control
growth and development by regulating the activity of the
thyroid gland. The thyroid gland, which secretes thyroxin
and triiodothyronine, is considered to be the keystone of
amphibian metamorphosis. Calcitonin, which lowers blood
calcium levels, is produced in the ultimobranchial bodies,
which are located near the larynx in amphibians. The ulti-
mobranchial bodies conserve calcium to ensure an adequate
supply for calcification during metamorphosis.

Changes during metamorphosis include regression of
the gills, degeneration of the tail and tail muscles in anurans,
development of limbs, formation of dermal glands, and reor-
ganization of the intestinal tract (Duellman and Trueb,
1986). If the thyroid gland is removed from a tadpole, the
tadpole will grow into an abnormally large, fat tadpole with
lungs and reproductive organs, but it will never metamor-
phose into an adult. If thyroid extract is administered fol-
lowing the thyroidectomy, however, metamorphosis will take
place. In adults, thyroid hormones help control the rate of
metabolism, heart rate, and shedding of the skin. Molting
and intermolt frequency are also under the control of adreno-
corticotropic hormone (ACTH) and corticosterone produced
by the adrenal glands.

Amphibians present the first evolutionary appearance of
parathyroid glands, which develop from pharyngeal pouches
in anurans and in many salamanders. Parathyroid hormone
(parathormone) raises the calcium and phosphate levels in
circulating blood by withdrawing these minerals from stor-
age sites such as bone. Seasonal differences in the parathy-
roid gland have been found in leopard frogs (Rana pipiens),
in which the glands degenerate during the winter (Cortelyou
et al., 1960; Cortelyou and McWhinnie, 1967). Some pae-
domorphic salamanders lack parathyroid glands (Duellman
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and Trueb, 1986). Adrenal glands, which are diffuse in sala-
manders, appear as strips of golden yellow tissue partially
embedded in the ventral surfaces of each kidney in anurans.

The hypothalamus and pituitary gland regulate repro-
ductive behavior in both male and female amphibians.
Estrogens and progesterone control the development of
eggs and breeding behavior in females. Androgens, such as
testosterone, at least partially control the swelling of the
thumb pads, the enlargement of the mental (chin) gland,
changes in color pattern, the development of the dorsal
crest in some salamanders, and the enlargement of the cloa-
cal glands in males (Fig. 6.28). Stimuli from external social
or environmental cues are transformed along a multistep
pathway known as the hypothalamic—pituitary—gonadal axis
into neural and endocrine information, ultimately affecting

. FIGURE 6.28
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The hypothalamic—pituitary-gonad axis influences androgen production
in male amphibians. Hormonal influences on androgen production by
the testes are illustrated, as well as targets potentially affected by
changes in androgen levels.
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androgen production by the testes (Houck and Woodley,
1995). Typically, external cues provide stimulation that is
converted into neural signals, which are integrated in sev-
eral regions of the brain, including the hypothalamus. The
hypothalamus produces gonadotropin-releasing hormone
(GnRH), which in turn, causes the pituitary to release two
peptide hormones—follicle-stimulating hormone (FSH)
and luteinizing hormone (LH)—which are carried by the
circulatory system to the gonads. FSH prepares the Sertoli
cells in the seminiferous tubules for spermatogenesis in the
presence of androgens (male sex steroids), whose produc-
tion by Leydig cells within the testis is stimulated by LH.
Androgens most typically found in amphibians include
testosterone (T') and dihydrotestosterone (DHT). These
androgens diffuse within the testes and are also transported
by proteins in the circulatory system to steroid-sensitive
targets, including the brain. Circulating androgens may
influence male reproductive behavior and also affect certain
peripheral tissues, thus resulting in the development of sec-
ondary sexual characters.

Diurnal rhythms of the melatonin level in the retina
have been reported in amphibians, birds, and mammals
(reviewed by Zachmann et al., 1992). Melatonin causes
melanophores to aggregate.

