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Preface

A first characteristic of this book is breadth. Description of structure is included,
as it always is, because knowledge must precede interpretation. Interpretation of
structure in terms of phylogeny is included, as is usual, because organic evolution
is one of the greatest stories biology has to tell, and the lineages of vertebrate
animals illustrate the story with more continuity and persuasion than do the
known lineages of other animals or plants. Also included, however, are inter-
pretations of structure that relate to function, development, and some other
factors.

A second characteristic of this book is its placement of emphasis. Phylogeny
is stressed, yet is less dominant than in some other texts. More than usual em-
phasis is given to interpretation of structure on the basis of function. This is
currently the emphasis of much research, and thus provides the opportunity to
add recent advances to classical knowledge. It brings to attention the variety and
perfection of vertebrate structure, and it lends itself to analytical treatment to
which, in my experience, students respond with interest. Moderate attention is
given to the evident and engaging relationship between development and adult
structure. Developmental biologists now place less emphasis on the broader as-
pects of evolution than they did several generations ago, yet much excellent work
is being done on relative growth and evolutionary morphogenesis. Interpretations
of structure based on body size, age, sex, and individual variation round out the
narrative.

A third characteristic of the book is its style and coverage. It is uniform,
integrated, and easy to use. All illustrations are cited in text by figure number if
in the same chapter and by page number if elsewhere. Figures are fully labeled



Vi

Preface

(not keyed to complex legends) and legends distinguish (by capital and lowercase
letters) between the point illustrated and subordinate material. | intend that the
presentation be sound and solid, yet not overly technical. The book does offer
a lot of material. However, description as an end in itself is minimized—partic-
ularly in Part lll. Details that do not serve interpretations are omitted. The qual-
ifying words “usually” and “sometimes’” are used frequently for the sake of
accuracy, but specific exceptions to usual structure are “usually”” omitted. A
reasonably full vocabulary of the basic terms of morphology is provided without
introducing unusual terminology or saying in Latin what can better be said in
English. An effort has been made to sort concepts from illustrative material, and
free use has been made of parenthetical statements to subordinate the examples
and qualifications.

Fourth, the book is profusely illustrated with original artwork of high quality
and uniform style. My wife and | worked together closely on the illustrations. It
is principally her talent that makes the artwork distinctive; she made all the
carbon pencil drawings and some of the pen and ink drawings (about 44% of
the total). | selected materials (largely from my teaching collection), and made
most of the pen and ink drawings (about 43% of the total). The publisher’s staff
artists completed the more diagrammatic illustrations (about 13% of the total)
from my sketches and did all labeling. For each subject we sought an appropriate
compromise between illustration that is so pictorial as to introduce extraneous
detail, and illustration that is so simplistic as to reduce the living body to me-
chanical analogs. In preparing the second edition, 27 illustrations were deleted,
12 modified, and 47 added.

Fifth, this book presents vertebrate morphology as a living discipline. The
transformations from fin to limb, from jawbone to ear ossicle, from branchial
artery to carotid circulation, and many more, are classic stories that should be
retold to new generations of students, yet note is also made of recent studies,
unsolved problems, tentative explanations, active areas of research, and current
trends in the discipline.

Finally, it is hoped that this book will be found interesting. No field of study
as large and complex as this one is likely to interest every student in all its aspects.
Application will be needed: The book is not intended as light entertainment.
Nevertheless, it is a tragedy that the teaching of comparative anatomy has some-
times been a parade of dull facts, dusty skeletons, and much-preserved speci-
mens. Nothing else in nature has more exquisite structure than the vertebrate
body. I will be pleased if the reader occasionally forgets the forthcoming exam-
ination and reads on thinking “Wow, that's really something!"’

Part | of the book is a survey of the vertebrates. Students must be able to
recognize and relate the major taxa in order to follow Parts Il and IIl. Brief
descriptions that stress typical features and recognition characters serve as prep-
aration for these parts. Extinct groups are included or not, according to their
relation to what will follow.

In Part I, the customary organ system approach is used to present the general
structure of the classes and subclasses of vertebrates and to review the structural
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evidence for their evolutionary relationships. Features that do not characterize
major taxa or do not show progressive change between successive categories are
deemphasized or omitted. The treatment is less detailed than in several other
texts, yet includes, | believe, as much “meat” as can be learned in one course
of study. Many students think that teachers of anatomy tend to pack into their
courses more detail than will be useful. The proportionately few students who
will become professional morphologists can easily find supplementary informa-
tion elsewhere.

Part lll presents knowledge and analysis of the major functional groups of
vertebrates. Following two chapters on bone-muscle mechanics, successive
chapters consider the major locomotor and feeding adaptations in order. Unre-
lated, often convergent, groups of animals are taken together to see how evolution
has provided for their common requirements. Extreme modifications (which
would be distractions in Part 11) are included.

About 327 selected and partly annotated references are listed at the end of
the book to give students a start on assignments and seminars and to indulge the
curiosity of anyone having unanswered questions. Some 85 titles were deleted,
and 133 added in updating for the second edition. The meanings of more than
150 word roots are given parenthetically where first used in the text. These are
intended as aids to understanding, and hence memory, not as etymology lessons.
A glossary of 565 terms is added to the second edition.

A preparatory course in general biology or zoology is assumed; most of the
requisite fundamentals and terms are reviewed here, but would come as a big
dose if none were already familiar. A prior foundation in embryology, physiology,
or evolution is desirable to give the student the benefit of additional familiar
ground, but is not assumed. Similarly, recollection of algebra and geometry, and
a course in physics would make Part Ill easier, but more for the security provided
than for formulas remembered.

Some students complain that textbooks present more than can be learned.
Well, the gourmet is not able to eat all that is on the menu, but does not therefore
desire few selections; others have other tastes and he will himself choose differ-
ently another time. | urge instructors not to serve up more of this book than can
be assimilated in the time available. In a two-term course, most of the chapters
can be presented. In a one-term course, selection is necessary. A balanced diet
can be obtained by combining portions of both Parts Il and lll, thus illustrating
more than one of the major approaches to the analysis of structure and aban-
doning the myth that any one approach would be “‘covered” merely by assigning
all relevant chapters in this, or any other, text. Unassigned chapters can become
the bases for special reports. Furthermore, | hope that students and instructors
will permit the terms and the illustrative and parenthetical material in the book
to support but not substitute for the ideas.

Of the nearly 1000 separate drawings comprising the illustrations, about
64% are completely original, about 20% are largely original, and the remainder
are all redrawn with some modification. We acknowledge our debt to more than
150 authors whose illustrations have been used to a greater or lesser extent as a
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World, by E. P. Walker, 18 drawings are taken at least in part from one or another
of the books by A. S. Romer, and 15 drawings are patterned on illustrations in
Traité de Zoologie.

Prepublication reviewers are never responsible for the deficiencies of a book,
yet they are responsible, if competent and conscientious, for great improvement
in the manuscript. | have been fortunate in having such reviewers. Carl Gans and
David B. Wake each read the entire text and made hundreds of very valuable
suggestions. Five chapters were reviewed by Karel F. Liem, two chapters each
by R. Glenn Northcutt and Irving H. Wagman, and one chapter each by Paul F.
A. Maderson, Paul S. Moller, Terry A. Vaughan, and Marvalee H. Wake. I also
thank reviewers of the first edition and the following reviewers of the manuscript
for the second edition: Margery C. Coombs, University of Massachusetts; James
Edwards, Michigan State University; Abbot S. Gaunt, Ohio State University;
William B. Muchmore, University of Rochester; Bedford M. Vestal, University
of Oklahoma; and Ralph M. Wetzel, University of Connecticut. | gratefully ac-
cepted most of the suggestions of most of them.

I shall be thankful to instructors and students who send me corrections,
comments, and sources of material for subsequent revisions.

Milton Hildebrand

Davis, California
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The Nature of

DEFINITION,
SCOPE, AND
RELATION TO
OTHER
DISCIPLINES

Vertebrate Morphology

Anatomy is the science of the observation and description of structure. Gross
structure, microstructure, and ultrastructure are included, though this book
stresses the first and presents little of the last. Morphology is the broader science
of relating and interpreting observed structure.

Since structure is influenced in many ways, information is needed from many
sources if interpretation is to be reasonably complete: (1) Much interpretation
follows from knowledge of the historical origins, or phylogeny, of form. Thus,
morphology relates closely to paleontology, taxonomy, and the principles of
evolution, and draws upon other fields such as serum chemistry and analysis of
chromosome structure that provide evidence of evolutionary affinity. (2) Also,
much interpretation is dependent upon knowledge of functional adaptation (i.e.,
suitability to fill a need effectively). Morphology is therefore related to ecology,
ethology, physiology, biophysics, and biochemistry. Some adult structure is in-
terpreted through (3) knowledge of embryology, and some through (4) analysis
of the relation between form and size. Other structure is (5) age-dependent or
(6) sex-dependent. Finally, (7) individual variation of structure may have genetic,
nutritional, pathologic, or other environmental origins.

Thus vertebrate morphology relates to many other sciences. It is desirable
for the morphologist to supplement training in the principles of biology at all
levels and grounding in vertebrate structure by gaining familiarity with the con-
cepts and methodology of one, or preferably more, related disciplines.



WHY STUDY
VERTEBRATE
MORPHOLOGY?

SOME
PRINCIPLES AND
CONSIDER-
ATIONS

The Nature of Vertebrate Morphology

This book describes the anatomy of the major structural and behavioral
groups of vertebrate animals, and interprets their morphological differences pri-
marily in terms of ancestry and function, employing related fields as needed to
further this objective.

In order to generate the interest and application needed to derive full value from
any course of study, the student must be convinced that the returns will justify
the effort. Different students derive different benefits from studying vertebrate
morphology, but the following advantages, in varying proportions, accrue to
most students:

1.  Knowledge of anatomy has direct application to many specializations within
biology. The surgeon and veterinarian, experimental embryologist and neural
physiologist, paleontologist and pathologist, all need to be familiar with the struc-
ture of their materials.

2. Knowledge of animal structure has made important contributions to human
health and technology. The selection of experimental animals, the conduct of
innumerable studies in basic and applied physiology and medicine, and the
design of prosthetic devices are examples. Some engineers are studying animals
for clues to improved design of bearings, ships, and aircraft.

3. Study of morphology increases the biologist’s understanding of the materials
at hand. Through interpretation one becomes less of a practitioner and more of
a professional, less a technician and more a scholar, less a catalog of facts and
more an expert. This benefit is difficult to measure, yet can be of great value to
the individual.

4.  Analysis of structure may increase the biologist’s interest in, and even fas-
cination with, animal form. This subtle benefit can be very rewarding.

5.  Vertebrate morphology provides particularly favorable evidence for the
process and product of organic evolution. It contributes to the answering of
questions that have long been important to man: What forces govern the stream
of life? How can one gain perspective in time and space? How can one account
for the perfection of the animal body?

Study of vertebrate morphology is unlikely to bring wealth, fame, or influ-
ence, but it is likely to increase the biologist's competence and pleasure in his
or her work.

HOMOLOGY AND ANALOGY Features of two or more organisms are homol-
ogous if they share common ancestry (see examples 1 to 4, Figure 1-1). Ho-
mology is established if the features can be clearly linked through time by
continuity in the fossil record, and is reasonably sure if they can be shown to
develop similarly in the embryo from identical primordia. Homology may be
difficult to establish in specific instances, and the acceptable remoteness of the
common ancestor may be disputed. Nevertheless, the concept is clear and very
important.



Lizard leg Dolphin flipper

Common ancestry
Different function
Different appearance

1

Toad tongue

*Common ancestry
Common function
Different appearance

Gecko toe Tree frog toe

*Different ancestry (integument)
Common function (adhesion)
Different appearance

Sea turtle flipper  Dolphin flipper

Common ancestry
Common function
Similar appearance

g
Penguin wing Swallow wing
4 Common ancestry
Different function
Similar appearance
i
g Sailfish
N 1
&
<
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Pelycosaur

Different ancestry
Different function
Similar appearance

Carp fin  Dolphin flipper

&

Different ancestry
Common function
Similar appearance

Figure 1-1 THE DISTINCTIONS AND RELATIONS AMONG COMMON ANCES-
TRY (HOMOLOGY), COMMON FUNCTION (ANALOGY), AND COMMON AP-
PEARANCE. (* In 2, the tongues are homologous, but the projection mechanisms are
not; in 5, the critical parts of the integument are not homologous, but the toes are.
Circle diagram modified from Hailman, 1976.)
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Features of two or more organisms are analogous if they share common
function (examples 2,3,5, and 6, Figure 1-1). Analogy may be inferred from
structure, or from comparison with other similar features, but is surely established
only by behavioral and biomechanical analysis. Analogous features may or may
not also be homologous. Analogy can also be difficult to prove in specific in-
stances. Acceptable levels of equivalence of function are debatable, and even
the concept and its definition remain somewhat controversial. In this book the
frame of reference is usually the class, subclass, or order where the concept is
exceedingly useful and seldom ambiguous.

Features of two or more organisms may also be related by similarity of
appearance (examples 3,4,6, and 7, Figure 1-1). Such features are usually also
analogous, and frequently are also both analogous and homologous. Features
related by appearance only are unusual unless the chance resemblance is su-
perficial. If two features are related by homology and appearance but not by
function, one of them has usually undergone an evolutionary shift of function
(see mention of preadaptation on p. 12).

Here are further examples of various relationships among homology, anal-
ogy, and appearance; how would you place each on Figure 1-1?2 (1) The quadrate
bone of reptiles, which supports the jaw, and the incus of mammals, which is
an ear ossicle (see the figure on page 135). (2) The penis of mammals and the
claspers on the pelvic fins of sharks, both of which convey sperm to the female
(see the figure on p. 163). (3) The ear ossicles of mammals (derived from cranial
bones) and the ossicles of certain fishes (derived from vertebrae) both of which
transmit sound waves to the ear. (4) The large cannon bone in the lower leg of
cloven-footed mammals (e.g., cow, vicuna) and a similar bone in the leg of the
ostrich (see the figure on p. 453); each adapts the foot for running.

Serial homology is a rather independent concept, which is mentioned here
because of the similarity of terms. Structures are serially homologous if they
occupy different spatial positions in a series of like structures. The separate ver-
tebrae are serially homologous, as are the different teeth of a tooth row, the
several gill arches of the series, the successive muscle segments along the back
of a fish, and the many tubules in the kidney of a lower vertebrate. It is usual for
the structures of such series to form gradients: Vertebrae become larger toward
the pelvis, teeth often become more complex toward the back of the mouth, gills
may become smaller toward the posterior end of the series. Serial homologs have
similar potential for change: Any embryonic vertebra behind the ribs will form
an articulation with the pelvis if experimentally placed adjacent to it. Also,
change usually affects more than one element of a series: If one tooth becomes
larger or more complex, its neighbors tend to do likewise.

Structures have sexual homology if they develop from equivalent embryonic
primordia, yet are sexually dimorphic. The ovary is the sexual homolog of the
testis, and the clitoris is the sexual homolog of the penis.

FORM AND FUNCTION It is clearly evident that form and function are closely
correlated; appropriate structures enable an animal to perform specific tasks.
Such correlations are the foundation of Part Il of this book. However, the basis
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for the correlation is less evident and has been the subject of much debate. It
seems to follow from Darwinian evolutionary theory that function precedes form
and provides the selective advantage that guides change of form (i.e., mutants
that are best suited to fill an existing biological need tend to survive). However,
form can precede function both in embryology (lungs develop before they are
used) and evolution (see mention of preadaptation on p. 12), and simultaneous
change in form and function must be considered. Sometimes the choice of prec-
edence can be made, if at all, only on a theoretical basis.

Although the correlation of a specific form with a specific function can
usually be made with confidence, errors have too often been made by assuming
that a particular structure is adapted to a particular purpose because that seemed
obvious, or plausible, or the only probable interpretation. Also, it is tempting to
generalize from one study animal to a large group of animals without adequate
attention to variation within the group. Correlations of form and function should
be considered tentative until it is shown by principles of functional design, cou-
pled if possible with experiment or field observation, that the observed form does,
indeed, fulfill the postulated needed interaction with the environment.

SOME APPROACHES IN MORPHOLOGY The following are some of the con-
siderations that guide the morphologist in recognizing and distinguishing ho-
mology and analogy, and in correlating form with function.

1. ltis often useful to compare form in numerous animals that are known to
be unrelated, yet share the same function, such as fast swimming, or climbing
by adhesion, or feeding on ants. Similarly, it is frequently helpful to study form
in a large group of related animals that have developed different ways of feeding,
moving, reproducing, or other functioning.

2. One must not infer that analogy indicates homology. Thus, horses and cattle
share large size, hoofs, and similar molar teeth because each runs well and eats
grass. The common structures evolved in response to common habits, and were
not retained from common ancestry. Hedgehogs, porcupines, and one of the
egg-laying mammals (echidna), though unrelated, all have quills because quills
provide a satisfactory defense for animals that cannot run or fight.

3. When structures are studied in combination, it is found that correspondence
of many parts bespeaks evolutionary relationship, whereas correspondence of
few parts may result from other causes. For instance, numerous cartilaginous and
bony fishes have electric organs. This suggests common origin, but the fishes are
so different in regard to so many other characteristics that it is virtually certain
their electric organs evolved independently. Likewise, horses and cattle each
have complicated enamel patterns in their cheek teeth, but their stomachs, dental
formulas, and skull structures argue against close affinity.

4. The study of complicated structures, although more difficult, may be more
rewarding than the study of simple ones. Ribs are just too simple to hold many
secrets. The skull, on the other hand, has so many functions and so many bones,
foramina, and contours that it reveals much of the habits and history of its former
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19 m whale \\\

41 cm pelvis

4 cm thigh bone @

Figure 1-2 VESTIGIAL ORGAN illustrated by the pelvis of a finback whale.

owner. Furthermore, corresponding structures of unrelated animals are unlikely
to be similar merely by chance if they are also complicated.

5. The primitive, or ancestral condition of a structure is more likely to be found
in an animal that retains the ancestral condition of other parts. One must avoid
circular reasoning. One cannot prove that a feature is primitive because it is
found in an animal that is assumed to be primitive. Nor can one assume that a
feature is primitive just because it is found in an animal that is known to be
relatively primitive—even long surviving species have some highly specialized
structures. Nevertheless, an animal that is known to be primitive in the expression
of several characters is of particular importance. Thus, if one is working on the
phylogeny of the types of placentas found among rodents, it would be well to
see what sort of placenta the mountain beaver has. It could be quite ordinary,
but if it were unusual, it would be the more interesting because this animal (not
really a beaver) is known by evidence of its skeleton, muscles, and fossil record
to be the most primitive living rodent. Part 1l of this text will pay special attention
to several animals that retain numerous primitive features: Polypterus among
fishes, Sphenodon among reptiles, the platypus among mammals, and others.

6. It is also important to note the presence of vestigial or degenerate organs
having no function at all. It is safe to assume that such structures were functional
in the ancestor, and this tells us something about the evolution of the descendant.
The blind eyes of burrowing moles and cave fishes indicate that their ancestors
could see, and tiny bones in pythons and whales tell us that the remote ancestors
of these animals had legs (Figure 1-2).

RECOGNITION AND ASSESSMENT OF VARIATION The morphologist rarely
describes an individual animal as an individual; single specimens are studied to
learn about kinds of animals. Individuals of a kind vary so much among them-
selves that a single specimen is not adequately representative.
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Most characters vary independently of one another—a specimen may be
average for one yet extreme for another. However, some characters are related
in such a way that variation in one can be correlated with variation in another.
For instance, among certain mammals, an individual with extra-high tooth
crowns is likely also to have extra-large premolars and an extra-long jaw, because
these characters are functionally related.

Structures that have relatively great variation among individuals of a kind
may be of limited value for interpretation of form. Molar teeth and ankle bones
must be just right to function well, so they do not vary much. Breastbones, by
contrast, can be flatter, or longer, or more segmented than usual without much
impairment of function. Accordingly, there is more variation in breastbones and
less can be interpreted from their configurations.

It may be important to study sexual dimorphism either so that the gender
of a particular vertebrate can be established or so that sexual characteristics will
not be mistaken for species characteristics or for adaptive features of another
nature. Of course, sexual dimorphism relates most to the gonads, genital ducts,
external genitalia, and accessory sex organs. These may be conspicuously dif-
ferent in the two sexes or closely similar. Sex differences of the genitalia may be
much more evident at one stage of the breeding cycle than at another because
of alterations in size, position, coloration, secretions, or vascular congestion.

Other sexual dimorphism does not relate directly to the genital system, yet
correlates with distinctions between the sexes in regard to sex role and behavior.
These include differences in the coloration, amount, and distribution of scales,
feathers, or hair, in clasping organs and pelvic architecture, and in the presence
or development of crests, spurs, antlers, tusks, and scent glands.

Adult body size and rate of growth are frequently sexually dimorphic, and
gender differences in body proportions and configuration are common. Thus,
males commonly have coarser and relatively heavier skeletons. There may be
sexual differences in the muscular and vascular systems, and in the brain and
pituitary gland.

The morphologist also needs to recognize age variation and to avoid con-
fusing it with variation of another kind. The accretion of successive rings or layers
on hard tissues often accurately reflects alternating periods of slow and rapid
growth. Like tree rings, these relate to times of favorable climate or nutrition,
which usually are seasonal. In favorable circumstances, the scales and otoliths
(bones within the inner ear) of bonv fishes, the scutes and long bones of turtles,
the baleen and ear plugs of whales, and the dentine and cement of the teeth of
mammals all show marked growth rings.

Hard parts also correlate with age in other ways: The centers where devel-
oping bones first ossify appear in regular sequence, the various teeth of mammals
erupt and are replaced at different but regular ages, sutures between bones close
on schedule, and epiphyses at the ends of the long bones join the shafts at given
times. The ages of voung humans and of some other animals (ior which the
sequences have been worked out) can be determined within fairly narrow limits
bv x-ray analysis of the skull, wrists, or other joints.
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The following may also be age-related, though usually with less precision:
size and structure of the baculum (a bone in the penis of some mammals), struc-
ture of the cranial wall (birds), relative size of orbits, size and configuration of
horns and antlers, porosity of bones, development of crests and tuberosities on
the skeleton, position of basicranial axis, and relative development of rostrum or
facial area.

The structure of soft tissues tends to be less precisely age-related, yet the
weight of the lens of the eye (measured after careful removal and desiccation) is
sometimes a reliable index of age. Changes in the skin, in the progression of
molt, in the composition of muscle, and in the circulatory system, are also as-
cribed to advancing age.

If an animal is extinct, rare, or otherwise difficult to obtain, it may be nec-
essary to work with few specimens, but the morphologist tries to obtain random
samples of adequate size. He may first sort the individuals by sex, age, geographic
location, or other criterion, keeping enough specimens in each subsample (about
25 is usually adequate) to assess these variables. The individuals of such subsam-
ples still vary among themselves, however, and this individual variation must
be analyzed if the true nature of each characteristic is to be identified. The nature
of typical structure, the range of variation, and the variability, or tendency to
vary, are all population characteristics; they cannot be learned from single spec-
imens.

Statistical analysis of population characteristics is beyond the scope of this
book, yet should be studied by aspiring morphologists. Even several relatively
simple parameters can be very helpful: The arithmetic mean expresses the “‘av-
erage’’ condition. The standard deviation shows the degree to which the separate
values tend to cluster around the mean. The standard error of the mean enables
one to judge if means derived from different populations (or samples from dif-
ferent populations) are significantly different. The coefficient of variation makes
it possible to say if animals of different absolute size are comparably variable,
that is, if a shrew varies as much for a shrew as an elephant does for an elephant.
Morphologists commonly use these and many other parameters, and also employ
various graphical techniques.

Statistics, however important, do not substitute for attention to accuracy,
reliability, and significance. Results are accurate if free of error, reliable if re-
peatable, and significant if meaningful. The grade given a student on an exami-
nation is accurate if additions and recording were done with care. It is reliable
if another reader would have assigned the same grade, and if the student, taking
the exam again, would be assigned a closely similar score. It is significant if the
grade assigned indicates the student’s progress toward desirable course objec-
tives. Research, like student grades, is best when accurate, and reliable, and
significant.

CONTRIBUTIONS FROM PALEONTOLOGY Paleontology is the study of pre-
historic life as revealed by fossils. Some vertebrate fossils are mere trackways or
body imprints made millions of years ago in mud that was later converted to
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stone. Rarely is an entire animal preserved: Insects trapped in ancient pitch have
retained their delicate structures as the pitch gradually turned to amber, and great
mammoths that stumbled into glacial crevasses have been preserved for 50,000
years in a natural deep freeze. Usually only teeth and bones are preserved, and
even for these the slow process of petrification has replaced most of the original
organic tissue by an exact copy in hard minerals.

To be preserved, the skeleton must be protected from the destructive forces
of weathering, and this means that it must be covered up soon after it is released
by decay from the tissues it supported in life. Landslides, wind-driven sand, and
volcanic ash cover some skeletons, but most that become fossils are covered by
silt and sand deposited in lakes or streams, or on the flood plains of wide valleys.
In time, the mud is converted by pressure to shale and the sand to sandstone.
Upheavals of the earth’s crust, and subsequent erosion, expose the contained
fossils. Sedimentary rocks are thus a gigantic filing cabinet for the fossils they
contain: The oldest fossils are in the oldest strata and the recent fossils are in
recent strata. Evolutionary changes in the structure of animals progress step by
step with the accumulation of earth sediments.

As an interpreter of animal structure, the vertebrate paleontologist is con-
fronted with many difficulties. He or she usually must work with broken materials
and fragments, seldom finds fossils of animals that lived in arid uplands where
skeletons disintegrate quickly in dry air and hot sun, and with rare exceptions,
must work with a single organ system. Nevertheless, paleontologists have de-
scribed about three times as many extinct vertebrates as there are surviving ver-
tebrates. The morphologist, embryologist, zoogeographer, serologist, and other
specialists have provided part of the story of evolution, but the paleontologist has
contributed the most (but see opinion of cladistic systematists on page 35).

EVOLUTION AND HABITAT Interpretation of structure is made more mean-
ingful by familiarity with the major features of the evolutionary process. Supple-
mentary reading on that subject is highly recommended (see the References at
the back of this book). There is space to present only the barest outlines here,
and it must be assumed that the reader has general knowledge of the origins of
heritable variation, natural selection, and earth change.

A major consideration is the relation between evolutionary change and the
stability of the environment. With minor exceptions, evolution results from the
interplay between changing environments and adapting organisms. Each kind of
animal becomes adapted to, and dependent upon, a particular kind of life (pre-
dation, seed-eating, grazing) in a particular kind of habitat (marsh, stream,
meadow). If the habitat is large and constant (oceans, tropical forests, coniferous
forests), the animal inhabitants have time to become well-adjusted. It is most
advantageous for each species to remain about as it is, so natural selection tends
to prevent change. Large habitats do move slowly in earth history (e.g., forests
advance and recede), but most of the animals move with them, remain adapted,
and change relatively little.

Although the general habitat may shift slowly in space, the restricted habitat
of a population of animals may instead slowly change. Thus, a shoreline may
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gradually become more rocky, or a pine-fir forest that is isolated between moun-
tain ranges may become more alpine in character as timberline shifts southward.
The average expression of the characters of a kind of animal is then no longer
quite optimum. Natural selection therefore tends to cause the animal to become
a somewhat different kind of animal. If the habitat alters as a unit, the evolutionary
change is in a more or less straight line and is said to be linear. If the old habitat
subdivides into different units, different parts of the original animal population
become isolated from one another, adapt independently, and evolution is
branching.

When a habitat alters too fast for a resident species to adapt to its new
character, then, so far as that species is concerned, the habitat does not change,
but disappears: As the earth slowly tilts, an inland sea drains away leaving only
shoreline terraces on dry hills; meadows are invaded year after year by pine
seedlings, and finally succumb to the forest. As a habitat becomes less and less
satisfactory, the force of natural selection, that is, selection pressure, for the old
way of life weakens. Finally, extreme variants in the population may be better
suited for life in a new habitat than in the old, provided that one or several new
habitats are physically available and not already occupied by effective compet-
itors. Selection pressure then becomes strong and shifts away from the old life
style toward the new.

Several factors may contribute to success in this hazardous kind of evolution.
Specialized structures are those that have become modified to perform restricted
functions with great effectiveness, whereas unspecialized structures (or gener-
alized structures) are suited to perform adequately a less restricted function or a
variety of functions. Unspecialized structures have more capacity for evolutionary
change, and hence favor survival when change is essential. Thus, the ancestral
five-toed foot has been converted to a springing support, wing, paddle, grasping
organ, and so on. Specialized organs are satisfactory as long as their restricted
functions are needed (it is probable that there will long be ants for anteaters and
krill for baleen whales), but if a new function is needed, such organs rarely can
adapt.

When a species must adapt quickly to altered conditions, it is not granted
time to evolve an entirely new complement of structural attributes. It must rely
for a time on the intensified or altered use of attributes it already has. Natural
selection may ““discover”’ that a structure that was useful in one way before can
now be useful for another purpose. Such structures are said to have preadap-
tation. For instance, it was a long and major task for evolution to convert the
walking legs of proavian reptiles into the wings of birds. It was relatively quick
and simple for several groups of birds to use their wings as waterfoils for swim-
ming instead of as airfoils for flying—a shortcut of tens of millions of years in the
evolution of effective paddles (example 4, Figure 1-1). Unspecialized form and
preadaptations are good cards to hold in the game of find-a-new-way-of-life-or-
become-extinct.

Just as habitats can disappear, so they can appear. A new marsh, formed
close to existing marshes, will be populated from nearby, and no evolution will
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occur. A new inland sea, however, if extensive and isolated, is a place of evo-
lutionary opportunity for such animals as can get a start there. Similarly, the
habitat may be old, but its availability may be new: Land first became available
to vertebrates when reptiles and certain amphibians evolved. There were suffi-
cient land plants and arthropods to provide food and shelter. There, inviting
colonization, were millions of square miles of diverse new habitats having no
competition from established animals. In this infrequent circumstance, evolution
rapidly creates various new kinds of animals. It is said to be radiating.

Animals that are successful in evolution’s stern game of adapt or perish
become extinct by progressive change: Ancestors disappear as descendants
evolve. Many more kinds of animals leave no daughter species. They become
extinct because they cannot meet the competition, because disbalance occurs in
predator-prey relations, or because there is failure to adapt to changes in the
noncompetitive parts of the environment.

EVOLUTION AND TIME Figure 2-5 presents the time scale in relation to ver-
tebrate evolution. The numbers are easy to read but difficult to comprehend. It
helps to relate geologic time to something relevant and finite. One example
equates all the time since life began on earth with one year: Then, vertebrates
appeared about October 20, mammals evolved on December 7, and Homo
sapiens made his debut at 11:48 PM on December 31.

This example teaches proportion but fails to show the magnitude of the full-
scale phenomenon. Perhaps that is not possible, but consider this: Our galaxy
is an assemblage of 10 billion stars distributed in the shape of a wheel so large
that light requires nearly 100 thousand years to traverse its diameter. Yet, the
entire galaxy has revolved once around in space since the coal bogs dried out
and the dinosaur radiation began. From time to time, galaxies pass through one
another. Such a collision is completed in about one-seventh of the time it took
the horse to evolve from one genus to the next. Since vertebrates evolved, the
far edges of our expanding universe have receded a distance 40 times the di-
ameter of our galaxy!

The fossil record presents many relatively complete and continuous lineages:
Elephants were once numerous and diversified, and camels came in all sizes and
were abundant on four continents. Horses, turtles, crocodiles, the various kinds
of dinosaurs, and many other groups are all assemblages of clearly related genera.
Such a lineage is called a phyletic line, and is usually represented by genera
that are related in time by linear and branching evolution, and through extinction
by progressive change. Systematically, a phyletic line is often a single family but
can also include all or part of other taxa. For reasons explained below, many
phyletic lines appear suddenly in the fossil record and, if not still surviving, seem
to disappear from the record rather than merge into one or more other lines.

Different phyletic lines evolve at different rates, each line evolves at different
rates at different times, and different characters of one line evolve at different
rates at the same time. With these qualifications, however, some examples can
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be given of the survival of lineages and of slow and fast rates of evolutionary
change. The group characters of rabbits, armadilios, and turties were established
more than 65 million years ago. Opossums have been opossums for 100 million
years, and the same is true for crocodiles. Some groups of fishes (coelacanths,
dipnoans, sharks) have survived for 300 million years.

Peak rates of evolution for vertebrate classes in terms of numbers of new
genera evolved per million years have been about as follows: placoderms, 3;
cartilaginous fishes, 2; bony fishes, 6; amphibians, 3; reptiles, 12; and mammals,
30. The rate at which genus replaced genus in the horse lineage was 1 per 7.5
million years, which is high for vertebrates generally, but not particularly high
for mammals. The highest rates occurred among land vertebrates, probably be-
cause they have been the most adaptable and their habitats have come and gone
the fastest. Social systems that restrict the size of effective breeding populations
may also contribute.

Even though there are gaps in the fossil record between phyletic lines, it is
agreed by many evolutionists that the evolutionary process is the same between
phyletic lines as within phyletic lines. New lines appear under the conditions
noted above that favor rapid evolutionary change. Two factors contribute to the
relatively incomplete nature of the fossil record at the times that new lines are
established: First, fewer animals are fossilized because, when evolutionary
change is maximum, kinds of animals do not survive long, and there are relatively
few individuals in the affected populations. Second, such fossils as are formed
are less often found because the animals tend to be small, and the same extreme
conditions of earth change that increase selection pressures also tend to erode
and destroy the earth’s crust, thus destroying the contained fossils. Other evo-
lutionists, however, believe that the process of evolution may be accelerated
between lines. This is a subject of current interest and controversy.

EVOLUTIONARY TRENDS It is a striking fact that within phyletic lines, each
adaptive change tends to progress in more or less the same direction without
stopping, zigzagging, or reversing. Such gradual changes are called evolutionary
trends and, though not universal, they have been usual for large populations
evolving at moderate rates. Evolutionary trends are oriented and prolonged by
selection pressure. The characteristic continues to develop because it continues
to be advantageous.

A common, though by no means universal, trend has been to large body
size. Repeatedly, and in unrelated lineages, there has been gradual increase in
size from modest ancestor to gigantic descendant. Examples of the advantages
of large size, and adaptations for supporting great weight are included in Chapter
22, and some other structural responses to large body size are noted later in this
chapter. A common trend for the reduction in number of serial parts is exempli-
fied by the teeth of many lineages, lateral digits of hoofed mammals (Figure 1-3),
gill arches of lower fishes, and cranial bones from fishes to mammals. Conversely,
teeth and muscles have increased in number in some lineages. Trends leading
to change in relative size of parts of the body have been common. The gradual
development of tusks, antlers, and unusual beaks are examples. D’Arcy Thomp-



Some Principles and Considerations

Ancestral Eocene horse Miocene horse Recent horse

condylarth Hyracotherium Miohippus Equus

Figure 1-3 EVOLUTIONARY TRENDS IN PROPORTIONS AND NUMBER OF SE-
RIAL PARTS of the left forefoot of the horse. (Not drawn to scale.)

son demonstrated in 1917 that trends in body proportions are admirably de-
scribed by progressively distorting a grid based on Cartesian coordinates as shown
in Figure 1-4. Other trends involve increase in specialization of parts, such as
the formation of elaborate enamel patterns in the grinding teeth of horses.

The recognition of trends is important as a means of following the path of
evolution. Many examples are identified in this book. Rarely can one identify a
single, isolated trend, because initial or primary changes usually necessitate de-
pendent or secondary trends in response to functional necessity. Thus, increase
in body size ultimately requires postural, skeletal, and muscular alterations; in-
crease in the efficiency for grinding of premolar teeth requires lengthening of the
face and altered jaw mechanics.

A degree of rectilinearity is inherent in the nature of most trends. Body size,
body proportions, and number of parts in a series can only increase, remain the
same, or decrease. Such trends seldom progress at a constant rate, and often
have temporary arrests, yet the direction of change is usually constant because
the direction of advantage to survival is usually constant. Trends in form and
degree of complexity are less rectilinear.

Even trends of the stop-or-go variety usually come to an end if, and when,
the condition of maximum advantage is reached: The sabers of saber-toothed
tigers increased until the Oligocene epoch and then remained about constant for
40 million years. Furthermore, many trends have theoretical end points: Change
toward longer-wearing teeth ends with ever-growing roots; change toward loss
of lateral digits ends with one toe; change toward loss of vision ends with rudi-
mentary eyes.
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Modern horse Equus

Hypothetical intermediate stage
resembling the Miocene horse Merychippus
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Figure 1-4 EVOLUTIONARY TRENDS IN PROPORTIONS AND SIZE of the horse
skull shown by the progressive distortion of a grid.

Still, some trends do seem to stop short of maximum advantage whereas
others seem to go too far. For instance, some extinct elephants had tusks so large
they curved and crossed and could no longer effectively thrust, pry, or dig. There
are several ways in which this can come about. First, natural selection makes no
provision for nature’s senior citizens. It improves the fitness of breeders and
potential breeders, but neglects individuals that are no longer productive.

Also, if the continuance of a trend is advantageous in one respect but dis-
advantageous in another, then the trend will stop when the advantages and dis-
advantages of further change are in balance. This is common, though often
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difficult to identify in specific instances. Increased dermal armor might give a fish
added protection against predation but make it less maneuverable; increased
slenderness of limb might give an antelope more speed but make it less able to
avoid injury; increased curvature of the beak might make it easier for a bird to
secure one kind of food but more difficult to secure another. The result is optimum
compromise, not optimum structure in regard to any one function. ‘

PARALLELISM AND CONVERGENCE Descendant lineages may resemble one
another closely in characters that are not present in the common ancestor. Par-
allelism is evolutionary change in two or more lineages such that corresponding
features undergo equivalent alterations without becoming markedly more or less
similar. Descendants are about as much alike as were their ancestors, and at
each stage the correspondence may be close.

The kangaroo rats of western North America and jerboas of Africa and Asia
show striking parallelism: Each has long hind limbs, short forelimbs, loss of lateral
toes, lax fur of tan color, long tail with white tip, large eyes, inflated bony ear
capsules, and compacted neck vertebrae (Figure 1-5). It is unlikely that the com-
mon ancestor had any of these characters; on the basis of other features, these
rodents are placed in different suborders. Similarly, the golden moles of south

Convergence Parallelism

Shark

lehthyosaur  polphin

class Mammalia

Primitive rodent

Primitive insectivore

Stem reptile

Jawless vertebrate

Figure 1-5 PARALLELISM AND CONVERGENCE both establish correspondence of
structure in response to similar habits. They differ in the degree to which common
general plan extends to similarity of detailed structure.
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Africa and the marsupial moles of Australia belong to different orders, yet have
in common short robust forelimbs with strong claws, rudimentary eyes, loss of
external ears, tough nose pads, and other characters. Parallel lineages each re-
main adapted to nearly identical ways and places of living: kangaroo rats and
jerboas now to hot, sandy deserts; golden moles and marsupial moles to life in
the soil. It is the effectiveness of natural selection that causes basically similar
animals having nearly identical functional requirements to evolve similar struc-
tural adaptations.

Convergence is evolutionary change in two or more lineages such that
corresponding features that were formerly dissimilar become similar. Descen-
dants are more alike than were their ancestors, though the similarity seldom
extends to correspondence of detail. Closely similar functional requirements are
met in somewhat different ways because the common ancestor is often (but not
always) more remote than for parallelism.