Urogenital System

The pronephric kidney is functional during larval develop-
ment, after which it is replaced by the opisthonephros,
which serves as the functional kidney of most adult amphib-
ians. In salamanders and anurans, the pronephric kidney
consists of 2 to 4 tubules with nephrostomes that drain the
coelomic cavities into a pronephric duct. In most other
amphibians, the kidney is considerably shorter. Anuran kid-
neys are less than half the length of the coelom and are
located posteriorly. In males, the anterior portion of the
mesonephric duct becomes the epididymis and drains the

Large bladders in many amphibians allow them to store
water in their bodies. The African bullfrog (Rana adsper-
sus), which weighs up to 2 pounds, inhabits the Kalahari
Desert. When pools dry up, the bullfrog digs into the
earth and survives in a protective cocoon made from lay-
ers of shed skin. A large bladder allows for storage of
water in amounts up to one-third of its body weight, and
it can tolerate a loss of 45 percent of that original body
weight. As water is lost, the viscosity of its blood can
thicken to four times its normal concentration. The bull-
frog can wait in semidormancy for up to 2 years until
rains begin filling the fleeting pools.

BIO-NOTE 6.7

Using Bladders to Store Water

Crowe, 1995
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testes through efferent tubules. Caecilians have a pronephric
kidney consisting of 10 to 13 tubules and an opisthonephric
kidney in which both anterior and posterior nephrostomes
persist. The opisthonephros may extend most of the length
of the coelom in these forms.

The bladder in all amphibians is a thin-walled evagi-
nation of the ventral wall of the cloaca. It receives and
stores urine and participates in water and ion exchange
processes. Glucose reabsorption from the urinary bladder
in the freeze-tolerant wood frog (Rana sylvatica) permits
the recovery of sugar destined for excretion (Costanzo et
al., 1997). Urine flows down the mesonephric duct (orig-
inal pronephric duct) into the cloaca and then backs up into
the bladder for storage. The bladder, along with the ali-
mentary canal, mesonephric ducts, and oviducts, empties
into the cloaca.

Female Reproductive System
During embryonic development in female salamanders, each
pronephric duct divides longitudinally into a duct, which
becomes an oviduct, and an opisthonephric duct, which
drains the kidney (Fig. 6.29¢).
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The ovary, a hollow sac with an enclosed lymphatic cav-
ity, ranges in shape from short and compact in anurans to elon-
gate in caecilians. Its surface contains germinal epithelium that
gives rise to eggs, which are shed into the coelom. Oviducts
are long and straight in caecilians, slightly convoluted in sala-
manders, and greatly convoluted in anurans (Fig. 6.29). The
opening of the oviduct (ostium) is ciliated, and its walls con-
tain smooth muscle. The lumen of the oviduct is lined with
ciliated, glandular epithelium. The glandular lining of the
oviducts secretes several jelly envelopes around each egg as
peristaltic contractions of the smooth muscle carry the eggs
through the oviducts. Caudal portions of the oviducts may
enlarge to form ovisacs where eggs are stored temporarily
prior to oviposition. In those salamanders in which fertiliza-
tion is internal and occurs as the eggs pass down the oviducts,
the roof of the cloaca in females is modified into a sper-
matheca. This functions as a storage receptacle for sperma-
tozoa prior to ovulation.

Male Reproductive System
In some male salamanders, such as Necturus, the mesonephric
duct carries both urine and sperm. In many salamanders,

. FIGURE 6.29
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however, including plethodontids, the mesonephric duct
has lost its excretory function and carries only sperm
(6.29b). A duct carrying only sperm is known as a ductus
deferens or vas deferens.

In male anurans, a series of modified kidney tubules
called vasa efferentia grow from the anterior tissue of the
kidney to the testes (Fig. 6.29b). The anterior part of the
mesonephric duct, the vas deferens, functions primarily to
transport spermatozoa, whereas the posterior part serves also
for the elimination of urinary wastes. In some anurans, the
lower portion of the mesonephric duct is modified into a
seminal vesicle.

Testes, which serve as endocrine organs and produce the
male sex hormone testosterone, are composed of vast num-
bers of seminiferous tubules. During the breeding season,
when spermatogenesis activity is at its peak, the testes of all
amphibians increase in size.