The remarkable similarity of the shark, ichthyosaur (an extinct reptile), and
dolphin is a classical example (Figure 1-5). The common ancestor was a primitive
armored fish unlike any of them. One has no terrestrial ancestor; the others have
dissimilar terrestrial ancestors. Nevertheless, the tail of each is a waterfoil (though
one turns up, one turns down, and one is straight with lateral flukes). Each has
numerous simple teeth (but they are rootless for one, rooted in grooves in another,
and rooted in sockets in the third). The same sort of general resemblance with
variation of detail holds for the spine, eyes, and paired and median appendages.
Another example is the similarity of birds and flying reptiles: In spite of remote
common origin, each has large eyes, proximal nostrils, long rostrum, long neck,
short back, large breastbone firmly attached to the pectoral girdle, many vertebrae
articulating with the pelvic girdle, pneumatic bones, and other common features.

The concepts of parallelism and convergence merge into one another. Each
process causes taxa to become more related by function and appearance than by
phylogeny. Regardless of emphasis (function or phylogeny) the morphologist will
sometimes misinterpret evidence if parallelism and convergence are not recog-
nized and interpreted.

DEVELOPMENT AND ANCESTRY It is evident to the discerning student that
the development of the individual from egg to adult (ontogeny) and the ancestry
of the species (phylogeny) are closely related. However, it has been less evident,
even to specialists, just what the relationship is in all its ramifications. Three
authors stand out from the many who have contributed to the long, and some-
times spirited debate on this important subject.

Following the publication of Darwin’s Origin of Species in 1859, embryol-
ogists were quick to endorse its new concept. It was thought that in the successive
stages of its embryonic development, each kind of animal necessarily repeats all
the stages of its evolutionary history. The former was the newly discovered key
to the latter. The author and foremost champion of this doctrine was Ernst Haeckel
(1834-1919), and his three-word summary of the theory has been spoken by most
biologists since that day: “Ontogeny Recapitulates Phylogeny.”’
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Figure 1-6 THE AVIAN SHELLBREAKER illustrates an embryonic structure not
present in the adult or the ancestor.

The second major contributor was Gavin de Beer, whose book, Embryology
and Evolution, was first published in 1930, and subsequently was enlarged in
two editions titled Embryos and Ancestors. His emphasis was on the product (not
the process) of the connection between ontogeny and phylogeny. He showed
that in addition to the embryonic recapitulation of ancestral stages, as recognized
by Haeckel, other relationships can be identified. For instance: (1) The embryo
may have a structure that is not present in the adult of either the ancestor or the
descendant. The shellbreaker used by the chick at hatching is an example (Figure
1-6). (2) A structure that was present in both embryo and adult of the ancestor
may become vestigial (Figure 1-3) or even be lost. (3) Structures that were for-
merly present only in the larva or embryo may come to be retained in the adult
of the descendant. The gills of certain salamanders are examples (Figure 1-7).
(4) The embryo of the descendant may repeat early developmental stages of the
ancestor, but not late developmental stages. Thus, the gill apparatus of the em-
bryo mammal resembles that of the larval ancestral fish, yet never recapitulates
the functional gills of an adult fish. (5) The developmental sequence of the ances-
tor may be altered by the descendant. For example, the muscular and digestive
systems of larval amphibians become functional before the appendages form,
whereas in birds and mammals the appendages develop first.

The third principal contributor is Stephen Gould, whose book, Ontogeny
and Phylogeny, was published in 1977. His emphasis is on process. He states
that in the course of development, structures can be added or subtracted from
those of ancestors, or they can be accelerated or retarded in the relative time of
their formation. Four combinations result: (1) If the development of the somatic
features of the descendant (but not of the reproductive organs) is accelerated, the
result is recapitulation in the classical sense; that is, adult characters of the
ancestor come to be juvenile characters of the descendant. Thus, the asymmet-
rical tails of advanced fishes pass through a symmetrical developmental stage
which resembles the adult tail of the ancestor. (2) If development is accelerated
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Figure 1-7 THE GILLS OF THE AMPHIBIAN Necturus illustrate an embryonic struc-
ture retained by the adult. Compare with the salamander shown on page 59.

only for the reproductive system (a process Gould calls progenesis), the resulting
condition is paedomorphosis, or the retention of ancestral juvenile characters
by adult descendants. The best examples are certain insects that breed when
otherwise juvenile in form. However, the condition is also cited in theories on
the ancestry of vertebrates (see page 34). (3) If the development of a somatic
feature is instead retarded (a process called neoteny), then the juvenile character
of that feature is retained by the adult, and paedomorphosis has been attained
by a different process. The example of larval gills in adult salamanders falls in
this category. Neoteny is common. Neotenous features of man include naked
skin, large brain, short jaw, absence of brow ridges, and late sexual maturity.
(4) Finally, if the maturation of the reproductive organs is retarded, then ontogeny
is extended beyond its ancestral limits, usually resulting in an animal having
increased body size and complexity of certain parts. The enormous growth and
branching of the antlers of a large extinct elk is a classic example.

The relation between development and ancestry is so important that all ver-
tebrate morphologists benefit from the study of embryology. Chapter 5 presents
fundamentals of embryology, and organogenesis is reviewed in the chapters on
the organ systems.
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FORM AND SIZE Allometry is the important study of the correlation between
body form and size. If two structures grow at different rates, then, as size changes,
body proportions also change. Allometry relates both to ontogeny (colts have
relatively longer legs than adult horses) and to phylogeny (modern horses have
relatively longer legs than their smaller remote ancestors). Either the altered size,
or changed form, or both, are considered to be adaptive, so allometry helps the
morphologist interpret structure.

If the length of structure x (e.g., the legs) is plotted against the length of
structure y (e.g., the spine) for many animals of a kind, the individual plots
distribute themselves on the graph in such a way that a regression line, or line
of best fit, can be drawn to represent their relationship. The formula of the line
might be a linear equation, or any of various polynomial equations, but the
power equation y = bx® gives an adequate fit, is simple, and provides a straight
regression line on a logarithmic grid. Change in the value of b shifts the line
parallel to itself. Change in the value of « alters the slope of the line. When x
and y are both linear measures, the slope is 45° if @ = 1, more than 45° if «
>1, and less than 45° if « <1. (Other values pertain if x or y is a surface or a
volume.)

On Figure 1-8, the six regression lines represent allometric equations for six
populations that are distinct in age or ancestry. Populations A and C have about
the same body size and relative leg length, but in C, legs and spine are growing
at the same rate, whereas in A the legs are growing faster. The analysis shows
that the populations are less alike than it appears. The same can be said of

length of legs

T

y:

1

x=length of spine

Figure 1-8 RELATION BETWEEN BODY SIZE AND BODY PROPORTIONS shown
by graphing leg length against body length on a logarithmic g,nd. Each regression line
represents many plotted points (not included) of one population. Skqtchgs show body
size and proportions of animals near the centers of the respective distributions.
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populations D and E. These populations are larger than A and C, yet have the
same proportions. However, the analysis shows that C differs more fundamentally
from E than from D, because C and E differ also in the relative growth rate of
legs and spine. How would you interpret the relationship between A and B, or
B and C, or C and F?

Disproportionate growth rates among the parts of the body commonly evolve
as a consequence of the size dependence of surface-to-volume ratios.

SURFACE-TO-VOLUME RATIO Many bodily functions depend on the relation
between surface and volume: Oxygen is absorbed through a surface, but is used
by the entire volume of the body; rough food is ground by the surfaces of teeth
and absorbed through the surface of the gut, yet nourishes the entire body; the
strength of muscles is approximately proportional to their cross-sectional areas,
whereas their loads are proportional to the volumes of the structures moved.

Most adaptations required to sustain large body size derive from the fact that
the surface-to-volume ratio of an object is related to its size. It has been common
for vertebrate giants, (examples are given in Chapter 22) to be 5-10 times as long
as the ancestors of their respective phyletic lines. If such enlargement were not
accompanied by alteration of form, their surface-to-volume ratios would be re-
duced 5-10-fold. Stated more generally, objects of similar form have surface
areas that are proportional to the two-thirds power of their volumes. Clearly, as
animals become larger, they fall behind in all requirements related to surface-to-
volume ratios unless adaptations are made.

One way to adapt is to reduce the need for surface-related functions. The
rate of gaseous exchange in the lungs, of absorption from the gut, and of excretion
in the kidney all depend on the rate of metabolism. It is not surprising, therefore,
that the basal metabolic rate of vertebrates is roughly proportional to the two-
thirds power of body weight.

Another way large animals adapt is by making structural modifications that
increase surface areas so they can “keep up’”’ with related volumes as overall size
increases. Removal of wastes from the bloodstream occurs in the surface layer,
or cortex, of the mammalian kidney. In order to provide enough cortex to remove
enough wastes, the kidneys of large mammals are compound, each resembling
a large cluster of small, smooth kidneys. Similarly, the grey matter of the mam-
malian forebrain is in the surface of that organ. In order to have enough grey
matter, the large mammal has a much convoluted forebrain. The occlusal surfaces
of the cheek teeth of large herbivores are disproportionately large and they have
particularly intricate infolding of the enamel.

(Some adaptations of the skeleton for supporting great weight-are given in
Chapter 22.)

It is useful to contrast the former nature of a scientific discipline with its present
nature. Useful, not because it shows those who are unsure which way to jump
in order to be “modern,”” but because it enables participants and observers to
assess its progress and vitality and to make short-range projections in regard to
its materials, methods, and emphasis. Vertebrate morphology now differs from
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the antecedent comparative anatomy of several generations ago in various ways,
though it is not implied here that the changes do or should characterize all work
of all researchers and teachers.

Formerly, there was more speculation than there is today. Contrasting the-
ories about, for example, the origin of paired appendages and of multicuspid
teeth were elaborated and debated on meager evidence. Now, most morpholo-
gists prefer to work with tested, or at least testable principles. Many unsolved
problems (e.g., the detailed homologies of the parts of various chondrocrania,
and the origin of the vertebrate type of kidney) have largely been put aside
because they are doubtfully answerable with present resources.

There is now less emphasis on phylogeny and more on function, less on
general adaptations and more on specific adaptations, less on homology and
more on analogy. Morphologists now stress differences instead of similarities.
Descriptive studies remain of the utmost importance, yet seem less satisfactory
if they do not support interpretation of form or function. Major taxa are studied
less and minor taxa more. There is less emphasis on isolated structures and more
on functional units. Examination of preserved materials is more often supple-
mented by study of living animals.

Morphology is now less narrow and more eclectic in regard to materials,
methods, and the identification of problems. It merges into other disciplines.
Variation is considered more important, so larger samples are used—when pos-
sible. Sampling techniques are of concern. Correlation and other quantitative
methods are used for analysis. Superficial studies and generalizations from in-
sufficient data are no longer acceptable.

Dissection, including micromanipulation, remains a very important, though
too often neglected, technique. In recent years, however, morphologists have
used much new instrumentation and many new techniques. These are examples:
microscopy (light and electron), histochemistry, cinephotography (including
high-speed recording, radiography, fluoroscopy), analytical film projection (var-
iable direction and speed, remote control), artistic and graphic techniques, ster-
eotaxic methods, telemetry, computer programming, analysis of television tape,
electrophysiological techniques (including electromyography and sensors of nerv-
ous activity), and physical, electrical, and engineering data recording techniques
(including osteometry, photoelastic and photostress analysis, use of force trans-
ducers and strain gauges, use of oscilloscopes and multigraph recorders).

Also important, particularly in teaching, are techniques for fixing, preserving,
and embalming animals; preparing and demonstrating bony and cartilaginous
skeletons by wet and dry methods; making dry bone-muscle demonstrations;
injecting vessels, ducts, and cavities; dissecting and staining nervous tissue; air-
drying hollow viscera; freeze-drying; embedding; molding; modeling; and cast-
ing. | have described and illustrated these techniques elsewhere (see References
at the back of this book).

Anatomists formerly asked “What is it like?” Morphologists will long con-
tinue to ask the same question, but now also ask “How does it work?”” and “How
did it come to be the way it is?”
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RELATION OF
VERTEBRATES
TO NON-
CHORDATES

What is a vertebrate, and how did vertebrates originate? Some animal groups can
be distinguished by one or two diagnostic characters: Any animal with feathers
is a bird; any animal with mammary glands is a mammal. Similarly, any animal
with a cranium is a vertebrate. However, since our objective is to understand
and interpret the structure of the entire body, it is more helpful to use many
characters in combination to describe vertebrates, selecting not only features that
are unique to the group but also those that place vertebrates among related
groups.

Remembering that VERTEBRATA is a subphylum of the phylum CHOR-
DATA, let us start by describing vertebrates in general terms that relate their
phylum to others. Vertebrates are multicellular animals derived from embryos
having three tissue (or germ) layers: ectoderm outside, mesoderm, and endoderm
lining the gut tube. (The few embryonic terms used in this chapter are defined
further in Chapter 5 and in the Glossary.) The body has bilateral symmetry (right
and left sides, anterior and posterior ends, dorsal and ventral surfaces). A body
cavity, or coelom, is present and is lined by mesoderm. The gut is complete,
which means that there are separate openings for mouth and anus. The anus is
derived from an opening in the surface of the early embryo called the blastopore
(or a point near the blastopore). There is an internal skeleton derived from meso-
derm, and the mesoderm is formed at least in part from tissue derived from the
embryonic gut.
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These characters go far to describe vertebrates, yet they are shared by other
chordates and by the phyla ECHINODERMATA (starfishes, sea urchins, sea cu-
cumbers, etc.), HEMICHORDATA (wormlike, burrowing animals), and two lesser
phyla (POGONOPHORA, CHAETOGNATHA). There are some departures: One
group has no internal skeleton, another has no digestive tract, another lacks a
coelom, and only the larvae of echinoderms have bilateral symmetry. In general,
however, these features in combination set these animals apart from all others.

It is usually concluded that chordates are more closely related to echino-
derms, hemichordates, and members of similar phyla than to animals belonging
to other groups. Because these animals do not form the mouth from the blasto-
pore, they are collectively called DEUTEROSTOMIA (= second + mouth).

There are three subphyla in the phylum Chordata: UROCHORDATA (called tun-
icates and sea squirts), CEPHALOCHORDATA (called amphioxus), and VERTE-
BRATA. These animals have various characteristics in common. Most distinctive
is the notochord (= back + cord). This is a longitudinal rod of supportive tissue
generally derived from the dorsal wall of the embryonic gut. Its turgid, vacuolated
cells are unique. The cord is surrounded by sheaths of connective tissue. All
chordates (as the name implies) have a notochord during early development.
Cephalochordates and many vertebrates (but not urochordates) retain the noto-
chord, or remnants thereof, as adults.

Hemichordates have a muscular proboscis in which there is a short organ
considered by some to be a notochord or notochord homolog. For this reason
hemichordates were formerly classified as a fourth subphylum of Chordata. How-
ever, the structure is not supportive, has a cavity opening into the pharynx, and
is questionably of endodermal origin. It is now usually called a stomochord
instead of a notochord, and Hemichordata (also called Stomochordata) is usually
considered a separate phylum.

A second chordate character is the dorsal hollow nerve cord derived from
ectoderm by a folding process called neurulation. This feature is shared by hem-
ichordates, but in them the central cavity, or neurocoel, is not continuous.

A third feature of importance is the presence, at least in early developmental
stages, and usually also in adults, of a pharynx (expanded anterior portion of the
gut) which is perforated by numerous slits that permit water taken into the mouth
to be passed out of the body. Among nonchordates, pharyngeal clefts are found
only in hemichordates.

Another chordate character is a circulatory system having a ventral heart
(or ventral pulsating vessel in cephalochordates) which drives blood up through
the bars of the pharynx in vessels called aortic arches (these are secondarily
modified in higher vertebrates) and thence caudad in a dorsal vessel. (Urochor-
dates are exceptions in that the heart drives the blood in one direction for a time
and then reverses to pump in the other direction.) The blood-vascular system of
chordates is closed, that is, blood remains in vessels and does not enter the tissue
spaces.

Chordates tend to have their principal sense organs concentrated in a head,
a condition spoken of as cephalization. This characteristic goes with the com-
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bination of bilateral symmetry and motility; urochordates, which are sessile, have
no head. Two other chordate features that adult urochordates fail to exhibit are
a tail extending posterior to the anus and metamerism, or segmentation of some
features of the body.

The distinctive features of each subphylum should also be considered be-
cause differences as well as similarities are important to the establishment of
relationships. UROCHORDATA inhabit coastal areas of all oceans. As already
noted, only the free-swimming larva has a coelom, hollow nerve cord, and no-
tochord. The notochord is prominent, but only in the tail (“urochordata” = tail
+ cord), where it is surrounded by muscle cells (Figure 2-1). Adults are saclike
or stalked, sessile, and often colonial. Colonies may be extensive, but individuals
are small. The entire body is enveloped by a tough tunic (Figure 2-2). Between
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Figure 2-1 Stylized LARVAL UROCHORDATE drawn to illustrate internal structure.
Characters of the phylum Chordata are shown by boldface labels; characters of the
subphylum are shown by standard labels.
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Figure 2-2 Stvlized ADULT UROCHORDATE with part of tunic and pharynx re-
moved to show internal structure. Light arrows show path of respiratory current;
dark arrows show path of food particles trapped on pharynx.

the tunic and the pharynx is a space called the atrium. Adult urochordates are
filter-feeders. Water enters the pharynx by an incurrent siphon, seeps through
complicated pores (one to thousands, depending on the species) in the pharynx
to reach the atrium, and escapes by the excurrent siphon. Food particles are
trapped in sticky mucus that moves from the endostyle to the pharyngeal bars
and thence to the esophagus. The simple gut loops within the body, and dis-
charges into the atrium. Larvae do not feed, and have a short gut. A heart pumps
acellular blood first in one direction and then in the other. Individuals are her-
maphroditic. Excretory cells may be grouped, but do not form organs. Sex ducts
are present. There is a nerve ganglion and a nerve net. Urochordates are a large
and diverse subphylum. Three classes (Ascidiacea, Thaliacea, Appendicularia)
are distinguished on the basis of number of pharyngeal slits, colonial versus
solitary habit, complete versus incomplete metamorphosis, nature of tunic, etc.

The subphylum CEPHALOCHORDATA has only two living genera, but is
known by good fossils that are 530 million years old. The surviving forms are
distributed over the world, especially in coastal areas having warm shallow water.
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Cephalization present
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SYMMETRY IS BILATERAL
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Figure 2-3 AMPHIOXUS, drawn from a cleared 37 mm specimen to illustrate internal

structure. Characters of the Deuterostomia are sho

wn by boldface capital labels; char-

acters of the phylum Chordata are shown by boldface lowercase labels; characters of
the subphylum Cephalochordata are shown by standard labels.

31



32

Nature, Origin, and Classification of Vertebrates

The lance-shaped body measures 50—75 mm in length. There is a low continuous
dorsal and tail fin, and paired lateral body folds (Figure 2-3). The persistent
notochord extends anterior to the nerve cord. Other skeletal elements support
the fins, pharynx, and oral structures. There are light-sensitive cells on the floor
of the nerve cord. Like urochordates, these animals are filter-feeders with a com-
plicated pharynx surrounded by an atrial cavity, although details of their structure
and development are unlike those of urochordates. Water enters the pharynx
from the mouth and passes through about 150 slitlike oblique clefts to reach the
atrium. The ciliated bars of the pharynx move a mucus strand into the straight
digestive tract. Unlike a “true’” liver, the hepatic diverticulum is hollow. The
circulatory system lacks a heart, but is otherwise closely similar to the vertebrate
plan. Cephalochordates are unique and really quite peculiar in the asymmetry
of various organs, which results from unusual develomental processes: The seg-
mental muscles, pharyngeal slits, gonads, and spinal nerves alternate on the two
sides of the body instead of lying in successive pairs. One other important feature
departs from the vertebrate plan: The segmental excretory organs are derived
from ectoderm (instead of mesoderm) and have clusters of flagellated cells such
as are found in annelids.

What structures of VERTEBRATA distinguish these animals from all others?
The nerve cord of larval urochordates enlarges anteriorly to form a vesicle, but
only vertebrates have a true brain divided into several vesicles which serves to
control and coordinate the nervous responses of the body. Furthermore, only
vertebrates have a skeletal structure, the cranium, which supports and protects
the brain. Eyes, ears, and olfactory organs are present. Many other animals have
light receptors and chemoreceptors, but the principal sense organs of vertebrates
are not derived from others and rarely resemble them closely in structure. The
concentration of brain, cranium, and sense organs in the head gives vertebrates
a degree of cephalization that is approached only by some arthropods.

One would expect all vertebrates to have vertebrae. Most do, but some have
only a few imperfectly formed vertebrae, and there is reason to doubt that the
first vertebrates had them at all. The term Vertebrata became established before
this was known. Most animals have accessory digestive glands and various of
these are called “livers,”” but the solid liver of vertebrates is not homologous and
only partly analogous to others. The related hepatic portal system and gall bladder
are equally unique, as are the pancreas and spleen. A heart is present and cham-
bered. The gonads are not segmental, and the kidneys are of mesodermal origin.

Vertebrates resemble the other chordate subphyla and hemichordates in hav-
ing a perforated pharynx, but relatively simple structure and predominately res-
piratory function of this organ are vertebrate characters. Complexity of the
muscular system and attendant locomotor activities are also characteristic. Not
all vertebrates have paired appendages, and some nonvertebrates have them, yet
these are typical. Finally, although vertebrates include minnows, hummingbirds,
and shrews, as a group they are relatively large animals.

This discussion started with a short definition of vertebrates, ““any animal
with a cranium is a vertebrate,”” and then expanded the concept for several pages.
The student might find it instructive to phrase a definition in one paragraph.
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The preceding discussion of structure indicates that vertebrates are more closely
related to cephalochordates than to urochordates, and that the phylum chordata
is more closely related to echinoderms and, particularly, to hemichordates than
to other phyla.

These conclusions are accepted by most present-day zoologists. They are by
no means self-evident, however, and in passing it should be said that many
alternative theories have been proposed. As early as 1818, when the concept of
evolution was but dimly perceived, the French naturalist St. Hilaire proposed that
vertebrates were derived from insects. Near the end of the nineteenth century the
American biologist Patten, among others, proposed that vertebrates evolved from
the king crab. Other arthropods were also suggested as ancestors. About the same
time, many zoologists, including such prominent men as the Scottish embryol-
ogist Balfour (who proposed the phylum name ‘““Chordata’””) and the German
anatomist Gegenbaur, considered vertebrates to have evolved from one or an-
other annelid worm. In order to get the nerve cord in the right place and the
blood flow in the right direction, it was necessary to postulate that the annelid
progenitor became inverted. Still other lineages were proposed, and currently
Lavtrup (see References at back of the book) favors vertebrate ancestry from
arthropods and mullusks. Comparative embryology led Garstang to the currently
favored theory in 1894.

The current theory is no more than a theory, for the evidence is sufficient
only to guide our speculations. Nevertheless, several tentative conclusions are
worthy of notice.

No known echinoderm could be the chordate ancestor. Radial symmetry,
water vascular system, nerve ring, modified coelom, and other features rule them
out. It is the less specialized and bilaterally symmetrical larva which resembles
the larvae of simple chordates. Furthermore, no known hemichordate could be
the chordate ancestor. Although hemichordates are probably closer to chordates
than are echinoderms, the structure of their circulatory system, proboscis, and
collar could hardly be converted to the vertebrate body plan.

Similarly, adult urochordates are far too specialized to include the sought-
for ancestor. One need only recall the loss of notochord, nerve cord, and coelom,
and the presence of such nonchordate features as tunic, atrium, and siphons.
Amphioxus is at first glance a possible ancestor, but what of its asymmetry,
atrium, unusual pattern of nerves, and annelidlike excretory organs?

One must conclude that vertebrates did not evolve from any known animal,
living or extinct. It follows that echinoderms, hemichordates, and chordates must
have diverged from a common lineage not later than early Cambrian times some
600 million years ago. Since those remote days, each group has gone its own
way,nﬂahﬁngsonmuﬁtheconwnonfeaﬁnesovmﬁheage&lnﬂaheﬁngordewﬂng
others and adding new structures according to their separate needs. Likewise, the
Subphykiofchordaksrnusthave(ﬂsﬂngumhedthennxﬂvessoonthenﬂﬁuw.Thesc
tentative relationships are summarized by Figure 2-4.

There is an alternative theory in regard to cephalochordates. Some investi-
gators think that amphioxus is a degenerate and specialized offshoot from a
vertebrate ancestor. However, if this were so, one would expect some trace of

ORIGIN OF
VERTEBRATES

33



34
THE
CONSTRUCTION
AND INTERPRE-
TATION OF
CLASSIFICA-
TIONS

Nature, Origin, and Classification of Vertebrates

Q
m = =
mo) 3 m
= o = =
>\ |a] |= 3
slial (2| |2
?: 2| |15 =
w) =) o
2= |5 ]
= > m
9> |+ o}
5 > <
>
o= =
|: >
:: i
o vy
% 00
S@) [
B 40
\‘ -7/\ \"‘,' :. 1’

\ ? 47
\ ?

\

Figure 2-4 TENTATIVE PHYLOGENY of the subphyla of Chordata and of their
closest nonchordate relatives.

brain, cranium, or eyes to be recapitulated in their embryonic development, and
none has been found.

Embryonic and larval structure must be stressed in any discussion of verte-
brate ancestry. Cleavage pattern, fate of blastopore, and origin of mesoderm and
coelom relate the deuterostomes to one another. Hemichordates are linked to
echinoderms primarily by the similarity of their larvae, which are called tornaria.
Only larval urochordates resemble other chordates, and cephalochordates are to
be compared not with adult vertebrates but with embryos and with ammocoetes,
which is the larva of the eel-like lamprey.

It seems that each successive group evolved from the larva, not the adult,
of the preceding group. Such an evolutionary relationship is called paedomor-
phosis (see p. 20). Sexual development is accelerated and the development of
other organ systems is arrested so the nonreproductive larva of the ancestor be-
comes the reproductive adult of the descendant.

When sorting many items it is desirable to establish categories of different rank
arranged in a hierarchy. Thus, the postal worker can sort 6,250,000 addresses
by arranging only 50 house numbers on each of 50 streets in each of 50 cities
in each of 50 states. Similarly, the classifier of animals uses a number of categories
arranged one within another. The general name used for a group of animals is
taxon (plural, taxa). The hierarchy of taxa assigned to every animal, in order
from the most inclusive to the least inclusive, is phylum, class, order, family,
genus, species. Either the “higher’” (more inclusive) or “lower” (less inclusive)
categories may be omitted from a particular classification if the scope of the study
at hand does not require them. However, every animal is assignable to each of
these categories. Every animal has a class, order, family, etc., whether it is stated
or not. The classification of large assemblages of animals, such as the bony fishes,
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may require additional categories. These are established either by coining new
words (e.g., cohort, branch, division, tribe), or by adding a prefix such as sub-
(below or under), infra- (below or inferior), or super- (over) to the usual categories.
In this book we will most often refer to the class and subclass. Several superorders
and infraclasses, and various orders will also be noted.

Animals in nature are not arranged into categories that man, by his industry,
tries to discover; they differ from one another in an almost infinite number of
characteristics, both of kind and degree, which man, in his wisdom tries to
understand.

It may be difficult to decide the degree of relationship required to associate
animals at a particular level of the hierarchy. Do these new anatomical data
justify the placing of these species in different genera? Does this new fossil belong
in a previously named family, or should a new family be created?

The species is a group of actually or potentially interbreeding natural pop-
ulations that is reproductively isolated from other such groups. A species is not
a specimen that is assigned to this rank on morphological criteria; it is a group
of animals, having morphological features in common, but assigned on the basis
of the relationship of its breeding members.

Although this definition emphasizes distinctions among contemporary ani-
mals, species (and also the other taxa) are regarded as having a dimension in
time. The traditional view has been that over the ages species slowly change to
become new species, and that gaps in the fossil record are conveniently used to
designate what would otherwise be arbitrary boundaries between parent species
and descendant species. Some investigators now believe that although species
tend to be long surviving, change from one species to another may be relatively
rapid.

A genus is one or more lineages of related species. Similarly, each higher
taxon is an assemblage of related lower taxa. Animals within one species, one
genus, or one family tend to have a common adaptation such as climbing ability,
fish eating, or resistance to cold; animals within a taxon above the family level
tend to share basic structural patterns such as four legs, feathers, amnion, or
gnawing teeth.

The theoretical study of the principles, procedures, and rules of classification
is called taxonomy. The application of names to the groups recognized is called
nomenclature. There has been international acceptance of rules that regulate
the kinds of names that may be assigned, the way new names must be an-
nounced, how priorities are established, and how mistakes can be corrected.

Nevertheless, vigorous debate continues among systematists (persons who
classify animals) over both theory and procedure. One group favors cladistic, or
phylogenetic classification, which pays litile attention to the fossil record and
follows set deductive methods to identify dichotomously branching sister cate-
gories. Another group of systematists favors evolutionary classification, which
stresses the fossil record and uses judgment to make evolutionary trees that are
not restricted to dichotomous branching. (For discussion and examples of these
methods see Chapter 3 of Pielou, and the book by Lavtrup in the References
listed at the end of this book.)
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Since competent authorities do not agree on procedures, cannot be spe-
cialists on all kinds of vertebrates, usually cannot examine all relevant materials,
and, like other people, sometimes make mistakes, it is not surprising that even
though we agree that evolution is to be our guide, still there are differences of
opinion. Why then, the student may ask, should | bother to learn any classifi-
cation? There are three good answers: First, the general pattern of vertebrate
phylogeny is evident to all specialists; therefore, they are in agreement about the
major features of their classifications. Second, any reasonably sound classification
serves as the powerful tool we require to create order and express meaningful
relationships among animals. Finally, since a classification is an abstraction that
is designed to be useful, it is to be expected that classifications intended for
different uses should be somewhat different.

Since evolution has been a branching process, it is not possible to arrange
animals in a linear sequence on a piece of paper and at the same time to accu-
rately show all their phylogenetic relationships. Nevertheless, a classification that
is based on evolution is consistent with our knowledge of phylogeny and tells us
much about it. The points below apply to most vertebrate classifications, includ-
ing the one described in the next section (which it may be well to consult as the
points are considered).

1.  Animals grouped together in one of the higher, or more inclusive categories
(e.g., a class or subclass) have relatively few characters in common; these are
considered to delineate a structural pattern of broad evolutionary importance.
The higher categories may be regarded as comprising the main channels in the
stream of life. Conversely, animals grouped together in one of the lower, or less
inclusive categories (e.g., genus or species) have relatively many characters in
common.

2. All the smaller categories within a common larger category share a common
ancestry. The common ancestor may lie in one of these same smaller taxa or,
alternatively, the common ancestor may lie in a taxon of equal or still smaller
rank that is included in a different larger category.

3. Taxa (and also characters of taxa) are said to be primitive if they resemble
the ancestral condition of the group in question (e.g., persistent notochord among
fishes). They are said to be derived if they depart from the ancestral condition
(e.g., notochord replaced by vertebral elements), and advanced if they resemble
the condition of a descendant group (e.g., a certain configuration of vertebral
elements, but not others). The terms are comparative. When these concepts are
applied to classification, it is seen that any large taxon is older in origin than the
average age of the next smaller taxa that it includes. It follows that the characters
shared in common by all members of a large taxon are more primitive than the
characters shared in common by the members of most of the included smaller
taxa.

4. Taxa that are considered to be relatively primitive are listed before others
of equal rank that are regarded as being more derived or advanced. Each animal
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group is usually placed adjacent to its closest relatives; proximity of listing is an
indication of proximity of relationship. (Thus, amphibians are more closely re-
lated to bony fishes, which immediately precede them on the classification, than
to either acanthodians or cartilaginous fishes from which they are separated by
other classes.) However, it was necessary to qualify the above statement because
a written classification is of necessity linear. Thus, mammals did not evolve from
birds, as we might infer from the relative positions of these classes; mammals
and birds each evolved from the reptiles.

Figure 2-5 shows the evolutionary relationships of the major taxa of verte-
brates, their distribution in time, and the approximate relative abundance of the
species in each.
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A The following classification has been adapted to the needs of the remaining
CLASSIFICATION  chapters. All classes and subclasses, and some infraclasses and superorders are
OF THE i, | ded. Technical names are listed first, followed by common names and fa-

VERTEBRATES o . . . .
miliar examples, if such are available. Taxa preceded by an asterisk are extinct.

Class Agnatha: jawless vertebrates

*Subclass Diplorhina, including pteraspids (Heterostraci)
Subclass Monorhina: *cephalaspids (Osteostraci), *anaspids, and lam-
preys and hagfishes

*Class Placodermi: placoderms, including arthrodires, antiarchs, and sharklike
forms
Class Chondrichthyes: cartilaginous fishes

Subclass Elasmobranchii: elasmobranchs, including *pleuracanths, *cla-
doselachians, and sharks and rays
Subclass Holocephali: chimaeras

*Class Acanthodii: acanthodians
Class Osteichthyes: bony fishes

Subclass Actinopterygii: ray-finned fishes

Superorder Chondrostei: chondrosteans, including *palaeoniscoids,
sturgeons, paddlefishes, and bichirs

Superorder Holostei: holosteans, including gars and bowfins

Superorder Teleostei: teleosts, including most fishes

Subclass Sarcopterygii: lobe-finned fishes

Superorder Dipnoi: lungfishes
Superorder Crossopterygii: crossopterygians, including *rhipidistians
and coelacanths

Class Amphibia: amphibians

*Subclass Labyrinthodontia: labyrinthodonts including diverse, often
stout-bodied forms

*Subclass Lepospondyli: lepospondyles, including slender aquatic forms

Subclass Lissamphibia: modern amphibians, including salamanders,
frogs and toads, and caecilians

Class Reptilia: reptiles

Subclass Anapsida: *stem reptiles and turtles

Subclass Lepidosauria: scaly reptiles, including tuatara, amphisbaenians,
lizards, and snakes

Subclass Archosauria: archosaurs, including crocodilians, *dinosaurs,
and *flying reptiles

*Subclass Euryapsida: euryapsids, including plesiosaurs and ichthyosaurs

*Subclass Synapsida: mammal-like reptiles, including pelycosaurs and
therapsids
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In presenting the patterns of structure that characterize vertebrate animals, it will
be necessary to refer, again and again, to the major groups of vertebrates. The
classification at the end of Chapter 2 presented group names; now it is desirable
to relate those names to animals. A brief introduction to the more obvious char-
acters serves this initial purpose. More will be learned about the various taxa as
Parts Il and 11l of the text unfold, but it is desirable now that the student be able
to visualize a representative of each group, recall several distinguishing group
characteristics, and know the place of each group among the other vertebrates.
If extinct and unusual animals seem to be stressed in this and the following
chapter, it is not to give them special emphasis, but because one needs little
introduction to animals that are already familiar.

All animals that have the general characters of the subphylum vertebrata (as
reviewed in Chapter 2), but do not have jaws, belong to the class Agnatha. These
animals are little known to laymen because all except the lampreys and hagfishes
became extinct nearly 350 million years ago. Even lampreys and hagfishes are
rarely seen by the public; they sometimes destroy fishes of commercial value,
but otherwise are obscure. '

Known Agnatha seem not to be direct ancestors of jawed vertebrates. The
morphologist, however, should become acquainted with the animals in this class
because they were the first vertebrates to evolve, and because the most primitive
body plan of a living vertebrate is that of ammocoetes, the larva of the lamprey.
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The jawless vertebrates have advanced over their progenitors among the
protochordates in the possession of several important characters: They have heads
with a cranium, a brain, and paired organs of sight. Although incomplete by the
standards of other vertebrates, vertebrae are at least represented by cartilaginous
elements on the dorsal surface of the large persistent notochord. The internal
skeletons of jawless vertebrates are largely cartilaginous, but in the heavy scales
and armor worn by most extinct Agnatha, that important material, bone, is
present for the first time in earth history. Accordingly, extinct agnathans may be
called ostracoderms, which means shell skins.

The Agnatha are also noteworthy for the lack of certain characters that be-
came typical of vertebrates standing higher on the evolutionary ladder: They do
not possess jaws, true teeth, girdles, or typical appendages. Pectoral spikes, folds,
or lobes are often present; pelvic fins are never found. The gills are located in
pouches.

The extinct agnathans were all small, fishlike animals. Most lived in fresh-
water streams, but they are first known from fossils in marine deposits. More than
a dozen orders are recognized by some specialists; the treatment here is con-
servative. There are two subclasses.

Later chapters will refer to jawless vertebrates in relation to the evolution of
lungs, tail shapes, some special senses, scales, vertebrae, and fins.

SUBCLASS DIPLORHINA This diverse group of agnaths appears in the fossil
record more than 500 million years ago, and 75 million years earlier than any
other group of vertebrates. One poorly known order (Coelolepida) has small

Eyes small, lateral

Armor shield not flat below

Figure 3-1 Restoration of REPRESENTATIVE DIPLORHINA of the order Heteros-
traci.
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scales; it is not considered further in this book. The remainder, here called PTER-
ASPIDS (order Heterostraci), have a heavy shield of armor covering the head and
anterior part of the body (Figure 3-1). They usually have a rostrum projecting
over the mouth, and often there are bizarre spines on the shield (“pteraspid”’
= wing + shield). The eyes are lateral and, unlike the other subclass, there are
two nostrils (“diplorhina’” = two + nose) and a common exit from all of the
gill pouches. The head is not markedly flattened dorsoventrally. One infers that
pteraspids were slow swimmers but not bottom feeders.

SUBCLASS MONORHINA This subclass subdivides into three groups, the ce-
phalaspids, anaspids, and surviving lampreys and hagfishes. All have only one
nostril. CEPHALASPIDS (order Osteostraci) are relatively well known for animals
so long extinct; the patterns of nerves, blood vessels, and sensory structures of
the head are preserved in considerable detail for some genera. These are the only
jawless vertebrates to have depressed heads and dorsal eyes—characters that
indicate these queer creatures moved slowly along stream bottoms to nibble food
found in mud or sand (Figure 3-2). Cephalaspids are also unique among the
Agnatha for their lobelike pectoral projections. Paired lateral, and median dorsal
sculptured areas on the head shield are probably sense organs. The mouth is
small and ventral. The upper lobe of the tail is larger than the lower lobe.

ANASPIDS (order Anaspida), which are long extinct, are the only jawless
vertebrates having streamlined form. They have small, platelike scales and no
head armor (“anaspid” = without + shield). Their eyes are lateral. These fea-
tures indicate that they were relatively active swimmers. They have pectoral
spikes, which may relate to fin folds of unknown nature. Like cephalaspids they
have many separate gill openings, but unlike cephalaspids the openings are lat-
eral instead of ventral.

The only surviving agnaths are the LAMPREYS (order Petromyzontiformes)
and HAGFISHES (order Myxiniformes). These eel-like animals may conveniently
be grouped together as Cyclostomata (Figure 3-3), but their relationship seems
very remote. Lampreys are more clearly linked to other Monorhina than are the
enigmatic hagfishes. Cyclostomata range in length from 100 to 900 mm, and
they inhabit oceans and also freshwaters of several continents. The lamprey is
commonly dissected in the comparative anatomy laboratory. We are fortunate
to have this animal to show us something of the soft tissues of the class, even
though we cannot tell how representative they may be. This book will refer to
cyclostomes for the seemingly primitive nature of their axial musculature, cir-
culatory system, release of sex cells, eye structure, and other parts.

The larva of the lamprey, ammocoetes, is even more primitive than the adult
(Figure 3-4). This is particularly true in regard to mouth parts, pharynx, gonads,
and some digestive organs. Ammocoetes becomes adult by metamorphosis.