Fat bodies usually are associated with the gonads in both
males and females, and both have a common embryological
origin. According to Noble (1931), fat bodies are a source of
nutrients for the gonads. They are largest just before hiber-
nation, begin to shrink as ova and testes mature and enlarge,
and are smallest just after the breeding season.

An intromittent organ that facilitates transfer of sperm
from the male into the female’s reproductive tract is present
in caecilians and in one anuran (Ascaphus) (Fig. 6.30). In Asca-

FIGURE 6.30

(b)

Male Ascaphus fruei, the only anuran with an intromittent organ.
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phus, the intromittent organ is a permanent tubular extension
of the cloaca and resembles a tail, whereas male caecilians
evert the cloaca to produce a temporary intromittent organ.
Male toads in the family Bufonidae possess rudimentary
ovaries known as Bidder’s organs in addition to functional
testes. If testes are removed, Bidder’s organ develops into a
functional ovary, so that the result is complete sex reversal.

B REPRODUCTION

Amphibian reproduction can be divided into three broad cat-
egories (Crump, 1974):

1. Aquatic development: Eggs deposited in water; larvae
develop in water.

2. Semiterrestrial development: Eggs deposited out of
water; larvae develop in water.

3. Terrestrial development: Eggs and young completely

independent of standing water.

Precipitation and temperature are major climatic factors
that affect breeding in amphibians. Photoperiod has little
effect on regulation of sexual cycles in amphibians that are
nocturnal or those that remain underground when inactive
(Duellman and Trueb, 1986). Genetically controlled innate
sexual rhythms, which would not be under the direct influ-
ence of environmental factors, may exist in some species.

Most North American amphibians have an annual cycle
of breeding and become active with the increase in tempera-
ture in late winter and spring. Rainfall stimulates early breed-
ers such as spring peepers (Pseudacris [Hyla] crucifer), wood
frogs (Rana sylvatica), and spotted salamanders (Ambystoma
maculatum). Although most amphibians breed in late winter
or spring, some, like the bullfrog (Rana catesbeiana) may wait
until June to deposit their 10,000 to 20,000 eggs. Others, such
as marbled salamanders (dmbystoma opacum), breed in late
summer or early autumn at dry pond sites. After breeding,
females deposit their eggs in nest cavities under vegetation and
logs and in crayfish holes. Female marbled salamanders stay
with the eggs for as long as a month. Once the ponds start to
fill and the nests are flooded, the eggs hatch. Even though
most anurans have a primary breeding period, some may be
stimulated to call, and even deposit additional eggs, later in the
summer during periods of heavy rain.

Many amphibians may grow continuously throughout
their lifetime (called indeterminate growth), and many can
breed at 1 to 2 years of age (Duellman and Trueb, 1986).
Ranid frogs, however, may remain as tadpoles for 2 or 3 years
before metamorphosing. Newts may spend from 4 to 8 years
in a terrestrial juvenile stage known as an eft before return-
ing to water and maturing. Some salamanders become sex-
ually mature but retain some larval characters, a condition
known as paedomorphosis. Paedomorphic forms are found
in all families of salamanders and may require longer than a
year before they are reproductively mature. Some hellbenders
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(Cryptobranchus) and amphiumas (dmphiuma) may require
as long as 5 to 6 years to mature.

Salamanders recognize other members of their species
by using visual and olfactory cues. Extensive courtship ritu-
als involve nuzzling and rubbing the body of a potential mate.
Sexual dimorphism is pronounced in some species such as
newts (7riturus), in which males develop large dorsal and
caudal fins during the breeding season (Fig. 6.31).