Cyclostomes are semiparasitic upon bony fishes. Their mouths and
“tongues” are adapted for holding onto their hosts and for rasping or cutting
away their flesh (“cyclostome” = round + mouth). Sense organs, body form,
and digestive structures are also modified in response to this way of life.

These are the only jawless vertebrates to have eel-like form, slippery naked
skin, and a suctorial mouth. They are important because they retain such prim-

43



Fishes

.ql;n'!’hnc%

' NN AN

Eyes dorsal

AN Sy e o

\ 7

Numerous ventral
gill openings

Gills in pouches

Nostril single

Armor shleld/
flat below

SO Bony plates or
scales on body

Eyes lateral : - ’/.f 3 3
P

Numerous lateral Pectoral spike present
gill openings Paired appendages absent

Body fusiform

Jaws absent

ANASPIDA

Figure 3-2 Restoration of REPRESENTATIVE AGNATHA OF THE SUBCLASS
MONORHINA illustrating some characteristics of the subclass (boldface labels) and
of the orders Osteostraci and Anaspida (standard labels).
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Lamprey

Hagfish

Figure 3-3 REPRESENTATIVE CYCLOSTOMATA showing attenuated form, rasp-
ing mouthparts, and absence of jaws, scales, and paired appendages.

itive characters as a persistent notochord and absence of complete vertebrae,
paired appendages, and jaws. They also display specialized features (e.g., mouth
parts) which the anatomist must avoid mistaking for ancestral characters. The two
orders differ markedly in the nature of their head skeletons, pouched gills, sense
organs, and some other characters. Even though there are no hard parts, one
remarkable fossil impression shows that a lampreylike cyclostome existed about
300 million years ago.

The most important evolutionary advance common to all the remaining fishes
was the enlargement and adaptation of the first gill arch to function as jaws
instead of gill supports. Chordates that lacked jaws could only filter microorga-
nisms from water, grovel in mud, or rasp and cut algae or soft flesh. The evolution
of jaws permitted fishes and their descendants to utilize larger and harder food,
and thus enabled them to become adapted to many new and diverse ways of
living. This advance was of sufficient importance so that fishes and tetrapods are
together called gnathostomes (=jaw + mouth) to set them apart from the ag-
natha (= without + jaw).

A second important advance common to all jaw-bearing fishes is the pres-
ence of paired appendages. True, some agnaths had pectoral folds (anaspids) or
lobes (cephalaspids) which suggested incipient appendages, but it remained for
jaw-bearing fishes to experiment with various types of paired appendages and
perfect several models.

Most of the world’s vertebrates—past and present—are jawbearing fishes.
The diversity of their habits, form, and structure is enormous. They are important
to the morphologist for the advancements and specializations found in nearly
every organ system. Four classes are recognized here.

Most placoderms have either bony scales or armor plates, particularly on the
forward part of the body—the word “placoderm’” means “plate skin.” The head

JAW-BEARING
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is joined to the body by a hinge in the armor. These fishes, like jawless verte-
brates, have persistent notochords. The internal skeleton contains some bone,
and the gills are below, rather than behind, the braincase. Placoderms swam first
in rivers and later in the oceans of the world for 50 million years. They reached
maximum abundance about the time amphibians evolved, and became extinct
some 345 million years ago, before reptiles, birds, and mammals had appeared.

These remote creatures are not well-known to the general biologist, and few
laymen have heard of them. Nevertheless, the comparative anatomist should not
entirely neglect the placoderms: They were among the first fishes to evolve two
of the most successful of all vertebrate structures—jaws and paired appendages,
and they pioneered gas bladders that were ultimately to become lungs. Features
of their scales and gill structure are noted in later chapters.

Placoderms are diverse in structure; the evolutionary relationships within the
class, and between this class and others, have not been worked out. Five to nine
orders are recognized. The two largest and best-known groups of placoderms are
the arthrodires and antiarchs. Each is worldwide in distribution. The class, as
known, is not regarded as being ancestral to other classes. It seems more closely
related to cartilaginous fishes than to bony fishes.

Typical ARTHRODIRA are the most spectacular of placoderms because most
have large, predaceous jaws with serrated margins, and some, being 6-9 m long,
were the largest vertebrates that had yet evolved when they roamed the rivers
and oceans of the world (Figure 3-5). Most arthrodires have blunt heads and
lateral eyes; they have heavy cephalic and thoracic shields that are hinged to-
gether (“arthrodire” = joint + neck), and the gills are usually hidden by the
cephalic armor.

ANTIARCH! are the most bizarre of placoderms because of their peculiar
pectoral appendages (“antiarch” = opposite + arm). These long structures are
hinged to the body and covered with bony plates. It is thought that they func-
tioned as holdfasts against the currents of streams, or were used for creeping
along stream bottoms. A bottom-living habit is also suggested by the dorsal po-
sition of eyes and olfactory organs, and by the arched dorsal contour and flat
ventral surface of the body. The small head and bulky thorax are encased in units
of heavy armor. The jaws of antiarchs are small and weak. Overall body size is
small.

This class includes the familiar sharks and rays, the less familiar but striking
chimaeras, and extinct relatives of these fishes. Like the arthrodires before them,
the Chondrichthyes are predominantly marine and are of medium to large size.
They differ from placoderms and also from most other fishes in having no bone
whatsoever internally, and rarely any in their scales (“Chondrichthyes”” = car-
tilage + fishes). Cartilaginous fishes are also distinctive for their solid braincase,
fin structure, branching pattern of blood vessels associated with the gills, and
small toothlike scales (or none at all). Their teeth, unlike those of other fishes,
are anchored to the integument and occur only at the margins of the jaws. Most
of these fishes have a series of external gill openings and lack a gas bladder.
Until the late 1930s it was thought that a cartilaginous skeleton is more
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Figure 3-5 Restorations of REPRESENTATIVE PLACODERMI illustrating some char-
acteristics of the class (boldface labels) and of the two principal orders (standard
labels).
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primitive than a bony skeleton. Consequently, the Chondrichthyes were accorded
a key evolutionary position as the ancestors of other fishes. As the fossil record
grew, another interpretation became more tenable: Cartilaginous fishes appear
in the record some 30 million years later than bony fishes and have not been
ancestral to any other class. Evidence for this conclusion will unfold in later
chapters.

Nevertheless, cartilaginous fishes do retain from their ancestors some fea-
tures that are more primitive or unspecialized than the corresponding features of
bony fishes. Examples are the structure of the heart, brain, and musculature of
the pharynx.

SUBCLASS ELASMOBRANCHII Cartilaginous fishes are commonly divided
into two subclasses. Members of the first subclass have slitlike external gill open-
ings and hence are called elasmobranchs (= plate + gills). Three orders of
elasmobranchs—pleuracanths, cladoselachians, and selachians—will be recog-
nized here; one or more additional orders are included in some classifications
(Figure 3-6).

PLEURACANTHODII (also called Xenacanthodii) are freshwater fishes,
nearly a meter in length, that became extinct about the time mammals evolved.
A large spine borne on the back of the head is a handy recognition feature. The
persistent notochord in this order and the next is mounted by somewhat calcified
vertebral arches. Pleuracanths will be mentioned in later chapters for two other
characteristic features that are unusual among fishes: Their paired fins have a
jointed central axis, and the axis of the tail is straight all the way to the tip.

CLADOSELACHII were abundant in the Carboniferous period when the con-
quest of the land by reptiles was getting under way. These predaceous marine
fishes look like large sharks except that the mouth is nearly terminal, the tail is
nearly symmetrical externally, and the large pectoral fins have broad bases.

The sharks and rays comprise the order SELACHII. All surviving cartilaginous
fishes having a series of external gill slits and small abrasive scales are selachians.
The first ancestral gill slit is reduced to a roundish opening called a spiracle.
These are mostly marine fishes of medium to large size. The vertebrae have centra
and arches that touch one another all around the spinal cord. Sharks and rays
(commonly placed in about four suborders) differ markedly from one another in
their habits. Many sharks are active, predaceous fishes with fusiform bodies and
large, strong tails. Their paired fins have restricted bases and their gill slits are
lateral in position. Most rays, in contrast, spend much time resting on the bottom
or swimming sluggishly along in search of shellfishes or other relatively inactive
food. Their bodies are flattened dorsoventrally and the pectoral fins merge into
the head and body. The mouth, being ventral, cannot take in water when the
fish is at rest on sand or mud, so large spiracles perform this function instead.

SUBCLASS HOLOCEPHALI Surviving members of this subclass are called chi-
maeras. Found only at sea, they rarely come to the attention of laymen and will
be mentioned infrequently in the chapters that follow. These are the only carti-
laginous fishes with a fleshy operculum covering the gills (Figure 3-7). There are
few or no scales. The notochord is persistent, and there is no spiracle. Males
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Figure 3-6 REPRESENTATIVE ELASMOBRANCHII illustrating some characteristics
of the subclass (boldface labels) and of the three orders (standard labels).
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Dorsal fin spine

Lateral line system
prominent and open

Teeth are few Males have claspers

permanent crushing plates

Tail usually a whiplash

Figure 3-7 REPRESENTATIVE HOLOCEPHALI illustrating some characteristics of
chimaeras.

have a unique club-shaped clasping organ on the top of the head. Large head
and eyes, huge pectoral fins, whiplash tail, and striking colors give chimaeras a
bizarre appearance. We will pay attention to the structure of their solid jaws,
crushing teeth, and certain sense organs.

Acanthodians evolved before known placoderms, cartilaginous fishes, or bony
fishes. Over the years they have been included in each of those three classes,
but now, although usually considered closest to bony fishes, they are elevated
to a class of their own (Figure 3-8).

Acanthodians have streamlined bodies, large lateral eyes, and wide mouths
with numerous teeth. Their heads are bony and their small scales thick and hard,
but they do not have the armor of most of their jawless and placoderm contem-
poraries. We infer from these clues that these small, mostly freshwater fishes
were active swimmers. The numerous fins of acanthodians are unique in that
each has a thin membrane supported at its leading edge by a long stout spine.
This feature gives the subclass its name; ““acanthodian” means “‘spine form.”

Bony fishes evolved from obscure ancestors at least 400 million years ago. For
some 150 million years thereafter they were outnumbered, first by placoderms
and then by cartilaginous fishes, but since the close of the Permian period, bony
fishes have dominated the waters of the world. Since the end of the Mesozoic
era, they have been the most abundant of all vertebrates. Their habits and struc-
ture are seemingly as diverse as common adaptation to an aquatic life will permit.

Most fishes of this class have bone in their skulls, vertebrae, girdles, fin
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Figure 3-8 Restoration of REPRESENTATIVE ACANTHODII illustrating some char-
acteristics of the class.

supports, and scales. Some have secondarily substituted cartilage for much of the
ancestral bone, yet even such fishes retain more bone in their internal skeletons
than is present in other classes of fishes. Bony fishes are the only vertebrates
having the gills of each side of the body in a common chamber covered by a
movable, bony operculum. They have various sorts of fins, scales, and vertebrae,
yet these structures nearly always differ from those of other classes. The pectoral
girdle is joined to the skull by a chain of bones. A lung or gas bladder is usually
present.

SUBCLASS ACTINOPTERYGII Most bony fishes belong to the subclass Actin-
opterygii, or ray-finned fishes. The membranes of the paired fins are supported
by bony rays which radiate from the fin base. Consequently, the fins do not have
fleshy stalks, as do the fins of fishes in the next subclass. The pattern of cranial
bones and the nature of the venous system and reproductive ducts are also dis-
tinctive and clearly show that these fishes do not include the ancestors of land
vertebrates.

Ray-finned fishes have long been classified into three groups (here conser-
vatively called superorders) termed CHONDROSTEI, HOLOSTEI, and TELEOS-
TEI. These have been regarded as forming an evolutionary sequence in the order
named. Some specialists are now dissatisfied with this arrangement, but it will
serve our purposes pending a contrary consensus. The groups differ from one
another in regard to degree of ossification of the skeleton; presence or absence,
mobility, or pairing of certain bones of the skull and pectoral girdle; shape of tail
fin; presence or absence of spiracle; and certain features of the digestive system.
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Figure 3-9 REPRESENTATIVE CHONDROSTEI AND HOLOSTEI illustrating some
characteristics of the subclass Actinopterygii (boldface labels) and of these two su-
perorders (standard labels). Larger drawings are of extinct fishes; others are of sur-

viving fishes.
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Figure 3-10 REPRESENTATIVE TELEOSTEI illustrating some characteristics of the
infraclass (boldface labels) and differences between more primitive (above) and more
advanced species (center and below).

Chondrosteans include the long extinct but significant ancestral order of
palaeoniscoids. The superorder is now represented by sturgeons and paddle-
fishes, which are, in some respects, not representative, and by the distantly re-
lated African bichirs, of which the genus Polypterus is the best known (see Figure
3-9). Bichirs are of special interest because of the primitive nature of their scales
and gas bladder. Holosteans were most abundant in the Jurassic and Cretaceous
periods. The gars and bowfin are among the few survivors. Aquarium, sport, and
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Figure 3-11 REPRESENTATIVE SARCOPTERYGII illustrating some characteristics
of the subclass (boldface labels) and of the two superorders (standard labels). The
most slender fish is the African lungfish; the other examples shown here are extinct.
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food fishes belong to the large superorder Teleostei. About 30,000 species and
subspecies are arranged in 400-600 families and are grouped variously in 6
(conservative) to 30 or 40 (usual) or more orders. Teleosts are recognized as
being either primitive or advanced on the basis of mouth structure, position of
pelvic fins, number and stiffness of dorsal fin rays, and other characters (Figure
3-10).

SUBCLASS SARCOPTERYGII These fishes have fins with fleshy stalks (the term
means flesh + fin). They thrived in the Devonian period, 200 million years
before teleosts evolved, and became scarce after the Triassic period. Several
somewhat degenerate representatives of the subclass survive today.

DIPNOI, or lungfish, comprise the first of the two superorders (Figure 3-11).
These are mostly freshwater fishes of moderate size and either “normal’” or elon-
gate form. They have atypical internal nares (nostrils opening into the mouth),
functional lungs, and advanced circulatory systems. For these reasons they were
once regarded as being ancestral to tetrapods. This view is no longer tenable
because the other superorder also possesses (or doubtless formerly possessed)
these characters and is more primitive in regard to other features. The tendency
of dipnoans to reduce internal ossification may be neotenous.

The paired fins of typical (extinct) dipnoans have a fleshy stalk and a jointed
skeletal axis resembling that of pleuracanths. The few teeth are peculiar fan-
shaped plates adapted for crushing. Braincase and vertebral column are poorly
ossified. The scales of surviving dipnoans are simplified in structure and some-
times degenerate.

The respiratory and circulatory systems of lungfishes are at the same time
advanced for fishes and primitive for tetrapods. Unfortunately, modern lungfishes
are rarely dissected in the classroom because of lack of availability and the
aberrant nature of much of their anatomy.

The other superorder, CROSSOPTERYGilI, is of particular importance. Many
ancient crossopterygians had internal nares, and it is probable that they also
resembled dipnoans in having functional lungs and advanced circulatory systems.
They differed from dipnoans, however, and resembled early amphibians in the
pattern of their cranial bones and in having numerous conical teeth with com-
plicated internal structure. Their fin structure is also regarded as being closer to
that of the tetrapod limb than is that of dipnoans. Crossopterygians fall into two
groups. Only one of these, the extinct order Rhipidistia, is ancestral to amphib-
ians. The other group, Coelacanthi, lacks internal nares and has tail fin and scales
that are more modified from the primitive condition. A relict coelacanth survives
in deep water near Madagascar. Some of its features (scales, teeth, gas bladder)
have lost their ancestral characteristics, whereas others are apparently primitive.



Tetrapods

TRANSITION TO
TERRESTRIAL
LIFE

Tetrapods are simply vertebrates having four legs (or at least four legs in their
ancestry). It is instructive, however, to avoid this tautology by defining tetrapods
instead as vertebrates that dwell on land (or that had land-dwelling ancestors),
and then to consider the changes that enable descendants of fishes to live ter-
restrial lives.

Out of water, the body usually no longer benefits from being streamlined.
A neck becomes advantageous because the head now can turn to facilitate feed-
ing and vision without affecting the mechanics of locomotion. Median fins are
no longer useful, and paired fins are converted to limbs. Deprived of the buoy-
ancy of water, the body must be supported by the limbs, and this necessitates
having appendages that are strong, girdles that are more firmly related to the
axial skeleton, and a vertebral spine that can better resist bending.

Lungs and a pulmonary circulation, pioneered by air-breathing fishes, are
usually retained to replace gills, which would be damaged by exposure to dry
air. Gill covers can therefore be dispensed with. The superficial layer of the skin
becomes sufficiently cornified to resist abrasion and drying. The eye, ear, and
nose also must be modified to function in air instead of water. Oral glands are
needed to moisten food that is now dry. Eggs and delicate larvae formerly were
supported by water and could pass the waste products of their metabolism directly
into the environment. Before becoming able to reproduce completely away from
either water or moist environments, tetrapods had to accomplish the seeming
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miracle of evolving eggs with shells and fetal membranes to protect their embryos
from desiccation and mechanical harm and to receive metabolic wastes. Some
other structural changes were also necessary to make possible the shift to terres-
trial life, and physiological and behavioral changes were also needed. It is not
surprising, therefore, that the first tetrapods, the amphibians, did not fully ac-
complish the change.

Amphibians evolved from crossopterygian ancestors (of the order Rhipidistia)
some 50 million years after bony fishes evolved. The class reached its greatest
expansion after another 75 million years, in the Upper Carboniferous period, but
continued to abound until the end of the Triassic period. Relatively few kinds of
amphibians have survived to the present, yet they are distributed in tropical and
temperate areas of all the world, and their habits and habitats are diverse.

The skin of modern amphibians is unable to withstand long exposure to dry
air, and since fetal membranes are lacking, eggs must be laid either in water or
in damp places. In this sense the class is not completely terrestrial (““amphibian”’
= both kinds + life), though many species do not utilize open water, and several
live in remarkably arid places.

Adult amphibians have large mouths and a fleshy tongue which is attached
near the front of the lower jaw. One of the bones that supported the jaws of the
piscine ancestor is converted to an ear ossicle, which usually contributes to
hearing in air. Lungs are usually present (they are secondarily lost by one large
group of salamanders), and some respiration occurs also through the skin and
lining of the mouth and throat. Eyelids and glands to moisten the eyes have
evolved.

Three subclasses are commonly recognized. One of these (Lepospondyli)
comprises slender aquatic forms, some of which retain characters of skull, gills,
and girdles that resemble those of their fish ancestors. They are all extinct and
will not be discussed further in this book. The other two subclasses are of concern
here.

SUBCLASS LABYRINTHODONTIA Labyrinthodonts, extinct for 175 million
years, comprise most of the amphibians that have ever lived, including the ances-
tors of reptiles. Different authorities recognize two or three orders. Some laby-
rinthodonts were entirely aquatic whereas others appear to have been true land
animals with strong limbs, robust bodies, and probably dry skins (Figure 4-1).
Several kinds were as large as alligators, and many had rather large, flat heads.
The complicated structure of their teeth (from which the name of the subclass is
derived), and the varied structure taken by their vertebrae are among the subjects
to which we shall return in subsequent chapters.

SUBCLASS LISSAMPHIBIA All surviving amphibians are lissamphibia (Figure
4-2). Most are less than 30 cm in length. Their moist skin has abundant mucous
glands and only rarely supports scales (“liss”” = smooth). The outer cornified
layer of the skin is shed periodically. Parts of the skeleton, particularly of the feet,
are commonly cartilaginous, and several ancestral bones have been lost from the
braincase. There are only four toes in the hand. Teeth are never complicated as
in labyrinthodonts and are absent from some groups.
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Figure 4-1 Restorations of REPRESENTATIVE LABYRINTHODONTIA illustrating
some characteristics of the subclass.
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Figure 4-2 REPRESENTATIVES OF THE THREE ORDERS OF LISSAMPHIBIA
showing some characteristics of the subclass.
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There are three orders of lissamphibia. ANURA (= without + tail) includes
frogs and toads. Salamanders belong to the URODELA (= having a tail). Finally,
the APODA, commonly called caecilians, are, as the name tells us, legless. They
are obscure animals that will merit mention in Part Il of this book because of their
primitive excretory organs and their scales (unusual in surviving amphibians),
and in Part Il because of their burrowing habits.

Reptiles evolved from labyrinthodont amphibians some 50 million years after
amphibians evolved. From the Permian through the Cretaceous periods they were
the most abundant of vertebrates. This was the first class of tetrapods to have all
the structures noted at the beginning of this chapter as requisite to fully terrestrial
life, including fetal membranes and an integument that is resistant to drying.
During the ““age of reptiles,”” the different genera ranged from small to gigantic,
from herbivorous to carnivorous, and from sluggish to swift. Several groups in-
dependently reverted to aquatic habitats, becoming highly skillful swimmers, and
one group even invaded the air. No class of vertebrates had theretofore been so
diverse in habits, and only the mammals have matched them since. Today, rep-
tiles remain an important part of the faunas in tropical and temperate regions but
are less numerous than bony fishes, birds, or mammals.

Reptiles are covered with horny scales. Excepting such specialized forms as
snakes, most of them have claws, ribs that are used in drawing air into the lungs
(amphibians instead use the mouth and throat as a force pump), and a vertebral
column that is more differentiated into regions and more firmly attached to the
pelvic girdle than in their amphibian ancestors. However, none of these char-
acteristics is unique to the class. There are features of the heart and related blood
vessels that are unique to reptiles, yet most other single structures that are typical
of the class are not sufficiently distinctive to separate it from other vertebrates.

Why, one may ask, does this class have so few distinctive characters? First,
it includes all the animals that made the first true invasion of land and radiated
out into its varied habitats. Hence, it is a large and diverse class. Such a group
can have less in common than one, such as birds, whose members have a com-
mon adaptation. Second, reptiles were ancestral to members of two other classes,
birds and mammals. They have correspondingly many relatives from which to
be distinguished. For these very reasons, Reptilia is a key class in vertebrate
evolution and one to which the morphologist must often refer.

The class is variously grouped in 17 to about 23 orders commonly arranged
in 5 or 6 subclasses. Only 4 orders survive to the present.

SUBCLASS ANAPSIDA The term ““anapsida’ (not to be confused with “anas-
pida”’) refers to the absence of openings in the bones that roof over the temporal
region of the skull, a feature which distinguishes this subclass from the others
(see the figure on page 139). The group is divided into two principal orders.
COTYLOSAURIA (or Captorhinomorpha) are small, lizardlike creatures that
were abundant in the Permian period but have long been extinct (Figure 4-3).
We will rarely refer to them in later chapters, yet they are important in that they
include the most primitive of reptiles and because most, and possibly all, other
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COTYLOSAURIA
Stem reptile

CHELONIA
Turtle

Figure 4-3 REPRESENTATIVES OF TWO OF THE ORDERS OF ANAPSIDA. The
principal characteristic of the subclass is the absence of openings in the temporal area
of the skull.

subclasses of reptiles evolved from them. Accordingly they are called stem rep-
tiles.

The CHELONIA comprises the turtles and tortoises, which the layman easily
recognizes by their broad, armored bodies. A turtle is often dissected in the
laboratory as a representative of its class because of its availability and suitable
size. Students should realize that the turtle’s ““shell,” ribs, spine, toothless mouth,
and pectoral girdle are highly specialized, and therefore not typical of the class.
The skull, limbs, and (so far as we can judge) soft parts remain primitive.

SUBCLASS LEPIDOSAURIA This was one of the first subclasses to evolve after
the anapsids, but it did not reach maximum abundance until after the passing of
the dinosaurs. The taxon is defined by cranial characters. There are two openings
in the roofing bones of the temporal area (unless secondarily modified, see again
the figure on p. 139), openings among the bones of the palate, and usually teeth
on the roof of the mouth as well as at the margins. Three or more orders are
recognized, all but one of which are extinct and not useful to this course of
study.

Surviving lepidosaurs (Figure 4-4 and the figure on p. 487) are placed in the
order SQUAMATA. Most of the 3000 species of lizards have legs and a tail.
Amphisbaenians have small forelimbs only or (usually) no limbs at all. They live
underground. Snakes probably evolved from burrowing, lizardlike ancestors.
They have lost almost all traces of limbs and generally have modified the skull
to allow them to swallow prey of diameter equal to or greater than that of their
bodies. The tuatara looks like a large robust lizard. It is confined to islands off
the coast of New Zealand, and is rigidly protected. The single genus, Sphenodon,
may have survived longer (135 million years) than any other among vertebrates.

61



62 Tetrapods

RHYNCOCEPHALIA
Tuatara

Lizard

SQUAMATA

Snake

Figure 4-4 REPRESENTATIVES OF THE ORDER SQUAMATA OF THE SUBCLASS
LEPIDOSAURIA. The principal characteristics of the subclass are cranial features
noted in Chapter 8.

It is of particular interest for the primitive nature of its skeletal and circulatory
systems. (Some classifications assign this animal to its own order, Rynchoce-
phalia.)

SUBCLASS ARCHOSAURIA This largest and most spectacular of reptilian sub-
classes is also characterized by two temporal openings and usually by an open
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Figure 4-5 The alligator is a REPRESENTATIVE OF THE CROCODILIA, the only
surviving order of the subclass Archosauria.

bony palate. Often there are openings in the skull in front of the orbit and in the
side of the lower jaw. All teeth are marginal.

Five or more orders are recognized. The only survivors of the subclass,
crocodiles and their relatives, are in the order CROCODILIA (Figure 4-5). Two
orders comprise the beasts popularly known as dinosaurs: Some SAURISCHIA
were carnivorous; most ORNITHISCHIA were herbivorous (Figure 4-6). These
animals, which tended to gigantic size and sometimes to bipedalism, give the
subclass its name: “archosauria” = ruler + lizard. Flying reptiles are in the
order PTEROSAURIA (= wing + lizard) (see figure on p. 535). This leaves only
the short-lived order THECODONTIA, which was ancestral to other archosaurs
and to birds.

SUBCLASS EURYAPSIDA The three or four orders grouped in this subclass all
have a single temporal opening and only marginal teeth. The subclass is diverse,
however, and may well prove to be unnatural. We will note only two of the
orders, which included some highly specialized marine animals mentioned in
Chapter 26 (Figure 4-7). Aquatic members of the order SAUROPTERYGIA are
called plesiosaurs. They had broad bulky bodies, tapering tails without lobes,
paddlelike limbs, blunt heads, and necks that were sometimes very long. ICH-
THYOSAURIA, by contrast, had dolphinlike body contours, fishlike tails, large
eyes, and a large rostrum.

SUBCLASS SYNAPSIDA Members of this extinct subclass were usually terres-
trial carnivores of moderate size (Figure 4-8). There is one temporal opening.
Unlike archosaurs, they never tended to bipedalism. Passing over the more prim-
itive of the two orders, PELYCOSAURIA, brings us to the THERAPSIDA, which
are important as the ancestors of mammals. Commonly called mammal-like
reptiles, they tended to have robust legs placed relatively close to the center line
of the body and rooted teeth that were specialized, according to position in the
mouth, for biting, tearing, or chewing. The architecture of the deep skull, palate,
ear, and jaw came to resemble the corresponding features of mammals.
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Roof of skull has two vacuities

SAURISCHIA
Carnosauria

Hindquarters and tail
usually relatively large

SAURISCHIA

Sauropoda
Bones common
within the skin

ORNITHISCHIA
Stegosauria

Body size moderate
to gigantic

ORNITHISCHIA
Ceratopsia

Figure 4-6 Restorations of REPRESENTATIVE ARCHOSAURIA of the orders Saur-
ischia and Ornithischia and of the suborders indicated. Some characteristics of the
terrestrial members of the subclass are shown.
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PLESIOSAURIA

Figure 4-7 Restorations of REPRESENTATIVE EURYAPSIDA of two dissimilar
aquatic groups. The principal characteristics of the subclass are cranial features noted
in Chapter 8.

PELYCOSAURIA

THERAPSIDA

Figure 4-8 Restorations of REPRESENTATIVE SYNAPSIDA of the two orders. Prin-
cipal characteristics of the subclass are slender form, strong limbs, and features of the
cranium noted in Chapter 8.
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CLASS AVES

Tetrapods

No other locomotor adaptation requires so much structural specialization as that
of flight, and all birds fly or are descendants of flyers. In striking contrast to
reptiles, birds are, therefore, the most homogeneous and distinctive of all tetrapod
classes. However, for all their unique characteristics among the living fauna,
birds are not very different from the particular reptiles from which they evolved.
Those small Mesozoic archosaurs tended to be bipedal, and therefore to have
robust hind limbs with elongate feet. Like birds, they had long necks, and their
pelvic bones and skulls approached avian structure. We may infer that their
urogenital systems, fetal membranes, and sense organs were similar to those of
birds.

Feathers are of particular importance, for birds are the most expert of flyers
and the only vertebrates ever to achieve the highly successful combination of
flight with bipedalism. Such flight is mechanically dependent on feathers. Fur-
thermore, sustained flight probably requires the high metabolic rate made pos-
sible by an elevated body temperature. Contrary to former belief, many reptiles
do have considerable control of body temperature, but lack of feathers or other
insulation puts them at a disadvantage in some respects. We must not be overly
sure that the flying reptiles could not stay aloft for long periods, and there are
indications that some had hairlike insulation, but it is unlikely that they could
match the birds that replaced them during the Cretaceous period.

SUBCLASS ARCHAEORNITHES The small, light bones of birds are not easily
fossilized; the ancestry of no other class of comparable size is so poorly docu-
mented. However, fossils of Jurassic birds are known from Germany, and they
are ““missing links”" of utmost value. The Archaeornithes (= ancient + birds)
were fully feathered, but unlike present-day birds had the tail feathers arranged
in a row along each side of a long lizardlike tail (Figure 4-9). These arboreal
climbers could already fly or at least glide but various volant adaptations of the
wing skeleton, spine, and breastbone were absent or incomplete by Cenozoic
standards. The skull had the large orbits and beaklike rostrum of a bird but was
reptilian in other respects, including having teeth in its jaws.

SUBCLASS NEORNITHES All remaining birds are placed in the subclass Neor-
nithes (= recent + birds). In contrast to the preceding subclass, this one is
characterized by tail feathers arranged like a fan at the end of a tail having a short
bony axis, and by fusions of bones in the spine, braincase, lower leg, and
“hand.”” A system of air sacs is usually present, and air spaces are found within
most of the bones. Unless the power of flight has been secondarily lost, as in the
ostrich, the breastbone has a large keel from which the flight muscles take their
origins.

Although the subclass is relatively homogeneous, it is also large, and it has
been convenient to establish 32 orders—as many as for the more diverse mam-
mals and half again as many as for all reptiles, living and extinct. It follows that
the characteristics that distinguish the orders and three superorders are relatively
minor.

The superorder ODONTOGNATHAE has long been extinct. These toothed
birds were specialized for swimming. The superorder PALEOGNATHAE includes
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Three free, clawed
digits in wing

Skeletal axis
of tail long

Teeth
usually absent

Digits of wing
less free, rarely Skeletal axis
clawed of tail short
NEORNITHES NEORNITHES
Neognathae Paleognathae

Figure 49 REPRESENTATIVE AVES showing some characteristics of the two sub-
classes and examples of the two surviving superorders of Neornithes.

the ostrich, emu, cassowary, and their relatives. Features of the pelvis and palate
unite the group. However, all but one member (the tinamou) have secondarily
lost the power of flight, and many of the characters they have in common (in-
cluding large size, strong legs, reduced pectoral girdle) are apparently due to
convergent evolution. Nearly all surviving birds belong to the remaining super-
order, NEOGNATHAE.
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CLASS
MAMMALIA

Tetrapods

Mammals, like birds, are familiar and distinctive. Children learn that only mam-
mals have hair and mammary glands which give the class its name. Succeeding
chapters will present unique features of the cranium, jaw, teeth, ear, pectoral
girdle, pelvis, muscles, brain, and other structures. Mammals are also numerous.
Some 3000 genera are known (2000 are extinct).

Unlike the transition from reptiles to birds, which is documented by only
several fossils, the transition from reptiles to mammals is well-recorded—so well,
in fact, that the conventional boundary based on the structure of the jaw, ear,
and cranium is somewhat arbitrary.

SUBCLASS PROTOTHERIA Several orders of Mesozoic prototheres are recog-
nized. The only living members of the subclass comprise the order MONOTRE-
MATA, which includes the aquatic platypus and the insect-eating echidnas
(Figure 4-10). These odd creatures are rare both in zoos and in their native
Australia and New Guinea. If known only by the pectoral girdle, they surely
would be classified as reptiles. Furthermore, they are oviparous (egg-laying),
which is equally unique among mammals. The young are nourished by milk,
however, and the presence of hair and a single bone in each half of the lower
jaw qualify monotremes as mammals.

SUBCLASS THERIA All familiar mammals belong to the subclass Theria. They
are viviparous (give birth to live young), which sets them apart from Prototheria.
One infraclass, the extinct TRITUBERCULATA, may be passed over here. Two
infraclasses survive to the present. METATHERIA includes the single and long-
enduring order MARSUPIALIA. Opossums, bandicoots, phalangers, wombats,
and kangaroos are marsupials. They give birth to tiny embryonic young which
are nourished in the pouch (“marsupium’” = pouch) of the mother until they are
able to walk about.

The other surviving infraclass, EUTHERIA (= true + beasts), comprises the
animals commonly known as “‘placental mammals.” The term is misleading: A
placenta is an organ that accomplishes physiological exchange between mother
and fetus. Some reptiles and even several fishes and amphibians have placentas,
and so do all marsupials. The placenta of marsupials is always vascularized on
the fetal side by a membrane called the yolk sac; that of eutherian mammals is
usually vascularized by the allantoic membrane. However, some marsupials have
both allantoic and yolk sac circulations, and some eutherian mammals have no
allantoic circulation. Numerous features of the skeletal, reproductive, and nerv-
ous systems provide more technical but more exact ways to distinguish the in-
fraclass Eutheria.

There are 16 surviving and 10 extinct orders of eutherian mammals. Diag-
nosis of ordinal characters must be left for textbooks of mammalogy. However,
in Part 1l, and particularly in Part I, of this book, reference will be made to
representatives of all surviving orders. It will be useful, therefore, to identify them
here (Figure 4-11).

INSECTIVORA includes shrews, moles, and hedgehogs. All are small ani-
mals with numerous sharp teeth. This is the oldest and most primitive order of
the infraclass. DERMOPTERA is represented only by the gliding colugo (see figure
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Echidna

PROTOTHERIA
Monotremata

METATHERIA
Marsupialia

Wallaby

Opossum

Figure 4-10 REPRESENTATIVES OF THE SUBCLASS PROTOTHERIA AND THE
INFRACLASS METATHERIA. These taxa comprise, respectively, the orders Mono-
tremata and Marsupialia.

on p. 533). The only mammals capable of sustained flight are the bats, order
CHIROPTERA. PRIMATES include lemurs, monkeys, apes, and man. As the name
indicates, EDENTATA have simple teeth or none at all. They are the anteaters,
sloths, and armadillos. The scaly pangolins also eat insects but comprise the
PHOLIDOTA (see figure on p. 467). Rabbits and their smaller relatives, the pikas,
are in the order LAGOMORPHA. The largest order is the RODENTIA, which
includes squirrels, beavers, rats, mice, porcupines, and a host of other small
mammals with gnawing incisors.

Whales and dolphins of the order CETACEA are among the most modified
of mammals. Bears, dogs, weasels, raccoons, civets, cats, hyenas, seals, and
most other flesh-eating mammals are in the order CARNIVORA. Only the aard-
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INSECTIVORA
Shrew

CHIROPTERA
Bat

PRIMATES
Chimpanzee

EDENTATA
Armadillo

CETACEA
Dolphin

RODENTIA
Marmot

CARNIVORA
Bear

ARTIODACTYLA

PERISSODACTYLA
Pronghorn

Rhinoceros

Figure 4-11 REPRESENTATIVES OF NINE ORDERS OF THE INFRACLASS EUTH-
ERIA.















Early Development

GAMETES AND
FERTILIZATION

The complexities of the significant relationship between embryology and evolu-
tionary morphology were outlined in Chapter 1 (p. 18 to 20) where principles of
our subject were set forth. Embryology is often studied prior to, or concurrently
with, morphology. This short chapter provides an introduction to relevant aspects
of early development for students who have not yet had embryology, and a
refresher for those who have. Later development is included in subsequent chap-
ters.

The mature sex cells, or gametes, are the male sperm and female ovum or egg.
Recall that each carries a haploid, or half set, of chromosomes. The sperm cells
of vertebrates are highly varied in appearance (Figure 5-1), but always have a
head, which contains the nucleus, a middle piece containing the mitochondria
needed to provide energy, and a flagellum, which propels the cell. The head
may be spherical, spatulate, hooked, lance-shaped, or spiraled. It is capped by
the acrosome.

The small eggs of Amphioxus contain little yolk and hence are said to be
microlecithal (= small + yolk). This may be the ancestral chordate condition,
but most vertebrate eggs either have moderate amounts of yolk (mesolecithal),
as for lampreys, chondrostean fishes, and amphibians, or instead are laden with
large amounts of yolk (macrolecithal), as for most fishes, reptiles, birds, and
monotremes. Eutherian mammals, having a placenta to nourish the embryo, no
longer need yolk, and their eggs have returned to the microlecithal condition
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Figure 5-1 REPRESENTATIVE VERTEBRATE SPERM CELLS.

(Figure 5-2). Yolk is a complex material that includes proteins, phospholipids,
and neutral fats.

The volk is usually concentrated toward one side of the egg, the vegetal
pole, leaving a region of clearer cvtoplasm and the nucleus at the other side, the
animal pole. Any volk present is toward the vegetal pole, or the largest yolk
platelets, at least, are in the vegetal hemisphere. Eggs with such asymmetrical
distribution of volk are telolecithal (= end + volk). Metabolic activity is highest
at the animal pole, and there may be a gradient in the distribution of pigment.

The egg is surrounded by a delicate vitelline membrane. Eggs of therian
mammals are also enclosed in a thicker zona pellucida and a large corona
radiata, or laver of adherent cells from the ovarian follicle. The eggs of other
vertebrates may be enveloped, after ovulation, in jellv layers (amphibians), al-
bumen (birds), and horny, membranous, or calcareous capsules or shells (many
fishes, reptiles, birds).

Penetration of egg membranes and egg by a sperm cell is a complicated
process involving both enzymatic and phvsical interactions between sperm ac-
rosome and egg cortex, each of which undergoes striking changes. Entry of the
sperm into the egg restores the diploid number of chromosomes, and activates
the egg both to become refractory to the entry of additional sperm and to initiate
development of the embryo.

Figure 5-2  Section of MAMMALIAN OVUM after ovulation and before fertilization.



Cleavage

The zygote, or fertilized egg, is transformed by cell division called cleavage into
a multicellular embryo called a blastula. During cleavage the individual daughter
cells are termed blastomeres. The process of cleavage, and the structure of the
blastula, are both closely related to the amount of yolk present (Figure 5-3).
The microlecithal eggs of Amphioxus have total (or holoblastic) cleavage,
which means that the cleavage furrows penetrate the entire yolk. Furthermore,

CLEAVAGE

Zygote _— Early cleavage —_— Later cleavage =~ ——»  Sagittal section
of blastula

stage stage
Little yolk

Cleavage total,
nearly equal

Amphioxus

Blastocoel

Moderate yolk

Cleavage total,
unequal

Primitive fishes,
amphibians

Much yolk - » T
Cleavage partial ’ ’“%17 S

Most fishes,
reptiles, birds

Blastocoel

Trophoblast

Little yolk

Cleavage total,
equal

Mammals

Inner cell mass

Figure 5-3 PRINCIPAL TYPES OF CHORDATE CLEAVAGE. Membranes, shells,
and polar bodies omitted. Relative sizes only approximate.