A variety of courtship activities occur in anurans. Some
of the most complex and elaborate mating behaviors have been
recorded for many species of poison-dart frogs (Dendrobates),
including tactile interactions, specific postural displays, and
species-specific calls (Silverstone, 1973; Wells, 1977). Some
females guard their mates by remaining in or near their mates’

. FIGURE 6.31

(a) Female

(b) Male in nuptial dress

Sexual dimorphism in the newt Triturus cristatus. During the breeding
season, males develop large dorsal and caudal fins.
Source: Gadow Amphibians and Reptiles 7901, Macmillan and Co., England
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territories, courting them frequently, and attacking any other
females they encounter courting their mates (Summers, 1989).
The spotted poison-dart frog (D. vanzolinii) forms pair bonds,
and both parents provide extended care of the young under
natural conditions (Caldwell, 1997).

After touching a female, most male frogs and toads
will tightly grasp her behind her forelimbs, a copulatory
embrace known as amplexus (Fig. 6.32). Swollen glandu-
lar thumb pads of males (see Fig. 6.9) aid in this process,
and the pressure applied to the body of the female assists
in expelling the eggs. Size and behavior are important sex
recognition factors: Females usually are larger than males
of the same species and generally will be receptive to the
male’s clasping efforts. If a male frog attempts to clasp
another male, it will meet with resistance and an entirely
different pattern of behavior.

Since most anurans breed at night, auditory rather than
visual cues are most advantageous for attracting members of
the opposite sex; thus, most male anurans have developed
species-specific calls. Air passes through either a single median
vocal pouch under the throat (Fig. 6.18a, b) or paired pouches
on either side of the head (Fig. 6.18c). Ryan (1991) provided
evidence that females show a preference for conspecific over
heterospecific calls. The female auditory system decodes
species-specific information contained in the male’s advertise-
ment calls (Capranica, 1976). For example, female coqui frogs
hear the “co” in the “co-qui” call; males hear the “qui.” Males
of some species can alter the frequency of their calls as well as
determine the size of neighboring frogs by assessing the tones
of their voices (Wagner, 1989a, 1989b). Because calling con-
sumes energy that might otherwise be used for growth, some
species reduce calling when food levels decrease (Ryan, 1991).
In addition, calling is potentially dangerous because it marks
the location of the calling male to potential predators.

. FIGURE 6.32

(a)

(b)

(a) Male wood frog (Rana sylvatica) clasping the female in amplexus, which aids external fertiliza-
fion. As the female releases eggs into the water, the male releases sperm over them. Note the
eggs in a globular cluster. (b) Toads (Bufo) in amplexus. Note eggs in “string-ofpearls” formation.
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. BIO-NOTE 6.8
Underwater Mating Calls

The South American frog Leptodactylus ocellatus may
have evolved an underwater mating call in response to
airwave competition from another frog that uses the
same frequency above water. Alejandro Purgue, a her-
petologist at the University of Utah, documented the
underwater calls using U.S. Navy hydrophones and com-
puter analysis. The underwater calls are thought to mini-
mize competition with Physalaemus cuvieri, whose calls
are in a similar range (250-500 Hz) but above water.
Rand subaquavocalis, a distinctive leopard frog species
of the Rana pipiens complex known only from the
Huachuca Mountains of southeastern Arizona, can be dis-
tinguished from other leopard frog species on the basis of
morphology and mating call characteristics. Males offer
the mating call entirely underwater from a depth of more
than a meter, making it completely inaudible in the air.

Weiss, 1990
Platz, 1993

Red-backed salamanders (Plethodon cinereus) are com-
pletely terrestrial, and both mating and egg laying occur in
moist microhabitats. Males with high-quality territories
achieve greater access to females than males with low-quality
territories (Walls et al., 1989). In addition, feces of males with
high-quality diets are attractive to females, and gravid females
prefer to remain in areas near fecal pellets containing the
remains of highly nutritious prey (Jaeger and Wise, 1991). In
addition, males found near females are significantly larger
than adult males found alone and are more aggressive when
paired with smaller males. Large body size in males may pos-
itively affect both intra- and intersexual interactions and, ulti-
mately, the mating success of male P, cinereus (Mathis, 1991b).

Approximately 90 percent of all salamanders use inter-
nal fertilization (Duellman and Trueb, 1986). A single male
salamander may deposit packets of sperm known as sper-
matophores on submerged leaves and twigs (Fig. 6.33). The
number of spermatophores produced varies widely, with one
male spotted salamander (dmbystoma maculatum) depositing
up to 81 spermatophores in a single evening with one female
(Arnold, 1976). Newts of the genus 77riturus deposit a few
spermatophores each day for a few weeks, whereas members
of the genus Plethodon are much more conservative and
deposit one spermatophore each week for several weeks
(Arnold, 1977). Because the breeding season for plethodon-
tids may range from several months in temperate zone species
to the majority of the year in tropical species, and because
plethodontids expend a great deal of energy per sper-
matophore in courtship activities and in defending a territory,
it is evolutionarily advantageous for males not to expend all
of their spermatophores on the first few females encountered.

Females grasp spermatophores with the lips of their cloa-
cas and take the sperm packages inside their cloacas so that
eggs can be fertilized as they pass out of the female’s body.
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. FIGURE 6.33
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Salamander spermatophore. Whole spermatophore deposited by
male Ambystoma macrodactylum. Sperm heads generally point out-
ward, fails inward.

Some female salamanders may store sperm in specialized
cloacal sacs (spermathecae) for months or years. Baylis (1939)
reported fertilization of ova in Salamandra salamandra (Sala-
mandridae) at least 2 years after the last possible mating.
In most anurans, males in amplexus deposit sperm on
the eggs as the eggs are released by the female (Fig. 6.32).
However, internal fertilization occurs in a few genera
(Ascapbm, Nectophrynoides, Mertensophryne, and Eleuthero-
dactylus) (Townsend et al., 1981; Duellman and Trueb,
1986). The “tail” of the tailed frog, Ascaphus, is a posterior
extension of the cloaca partially supported by paired rods.
The “tail” serves as an intromittent organ for transferring
sperm into the female (Fig. 6.30). Ascaphus is the only

The ability to change sex exists in some fish and
amphibians. A few fish species switch sex apparently to
maximize breeding in areas where breeding individuals of
the opposite sex are not abundant. The only amphibian
known to naturally change its sex and successfully breed
is the African reed frog (Hyperolius viridiflavus ommato-
stictus). Male toads have a vestige of ovarian tissue (Bid-
der’s organ), which will develop into functional ovaries if
testicular tissue is surgically removed. Under experimen-
tal conditions, tadpoles of many species consistently
develop into males after experimental exposure to the
male hormone testosterone.

BIO-NOTE 6.9

Changing Sex

Grafe and Linsenhair, 1989
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known anuran to engage in copulation, internal fertiliza-
tion that apparently ensures conception in the cold, fast-
moving, turbulent streams of the Pacific Northwest where
this frog resides.

All caecilians have internal fertilization (Duellman and
Trueb, 1986). Some are oviparous with aquatic larvae; some
are oviparous with embryos undergoing direct development
into terrestrial young; still others are viviparous. The devel-
oping young of viviparous species have specialized teeth that
are used to scrape the epithelial lining of the oviduct and
obtain nutrients secreted by the oviducal cells (Wake, 1977).
These teeth are shed after birth.

B GROWTH AND DEVELOPMENT

Oviparous

Most amphibians deposit their eggs in water. Salamander
eggs may be attached individually or in small clusters to
underwater vegetation (Fig. 6.34a, b) or to the undersides of
partially or completely submerged rocks or boulders; they may
be part of a globular gelatinous mass; or they may be part of a
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floating surface mass. Some terrestrial salamanders, such as
ensatina (Ensatina), the arboreal salamander (Aneides), and the
woodland salamanders (Plethodon spp.), deposit their eggs in
moist sites on land. Some caecilians (Rhinatrematidae,
Ichthyophiidae) are oviparous and deposit their eggs in mud
near water. The caecilian eggs hatch into free-swimming larvae.