Blastocoel
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cleavage is equal, because all blastomeres are of about the same size at any
given time. The resultant blastula is a hollow ball of cells with a cavity called the
blastocoel.

Cleavage of mesolecithal eggs is also total, but the greater amount of yolk
in the vegetal hemisphere is an impediment that retards cell division. Conse-
quently, development is slower there, blastomeres near the vegetal pole are larger
than those near the animal pole, the blastocoel is displaced into the animal
hemisphere, and cleavage is said to be unequal.

The yolk mass of macrolecithal eggs is simply too great to be penetrated by
cleavage furrows. Cleavage is therefore partial (meroblastic) and is limited to the
relatively small yolk-free region at the animal pole. A cellular blastoderm comes
to be separated from the uncleaved yolk by a narrow cavity.

Cleavage is again total and equal for the microlecithal eggs of mammals,
though the orientation of cleavage furrows is less regular than for Amphioxus.
The blastula is distinctive in having a superficial layer of cells, the trophoblast,
which surrounds an inner cell mass (Figure 5-3). The blastocoel is displaced
toward the vegetal pole. Regardless of size and shape, the vertebrate blastula
consists of a single tissue layer made up of several hundred cells with polarity
that relates to the axes of the future body.

GASTRULATION The blastula is converted to an embryo called a gastrula by various processes

AND MESODERM  collectively called gastrulation. The gastrula has at first two, and then three,
FORMATION 0 or germ layers.

Start of gastrulation S Gastrula ——>  Mesoderm formation stage

e s - Va : ; - Blastopore
Gastrulation by invagination

$ L acot ~nl
of vegetal pole
= c ndoderm

Amphioxus

: Ectoderm
! (Mesoderm forming from
J gut out of plane of section)
Blastocoel f

Neural ectoderm

Endoderm
Chordamesoderm

Yolk plug Skin ectoderm

Remnant of blastocoel

Figure 5-4 SOME TYPES OF CHORDATE GASTRULATION that are uncomplicated
by a large yolk mass. Sagittal sections.



Gastrulation and Mesoderm Formation

Again, Amphioxus exhibits the simplest and most primitive form of gastru-
lation. By the process of invagination the vegetal hemisphere of the blastula
folds inward and extends to underlie the tissue layer of the animal hemisphere
(Figure 5-4). In doing so, it obliterates the blastocoel and forms a double-walled
cup. The lips of the cup then approach one another, as though a purse string
were being drawn, leaving only a small opening, the blastopore. The embryo
now has a new cavity, the gastrocoel. These tissue movements cause the embryo
to rotate, in response to gravity, so that the animal-vegetal axis is horizontal,
rather than vertical, and the dorsal surface of the embryo is uppermost. The outer
germ layer is now called ectoderm. Because the adult gut tube will form from
much of the inner tissue layer of the embryo, it is called the archenteron, or
primitive gut. However, as shown in Figure 5-5, the notochord forms from the
dorsal wall of the archenteron, and the mesoderm, or middle germ layer, forms
from a series of dorsolateral outpocketings of the archenteron. The cavities of the
pockets become coelom. This kind of mesoderm and coelom formation is called
enterocoely (= gut + hollow). It is not found in vertebrates, yet seems to link
chordates and echinoderms. The remaining part of the archenteron is endoderm.

Blastulas derived by total, but unequal cleavage can scarcely gastrulate by
invagination because the yolk-laden blastomeres of the vegetal hemisphere are
in the way. Instead, cells roll inward (a process called involution) at the site of
the future blastopore (Figure 5-4). They extend into the blastocoel as a second
tissue layer. Surface cells migrate to replenish the supply at the blastopore. In-
growth is most rapid at what will be the dorsal lip of the blastopore, but ultimately
cells stream inward on all sides. As in Amphioxus, the blastocoel is gradually
obliterated as a gastrocoel is formed. The embryo then has two tissue layers,
though the ventral part of the archenteron is swollen with yolk. The roof of the
archenteron is called chordamesoderm because it forms the notochord in the
midline, and a series of paired, right and left blocks of mesoderm, or somites,
dorsolaterally (Figure 5-6). There is no outpocketing from the gut tube. Instead,
coelom forms by cavitation or schizocoely (= split + hollow) in the somites.

Neural plate Neural tube

Roof of archenteron

= mesoderm Somite

Coelom

Notochord

Floor of archenteron
= endoderm

Figure 5-5 Successive stages in the ENTEROCOELIC MESODERM AND COELOM
FORMATION OF AMPHIOXUS as seen in cross sections.
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Figure 5-6 DIAGRAMS OF NEURULATION AND EARLY DIFFERENTIATION OF
THE MESODERM as seen in cross sections of an embryo having a moderate amount
of yolk.

The remaining part of the innermost tissue layer is endoderm. It reconstitutes
itself dorsally after the formation of notochord and mesoderm.

If cleavage has been partial, gastrulation is further complicated by the mass
of yolk. (The following account is generally accurate for reptiles and birds; fishes
may differ.) The second tissue layer, or endoderm, forms under the blastoderm



Gastrulation and Mesoderm Formation
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Figure 5-7 MESODERM FORMATION AND START OF NEURULATION IN THE
CHICK. Left, surface view after about 17 h of incubation. Right above, cross section
at level A-A; right below, cross section at level B-B.

by the process of delamination: Some cells detach themselves from the original
layer of cells and then aggregate into a second sheet. Some mesoderm may also
form by delamination, but most is produced by another process: A lengthwise
thickening called the primitive streak forms on the posterior part of the germinal
disc (Figure 5-7). Surface cells stream toward the streak where they involute and
spread out between the original two tissue layers as mesoderm. The primitive
streak is posterior to the embryonic area where the embryo is starting to develop
and may represent a modified blastopore. Cells that involute and then move
directly forward from the primitive streak will form the notochord, and along side
it some mesoderm also swings forward into the embryonic area. Mesoderm that
is lateral and posterior to the streak will contribute to the fetal membranes. Coe-
lom formation is by schizocoely.

Thus far we have noted that mesoderm may form by separation from the gut
tube, by delamination, and by primitive streak. Another method of mesoderm
formation is general and important: Cells may detach themselves from existing
tissue layers and migrate individually as mesenchyme. These branched cells
ultimately aggregate in the head, limbs, and other places to form mesodermal
tissues.

When the mammalian embryo reaches the blastula stage, maternal fluid
indirectly enters the blastocoel causing it to enlarge greatly. (Figure 5-3 depicts
an early stage before the blastocoel expands.) The embryo is now called a blas-
tocyst. Endoderm forms by delamination from the inner cell mass and spreads
to line the trophoblast. The flattened inner cell mass is now a blastoderm, and
it forms a primitive streak to produce the notochord and most of the mesoderm
for the fetal membranes and trunk of the embryo. Much mesoderm is also pro-
duced as mesenchyme. Coelom forms by schizocoely.
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The gastrula is converted to a meurula bv processes called neurulation. These
events, which overlap with the tormation of the germ layers as described above,
establish the central nervous system. We have seen that chordamesoderm extends
forward in the midline from the dorsal lip of the blastopore or primitive streak.
Chordamesoderm has the important function of causing, or inducing, the over-
lying ectoderm to thicken into a neural plate {Figure 5-6). Longitudinal neural
folds form along the margins of the plate and arch inward to fuse in the midline.
The resulting neural tube encloses the neurocoel. This establishes the dorsal
hollow nerve cord that characterizes all chordates. {The process of neurulation
may differ in fishes.]

As the neural folds come together, some cells are pinched oit in the angles
between the sinking neural tube and overlving ectoderm. These loose cells ag-
gregate for a time in the spaces between adjacent somites where they are called
neural crests (Figure 5-6). As we shall see, neural cresis have diverse, important
derivatives.

As neurulation progresses, embrvos derived by total cleavage {Amphioxus, am-
phibians) lengthen so that a head and tail are established. Yolk-laden cells may
distend the belly area, but are enclosed within the body contour. Embryos derived
by partial cleavage may be thought of as consisting for a time of three germ layvers
spread ‘“‘face down'’ on the uncleaved yolk the way a bearskin rug s spread on
a floor. Soon a head fold lifts up, like a mounted head on the bearskin rug. A
tail fold follows, and then lateral body folds. The embryvo is then broadly joined
to the volk by a body stalk, but is otherwise iree {see figure on p. 211).

As the body lengthens, the archenteron is drawn out into a gut tube. The
blastopore 1or an equivalent locus! becomes the anus, a mark of all Deutero-
stomia (see p. 28). Later a mouth opening ruptures anteriorly. The endoderm wiill
torm the lining of the gut and its derivative organs (lungs, liver, pancreas, some
endocrine glands, volk sac, allantois, urinary bladder), and will contribute to the
formation of gametes.

The outer. or somatic ectoderm will form the superticial and germinative
layers of the skin and their derivatives (glands, hair, feathers, claws), the lens of
the eve, olfactory organ, inner ear, part of the pituitary gland and lining ot the
mouth, and will contribute to the formation of teeth and certain scales. The
sensory ectoderm, or neural tube, will form the spinal cord and brain, motor
nerves, retina of the eve, and part of the pituitary. Neural crest ectoderm torms
ganglia, sensory nerves, part of the skull, part of the adrenal gland, and some
pigment cells, and it contributes to the formation of some teeth and scales.

With minor exceptions, the mesoderm iorms the muscular, skeletal, circu-
latory, and urogenital systems. Chordamesoderm contributes the notochord.
Mesoderm derived mostly from the archenteron or primitive streak flanks the
notochord. This divides into a segmented dorsal somite or epimere, a small
partly segmented mesomere, and a sheetlike, unsegmented hypomere which
wedges its way down between ectoderm and archenteron IFigure 5-6). Coelom
may be present in each of these units, but expands only in the hypomere where
it separates a lateral somatic layer from a medial splanchnic layer. The somatic
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layer will line the body cavity and bud off mesenchyme that contributes to the
bone and muscle in the limbs. The splanchnic layer forms some head muscles,
heart, mesenteries, and muscles of the gut (see p. 204). Where ectoderm and
somatic mesoderm join, as in the body wall, they are called somatopleure;
where endoderm and splanchnic mesoderm join, as in the wall of the gut, they
are called splanchnopleure.

The mesomere forms only urogenital organs. The epimere further differen-
tiates into a lateral dermatome, a myotome, and a medial sclerotome (Figure
5-6). The dermatome becomes mesenchyme that spreads out to form the dermis
of the skin and such hard tissues as are derived therefrom. The myotome forms
muscles of the spine, throat, and eye, and muscles and skeleton of the appen-
dages. The sclerotome forms more or less of the vertebrae, depending on taxon.

All of these developmental steps are carried further in chapters to follow.

If such yolk as is present in the egg cleaves and is directly incorporated into cells
of the body (amphibians), no fetal membranes are needed. The yolk supply being
limited, hatching is early and the larva starts to feed.

If the yolk does not cleave, and eggs are laid in water (most fishes), then an
extraembryonic circulation is needed to absorb the yolk and carry it into the
body. To accomplish this, a membrane that includes all three germ layers extends
over the surface of the yolk from the body stalk. This yolk sac quickly becomes
vascularized and functional. Since respiration and excretion are by direct contact
with the environment, no other fetal membrane is needed.

Requirements of the embryo are much more stringent when development is
on land within a shell (reptiles, birds), and hatching is delayed. The extraem-
bryonic mesoderm derived from the primitive streak soon splits, thus establishing
an extensive extraembryonic coelom (Figure 5-8). The resulting splanchnopleure
is adjacent to the yolk and forms a yolk sac. The overlying somatopleure lifts into
a head fold of the amnion, and later also into lateral and tail folds, all of which
converge and fuse over the embryo. This creates an outer chorion and an inner
amnion. The latter contains amniotic fluid which bathes the embryo and pro-
vides a sheltered space in which it can grow. Somewhat later, as the embryo
becomes larger, a vesicle grows out of its hind gut and extends into the extraem-
bryonic coelom. This splanchnopleuric vesicle forms the allantois, which grows
out under the egg shell (from which it is separated only by the chorion and egg
shell membranes), becomes vascularized, and serves the embryo for respiration.
It is also a receptacle for excretory wastes, absorbs albumen, and takes some
minerals from the shell.

Eutherian mammals nourish their young in the uterus by physiological ex-
change between fetal and maternal blood streams. An organ that performs such
a function is a placenta. It makes yolk superfluous and, hence, eutherian eggs
are secondarily microlecithal. (See p. 308 for other ways that the maternal body
of other vertebrates may nourish the fetus.) The fetal membranes derived from
somatopleure (chorion, amnion) do not become vascular, and therefore cannot
support a placenta. Both yolk sac and allantois may become vascular, and either,
or both, may contribute. The formation and nature of the fetal membranes and
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placenta vary greatly among mammals. A short summary serves our purpose
here, although the evolution of these structures is a fascinating story in itself (see
Luckett in References at the back of this book).

The yolk sac is the most variable of the membranes. It is the principal fetal
contribution to the placenta in marsupials and some rodents. It is large and
persists to birth in carnivores, is first large and then lost in ungulates, and is first









Integument and its Derivatives

FUNCTIONS OF
THE SYSTEM

The integument and its derivatives comprise an exceedingly varied and adaptable
organ system. By weight, the system is often the largest of the body, and no other
performs as many functions. It provides physical protection to delicate tissues
below—particularly where most needed, as under the feet. It contributes impor-
tantly to water balance. Thus, amphibians can absorb water through the skin,
even taking moisture from damp air or soil, whereas the skin of desert reptiles is
resistant to water loss. Dissipation of heat to the environment may be increased
by the dilation of superficial vessels and by the evaporation of sweat, whereas
conservation of heat is increased by fat deposits and the erection of insulating
hair or feathers. The integument guards against the entry of most injurious or-
ganisms and materials, and provides coloration essential to identification, ag-
gressive and sexual behavior, and camouflage. It serves locomotion through
friction pads, the interlocking of scales or claws with the substrate, the provision
of airfoils, and in other ways. Respiratory exchange occurs through the damp
skin of amphibians, even supplanting lungs in some salamanders. Secretions of
skin glands may contribute to attraction or repulsion, nutrition of the young,
excretion of salts and urea, and thermoregulation. The integument houses many
sense organs, contributes to the contours of the body, screens out injurious energy
waves, and may also store fat and glycogen, provide significant support and
defense to the body, and synthesize vitamin D.

Because the integuments of the various vertebrates are so diverse, the system



88

DEVELOPMENT
AND GENERAL
STRUCTURE

OF SKIN

Integument and its Derivatives

tells the morphologist much about the habits and environments of animals, and
enables the systematist to identify most vertebrates. Some mammals can be iden-
tified by single hairs, and some birds from several feathers. However, because
the integument is so responsive to habit and environment, it has so far told
morphologists less than some other organ systems about phylogeny. Neverthe-
less, progress is being made.

The skin of all vertebrates has two principal layers, a superficial epidermis and
a deeper dermis (Figure 6-1). The epidermis is derived from the ectoderm on the
surface of the embryo. The dermis is derived from the dermatome supplemented
by contributions from the lateral and ventral somatic mesoderm. Cells from these
sources migrate as mesenchyme to distribute themselves evenly under the ecto-
derm. Some neural crest cells also invade the developing dermis.

The epidermis is stratified into two or more layers. The deepest layer rests
on the dermis and consists of closely packed, discrete cells. It is called the
stratum germinativum because its daughter cells are pushed outward and, as
they mature, are transformed to become the more superficial cells of the skin.
The layer or layers of the epidermis that are superficial to the stratum germina-
tivum are exceedingly varied according to taxon. Most are (or will become, or
have been) secretory in nature and, as classified by W. B. Quay, fall into two
general categories, mucous cells and proteinaceous cells. The former produce
various types of mucus, some kinds of poisonous secretions and, in some fishes,
photophores (light-producing cells). The proteinaceous line of epidermal cells
may produce slime, poisons, substances eliciting alarm reactions, enamel, and
possibly some photophores. The principal product of this cell line, however, is
the horny material keratin, which is the main constituent of feathers, hair, claws,
reptilian scales, and also of the dead outermost layer, or stratum corneum of
the dry skin of tetrapods (“’keratos’” and ““cornu’” both = horn). Two molecular
types of keratin, designated «- and -keratin, are recognized. The a-keratin tends
to be more flexible, though the functional difference between the two kinds is
not well-known.

The dermis is usually thicker than the epidermis. It has relatively fewer kinds
of cells and is characterized by a meshwork of fibers. Most abundant are collag-
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enous fibers, which are tough, straight, and made up of fibrils. The fibrils are
oriented in a three-dimensional network. They are linked to a ground substance
that resembles plasma protein and contains mucopolysaccharides. Elastic fibers,
which are fewer in number, are wavy, nonfibrillar, and branched.

The dermis commonly has an outer, vascular, stratum spongiosum and a
deeper, thicker, stratum compactum. These merge with one another and also
bridge across to secure the skin to the connective tissue covering the muscles of
the body wall. Smooth muscle fibers may be present in the dermis. Fat commonly
invades the dermis or is deposited between the skin and the body. The glands of
the skin are derived from the epidermis but usually penetrate into the dermis
which then adds supportive tissue to them.

Pigment cells are called chromatophores. They are derived from neural
crest cells and occur, according to taxon, in any level of the skin, but tend to
concentrate near the epidermal—dermal boundary. Chromatophores of the epi-
dermis are particularly characteristic of homeotherms (animals maintaining con-
stant temperature) and are of one type called melanophores. They have
numerous migratory organelles, termed melanosomes, which contain the pig-
ment melanin. Melanin is black, brown, or red. Color imparted by these cells
may be constant or may be responsible for morphological color change, which
is seasonal, age-related, or otherwise relatively slow change.

Chromatophores of the dermis are found almost exclusively in poikilo-
therms (animals having variable body temperature). They may maintain constant
color, cause morphological color change, or cause physiological color change,
which is relatively rapid, as when a fish or lizard adapts its color to that of an
altered substrate. There are three types of dermal chromatophores: Melanophores
are similar to those of the epidermis. Iridophores have organelles called reflect-
ing platelets that are oriented in stacks and contain crystalline deposits (chiefly
of guanine) which scatter or reflect light. These cells are commonly large. Xan-
thophores, which are yellow, and erythrophores, which are red, have their
pigments (pteridines and carotenoids) in organelles called pterinosomes.

These various kinds of chromatophores can be structurally and physiologi-
cally interrelated in the achievement of certain color effects. Their complex con-
trol may include influence by hormones of the pituitary, thyroid, gonads, and
adrenals, and in some poikilotherms by the nervous system as well. Color is
“used” by the various vertebrates for concealment, for making themselves con-
spicuous (e.g., as warning, social releaser, or sexual attractant), for control of
heat absorption and conservation, for protection of the nervous system or gonads
from light, and for control of the synthesis of vitamin D.

The epidermis and dermis are separated by a thin basal membrane (Figure 6-1).
During development of the skin and of its derivatives, inductions occur across
the membrane between the germinal epithelium and the mesenchyme. Even if
an integumentary derivative incorporates only epidermal tissue (e.g., horny
scales, feathers, hair), or only dermal tissue (e.g., certain bones), both layers are
essential to the formation of (probably) all derivatives, and some of them (e.g.,
teeth, fish scales) incorporate tissue from each layer. In the absence of underlying
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dermis, the embryonic epidermis degenerates, and experiments show that the
kind of epidermal derivative formed (whether scale, feather, hair, or other) is
controlled by the nature of the associated dermis. The influence of the epidermis
on the dermis may be less universal, yet epidermis apparently triggers the dermal
contributions to teeth and fish scales.