Anurans exhibit a wider variety of larval development
than any other group of vertebrates. Many anurans lay their
eggs in water, either singly, in globular masses (Fig. 6.34c),
or in strings (Fig. 6.34d). There are, however, many excep-
tions (Table 6.1). Some tropical forms deposit their eggs
on leaves overhanging water, so that as the eggs hatch, the
larvae drop into the water. Some utilize the pools of water
contained in bromeliads—epiphytic plants growing on trees
in tropical forests. Some anurans encase their eggs in a
frothy, protective foam mass consisting of air, sperm, eggs,
cloacal secretions, and sometimes water. The outer surface
of the mass dries and turns tacky (sometimes hard), pro-
tecting the eggs from physical harm, while the egg-filled
interior remains liquid for as long as 10 days to enable the
eggs to survive periods of drought. Other anurans possess
dorsal pouches on their backs in which eggs are incubated

. FIGURE 6.34

(b) (c)
Egg deposition by amphibians. (a) An aquatic salamander, the California newt (Taricha forosa) laying her eggs in water. The clusters of eggs are usu-
ally attached 1o roots and stems. (b) A female eastern tiger salamander (Ambystoma tigrinum) attaching eggs to submerged vegetation. (c] Globular
egg clusters of the leopard frog (Rana pipiens| in shallow water. [d) Egg strings of the common European toad (Bufo bufo) in shallow water.

(d)
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TABLE 6.1

Distribution of Major Reproductive Modes Among Family Groups of Anurans

Aquatic Eggs Nonaquatic Eggs, Terrestrial Eggs, Eggs Carried
Family Group and larvae Aquatic Larvae Foam Nest Direct Develop. by Adult
Allophrynidae - - - - _
Arthroleptinae - - - + _
Ascaphidae + - - _ _
Asterophrynidae - - - + _
Astylosternidae
Bombinatoridae
Brachycephalidae - - -
Brevicipitinae
Bufonidae +
Centrolenidae -
Ceratophrynidae - - - — _
Cophylinae
Dendrobatidae - - - - +
Discoglossidae
Dyscophinae
Geneophryninae
Heleophrynidae
Hemiphractinae -
Hemisotidae -
Hylinae
Hylodinae -
Hyperoliidae
Kassininae
Leiopelmatidae
Leptodactylinae
Leptopelinae
Limnodynastinae
Mantellidae
Megophrynidae
Melanobatrachinae
Microhylinae - - -
Myobatrachinae
Pelobatidae
Pelodryadinae
Pelodytidae
Petropedetinae
Philautinae - - - — _
Phrynomerinae - - - — _
Phyllomedusinae - - - - _
Pipidae - - - — _
Pseudidae - - - — _
Raninae - — - - _
Rhacophoridae + - - - _
Rhinodermatidae
Rhinophrynidae
Scaphiophrininae
Sooglossidae - - - + +
Telmatobiinae + + - 42 _

+
+

I
I
I
+ o+ +
I

+ 1+ o+ I
Lo +
Lo I
I+ I
Lo I

+

+ 1+ o+
L+ + + + + o+
+ 1 +
+ + I

I

+ o+ o+ o+
I + o+ + o+
I I I+
I + o+ + 1
I I o

+ o+ + o+

+
+

From W.E. Duellman, ‘Alternative Life-bistory Styles in Anuran Amphibians” in M.N. Bruton, editor, Alternative Life-history Styles of Animals, 7989.
With kind permission of Kluwer Academic Publishers, The Netherlands.

@ Also some species ovoviviparous or viviparous.
b Direct development [no freeliving larvae) in some species.

(del Pino et al., 1975), or eggs may be attached in some Nearly 800 species of anurans throughout the world (20
other manner to the back of a parent, as in the Surinam toad percent of the known species) have eliminated a free-living,
(Pipa pipa), where they remain until hatching. feeding, tadpole stage. These frogs, which lay eggs that hatch
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into four-legged froglets, reproduce by direct development
(Duellman, 1992). Eggs are deposited in moist sites, and in
some cases such as certain species of whistling frogs (Eleuthero-
dactylus sp.), they are guarded by the male parent. Whereas this
method of reproduction provides the developing frogs with a
food supply and protects them from aquatic predators, they are
still susceptible to predation by ants and other invertebrates.
The male Chilean rh