SOFT STRUCTURES The soft part of the integument of extinct agnaths and
placoderms is, of course, unknown. The epidermis of CYCLOSTOMES is thin
and has several kinds of glands, all of which are unicellular. Most numerous are
mucous glands of two types. Club glands produce slime of fibrous protein.
Granular glands probably discharge at the surface of the body, but their function
is not yet known. Keratin is absent. A thin noncellular cuticle covers the epi-
dermis. The dermis, which may be thinner than the epidermis, consists largely
of a fibrous layer which contains collagenous fibers but no elastic fibers. There
is no trace of scales.

The skin of jawed FISHES is usually thin and glandular. It fits tightly over the
body (Figure 6-2). With some exceptions, keratin is entirely absent. The replace-
ment of worn epidermis is constant. Mucous glands of one or another type are
nearly always abundant. They are usually unicellular but may also be multicel-
lular. The slimy mucus they secrete cleans the body and produces a cuticle which
prevents the entry of foreign material, assists in osmoregulation, and reduces
resistance as the fish swims. Granular and club glands are also common. Some
fishes have poison glands associated with fin spines; others have multicellular
light organs which may even be provided with tiny lenses and reflectors. The
dermis, though still thin, is divided into a stratum compactum and a stratum
spongiosum (except when it covers the fins, where it is reduced to a basal mem-
brane).

DEVELOPMENT AND STRUCTURE OF HARD TISSUES The scales and non-
glandular integumentary appendages of fishes are largely of dermal origin,
whereas those of tetrapods are largely of epidermal origin. The most complex
derivatives of the integument of fishes are hard scales and denticles of various
kinds. Before studying their nature and phylogeny it is desirable to know about
the tissues of which they are constructed.
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In historical perspective, the description and classification of the scales and
hard integumentary appendages of fishes have been complicated by various fac-
tors: (1) Fish scales—particularly those of fossil fishes—include many kinds of
hard tissues. (2) The various hard tissues grade into one another and combine in
many ways. (3) Certain virtually identical tissues seem to develop from different
germ layers. This throws doubt on their homology and has led to repeated use
of such vague designations as “‘enamel-like dentine.” (4) Some of the terms
applied to scales describe gross shape (e.g., cycloid, rhomboid), others identify
one of the tissues present (ganoid, cosmoid), and still others indicate a particular
combination of tissues (palaeoniscoid, lepidosteoid). This has resulted in a con-
fusing lack of parallel terms. However, difficulties are being overcome as bio-
chemical analysis, physiological studies, and electron microscopy reveal details
in the mechanisms of deposition and resorption of hard tissues.

Significance is attached to the embryonic origin and interactions of the pre-
cursors of hard tissues. Some neural crest cells join mesenchyme from the der-
matome and contribute to the dermis of the skin and the tissues of the gums.
Specifically, they form papillae which induce enamel organs from the overlying
ectoderm. These organs, in turn, induce the papillae to form dentine if this sub-
stance is to develop at all. Bone may also be induced in this way. Finally, dentine
induces the enamel organ to produce enamel (these tissues are defined below).
If dentine is not deposited, then the enamel organ (or its equivalent—the term is
not apt in this instance) may form horny scales or any of the other derivatives of
the ectoderm described earlier in this chapter. There is, therefore, a basic simi-
larity in the mechanism of development of teeth and all skin derivatives regardless
of ultimate hardness and principal germ layer of origin. Proponents of these views
believe that continuous armor could be formed under the influence of an exten-
sive interaction between neural crest derivatives in the dermis and ectoderm
which has the potential to form various hard tissues.

The Scandinavian paleontologists @rvig and Stensi6 have studied the minute
structural detail of scales and fragments of fossil armor. They postulate that the
ancestral vertebrate, and also the young of ostracoderms and placoderms, had
tiny scales, each called a lepidomorium (= scale + division). Larger scales
and armor were formed, they believe, by the aggregation of lepidomoria edge to
edge (producing cyclomorial scales) or in onionlike layers (producing synchro-
morial scales). Some paleontologists believe that the sequence of fossils does not
support this theory, but the two general hypotheses need not be entirely mutually
exclusive.

There are three principal kinds of hard tissue: enamel, dentine, and bone.
Enamel is the hardest tissue of the body. It is shiny, translucent in thin sections,
and composed of elongate crystals of hydroxyapatite [3(Ca,;PO,), - Ca(OH),]. In
therian mammals it is prismatic. Internal cells and tubules are absent. Only about
3% of the tissue is organic. Enamel occurs only on teeth and superficial denticles,
scales, or armor plates, and is usually external to any other hard tissues present.
It is produced only by ectoderm—even at the back of the mouth where the
ectoderm has migrated into position. Growth is by accretion on the inner surface
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of an enamel organ. Hence, enamel cannot be altered or replaced once it has
been deposited. Ganoine is an enamel characterized by thick deposition in suc-
cessive waves of growth which create a laminar structure.

Dentine is harder than bone and usually softer than enamel. The chemical
composition of its inorganic salts is the same as that of enamel, but the content
of organic fibers is typically about 25%. The generative cells usually, but not
invariably, remain external to the hard tissue; their processes then penetrate the
dentine via dentinal tubules. Dentine occurs only in teeth, denticles, scales, and
external armor. It is present unless secondarily lost, and lies internal to enamel
and usually external to bone where those tissues are also present. It is produced
only by the outer surface of a mesodermal papilla which, in turn, occurs adjacent
to the boundary of mesoderm with ectoderm. Dentine can be altered little, and
only at its generative surface. Various types of dentine are recognized. Osteo-
dentine is organized in osteons (columns having cylinder-within-cylinder con-
struction) that are usually interspersed in a matrix of bone. (Osteons that occur
in dentine are also termed denteons.) Orthodentine has no true osteons or bony
matrix but instead is either laid down in a superticial compact layver (pallial
dentine) or in layers that are concentric around a central pulp cavity (circum-
pulpar dentine). Cosmine (not a parallel term) is dentine having characteristic
tufts of tiny canals that radiate upward and outward from a succession of small
vascular centers distributed more or less in a plane that is parallel to the surface
of a scale. Very hard dentine is termed enameloid, and may be ditficult to
distinguish from enamel.

Bone has about the same organic content as dentine, usually occurs internal
to dentine if each is present, and develops in a deeper and less restricted part of
the dermis. It usually has internal bone cells (osteocvtes) located in small vacuities
(lacunae) which intercommunicate by small canals (canaliculae) (Figure 6-3).
Acellular (or anosteocytic) bone is common, however, in pteraspids and teleosts.
The ancestral relationship between cellular and acellular bone is still in dispute.
Bone (like osteodentine) may be characterized by osteons (here also called Hav-
ersian systems), but when it is adjacent to internal and external surfaces it is
usually deposited in laminar sheets (like orthodentine). Bone may be compact or
vascular and spongy. It may have few intrinsic collagenous fibers or many which
are more or less layered and make the bone soft and flexible. Other collagenous
fibers (Sharpey’s fibers) mav penetrate bone or dentine from adjoining connective
tissue to bind scales together and anchor them to the substrate. The lamellae and
osteons of bone can be resorbed and replaced at anv internal or external surtace,
even if osteocytes are absent. Growth includes reorganization as well as accre-
tion.

Hard tissues not found in the integument (cartilage, some kinds of bone) are
described in Chapter 8.

PHYLOGENY OF BONY SCALES AND THEIR DERIVATIVES Hard tissues ap-
pear to have been primitive for vertebrates. The earliest known fishes and jawless
vertebrates are nearly always more heavily armored than the descendants in their
respective lineages. Enamel, dentine, and bone were all present in fragments of
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armor from the Ordovician period. Primitive armor may have served as an ion
reservoir, for protection, for osmotic control, or perhaps to make the body heavy.

The early presence of hard tissues leaves one puzzled as to the origin of the
heavy and complicated armor of ostracoderms from the (apparently) naked in-
tegument of protovertebrates. Surely there must have been an intermediate step.
The lepidomorial theory, and the theory that extensive dermal papillae underlying
extensive enamel organs could have formed large armor plates, are attempts to
reconstruct that step.

Armor shields of ostracoderms and placoderms (cephalaspids, pteraspids,
arthrodires, antiarchs) differ only in size from the coarse scales found elsewhere
on their bodies. In section, armor shows three principal layers. The surface is
composed of dentine (often reduced in placoderms) which may be capped with
enamel completing surface projections called denticles. A middle layer is com-
posed of bone that is riddled with anastomosing channels for small blood vessels
and sensory pits. The basal layer is lamellar bone with fewer vascular channels.

Anaspids have no armor shields, and their scales have regressed in that only
the basal layer is retained. It is generally assumed that the naked skin of cyclo-
stomes resulted from further degeneration and that their ancestors had armor
plates. However, the record does not exclude the possibility that their ancestors
had small scales—or none.

Cosmoid scales differ in no fundamental respect from the ancient armor
just described—the same basic layers are present. The term has gained wide
usage, however, and is helpful for describing somewhat more advanced scales
that are typically smaller, thinner, and characterized by having dentine of the
cosmoid type. The surface of the scale is usually sculptured by the enamel of the
denticles (“‘cosmoid”” = ornamented). Thus each scale resembles a unit of the
superficial layers of the armor shown in Figure 6-4. The scales may be cycloid
(roundish in outline) or rhomboid (a parallelogram in outline). Cycloid scales
are usually imbricated (overlapping). Rhomboid scales often overlap at their inner
margins, but are fitted edge to edge at their outer surfaces. Cosmoid scales are
found on the posterior parts of the bodies of some placoderms and on crossop-
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Ganoid scales are thick rhomboid structures that evolved from cosmoid
scales. There are two principal types. The more primitive is called a palaeon-
iscoid scale. The surface is thickened during successive periods of growth by
laminations of the enamel called ganoine. Cosmoid dentine is retained under the
ganoine. The base of the scale is lamellar bone pierced by vascular canals. This
type of scale is found on primitive extinct actinopterygians and on the surviving
chrondrostean, Polypterus. The second type of ganoid scale was derived from the
first and is called a lepidosteoid scale. The ganoine is the same. The cosmine
is deleted. The bony base is acellular, and the canals, though present, are no
longer vascular. This type of scale is found on more recent chondrostean and
holostean ray-finned fishes (but not on modern chondrosteans, which have de-
generate scales) and also, surprisingly (since this is a rather advanced scale), on
fishes of the extinct class Acanthodii.

Elasmoid scales were derived from ganoid scales of the lepidosteoid type.
They are restricted to teleosts. The basal layer, which now forms the bulk of the
scale, remains acellular but is laced by collagenous fibers coursing in various
directions. The resulting bone (called isopedine) is somewhat flexible and soft.
The ancestral ganoine is absent, and in its place is a thin surface glaze derived
from the enamel organ. Elasmoid scales are thin, imbricated, and cycloid or
ctenoid (having comblike projections on the exposed margins).

Isolated dermal denticles or placoid “‘scales’” are confined to elasmo-
branchs and some aberrant placoderms. They evolved from cosmoid scales or
possibly from the integument of a placoderm stock that sidestepped armor plates
and heavy scales entirely. They lack the bony basal layer of scales and are always
small and usually isolated. A central pulp cavity is surrounded by dentine, and
this is capped by a tissue that is usually considered to be ectodermal enamel.

Various hard structures of tetrapods are derived from the bony scales of
fishes. Caecilians have bony ossicles buried in the skin. Osteoderms are plates
of bone which are derived from scales and located under the horny scutes of
crocodilians, some lizards, and some extinct labyrinthodonts and reptiles (Figure
6-5). Some bones in the shells of turtles probably had the same origin. (Other
bones in the shells of turtles are flattened ribs.) Splintlike bones that lie in the
muscles of the ventral abdominal wall of crocodilians (but not lizards) are also
seemingly derived from dermal scales. They are termed gastralia. (The bones in
the shells of armadillos are of similar nature, but they evolved secondarily, long
after their ancestors had lost all ossifications in the skin.)

Other hard structures have also evolved from scales. Teeth certainly evolved
about as dermal denticles evolved. Various bones of the roof of the skull and
pectoral girdle represent armor plates that lost their enamel and dentine and sank
below the skin to join bones originating in the internal skeleton. The fin rays of
bony fishes are also regarded as derivatives of scales. These structures will be
described in later chapters.

Figure 6-5 OSTEODERM FROM THE NECK SKIN OF A LARGE CROCODILE.
Actual size 7% X 10% cm.
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SKIN OF AMPHIBIANS, LIVING AND EXTINCT The epidermis of living am-
phibians is thin (typically five to eight cell layers), but in response to contact with
the air it has a particular mucopolysaccharide which apparently helps control
desiccation, and a stratum corneum with a-keratin (Figure 6-6). Only the out-
ermost cell layer is dead, however, and this is lost every few days, sometimes in
large patches. The sloughing is under hormonal control.

Amphibians have two kinds of multicellular, alveolar (flask-shaped) glands
which originate from the epidermis and grow down into the dermis. Their prod-
ucts reach the surface by ducts. Abundant mucous glands secrete continuously
and spontaneously to clean and lubricate the skin and to keep it moist so that
cutaneous respiration will be possible. Granular glands are under nervous or
hormonal control. They secrete an acrid milky fluid that is distasteful, and in
some instances very toxic to predators. Granular glands are grouped together in
the “warts”” of toads. The amphibian dermis is two-layered and may be provided
with lymph spaces and muscle fibers.

Terrestrial amniotes are able to withstand abrasion and desiccation largely
because of keratinized derivatives of the epidermis. Having only a thin layer of
dead keratinized cells, modern amphibians must instead seek moist habitats or
use behavioral adaptations to avoid drying out. It is probable that the skin of
terrestrial labyrinthodonts was thicker, drier, and more like that of some modern
reptiles. Many had bony ossicles in the skin, and these are usually associated
with a heavily keratinized epidermis.

SKIN OF REPTILES: HORNY SCALES Reptiles use keratin (and lipids) of the
epidermis to “‘airproof’’ their skin. The adaptation involves the fundamental pat-
terning of the skin in that the distinctive epidermis forms a complete body cov-
ering of horny scales. Joints between scales are merely regions where the horny
material is thin and folded (Figure 6-7). The epidermis of lepidosaurs, as described
chiefly by Maderson, is of particular complexity and interest. In these animals an
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Figure 6-6 SECTION OF THE SKIN OF AN AMPHIBIAN.
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Figure 6-7 SECTION OF THE SKIN AND EPIDERMIS OF A SQUAMATE REPTILE
shortly before a molt.

entire “‘generation”” of the epidermis is sloughed as a single unit. This occurs at
least several times a year. Let us enter the cycle just after such a molt in what is
termed the resting stage. The epidermis now consists of the stratum germinativum
and an outer epidermal generation that characteristically has five layers. From
the outside inwards there is first a thick, dead, acellular layer heavily keratinized
by B-keratin. The surface of this layer is called the oberhautchen and has micro-
scopic spicules. Under this B layer is a thin mesos layer of unknown significance
and then a moderately thick layer of loose, dead, anucleate material having «-
keratin. Below this are two layers of living cells: an outer layer, which will later
be taken into the « layer, and an inner layer, which will later become clear and
create the separation leading to sloughing.

At the end of the resting stage, the germinal epithelium rapidly proliferates
the various layers of an inner epidermal generation. As these mature, they
separate from the innermost layer of the outer epidermal generation, and slough-
ing follows.

The keratinous plate on the outer surface of a large flat scale is called a
scute. The scutes of crocodilians and chelonians are not shed. Growth adds
keratinized material over the entire inner surface of a scute, thus compensating
for wear. Each wave of growth extends beyond the previous margin of a scute
to form the familiar concentric rings of the turtle shell (Figure 6-8).
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Figure 6-8 CARAPACE OR SHELL OF A DESERT TORTOISE, Gopherus, SHOWING
SCUTES WITH GROWTH LINES. Dorsal view; anterior to left.

The reptilian dermis is thin. Mucous glands are absent, as they are also from
the skins of the other truly terrestrial tetrapods. Scent glands of various types
(generation glands, preanal glands, femoral pores, etc.) occur variously on the
tail (some lizards), cloacal area (most squamates), thighs (lizards), and under the
jaws (crocodilians). Their secretions influence social behavior. Some bones found
in the skin of reptiles were mentioned above on page 95.

INTEGUMENT OF BIRDS: THIN SKIN AND FEATHERS Following a different
strategy, birds have over most of the body a thin, weakly keratinized skin which
is loosely joined to the underlying tissues. It is appendages of the skin—the
feathers—which are heavily keratinized. The lower leg and toes, however, are
covered by horny scales similar to those of archosaurs. These are not shed. The
beak is also heavily keratinized. The shellbreaker of birds and some reptiles is
an elevation on the beak or rostrum which helps the hatchling to break out of its
shell (see the figure on p. 19). (The egg tooth of snakes and lizards serves the
same purpose, but is a real tooth.) The spurs of gamecocks are horny spines
covering bony cores.

With rare exceptions, glandular derivatives of the avian skin are restricted
to a large, branched, alveolar uropygial gland above the tail (“uropygium’” =
tail + rump) which secretes an oil used by the bird to preen its feathers. It is
most developed in water birds.

Although intermediate stages are still largely speculative, there is biophysi-
cal, developmental, and anatomical evidence that feathers evolved from the ep-
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idermal scales of reptilian ancestors. They contain B-keratin, which is the same
type of keratin that occurs in the outer surface of the scales of archosaurs. The
keratin of avian skin, and also of the thinner, undersurfaces of archosaurian
scales, is a-keratin. It is probable that feathers evolved to provide insulation and
only later became adapted as airfoils.

There are several principal kinds of feathers and various intergrades. Most
familiar and complex are the contour feathers which give the bird its external
form and provide airfoils for flight (Figure 6-9). Few animal structures are so
exquisite in design. The axis has a hollow, proximal (toward the body) quill and
a solid, distal (away from the body) shaft or rachis. The vane is made up of
barbs, which branch from opposite sides of the shaft, and smaller barbules,
which branch from the barbs. The barbules on the distal side of each barb have
on their edges hooklets which engage the proximal barbules of the adjacent
barb. The resulting web is strong, light, and flexible. If disturbed, the elements
of the vane may separate, but they do not break. The integrity of the feather is
restored by preening with the modified edges of the bill, which reengages the
hooklets.

Wing feathers (remiges) and tail feathers (rectrices) are enlarged and stiffened
contour feathers. (Primary remiges are attached to the manus; secondary remiges
are attached to the arm.) A variation of the contour feather lacks hooklets and
therefore has no firm vane but is instead fluffy. Many birds, including the more
primitive orders, have double contour feathers—a principal feather joined at its
base by a shorter, softer feather called the aftershaft.

Hooklet
Distal barbule

Proximal barbule

Figure 6-9 STRUCTURE OF A CONTOUR FEATHER.
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Figure 6-10 A DOWNXN FEATHER.

Contour feathers are evenly distributed over the bodies of several kinds of
birds (probably the primitive condition), but usually are restricted to feather tracts
called pterylae. The feathers spread tfrom the ptervlae to cover the intervening
areas. The conformation of pterylae is of use to systematists.

Down feathers have little or no shaft. Long barbs branch from the base of
the teather and there are no hooklets. The resulting feather is small and soft
(Figure 6-10). Down feathers, hidden by the contour feathers, are widely distrib-
uted and not restricted to ptervlae. Their function is insulation: No material is
superior to the down of the eider duck as filling for lightweight sleeping bags.

Bristles are derived from contour feathers by the partial or complete deletion
of the vane. Thev are short stift feathers which mav screen foreign objects from
the nostrils (hawks, blackbirds), increase the efiective gape of the mouth (fly-
catchers), or torm evelashes (ostrich).

The colors of feathers come from two sources. Yellow, orange, red, brown,
and black are the result ot specific pigments introduced into the feather during
its development. White results entirely from the microstructure of the teather.
Blue, green, and iridescent hues result from a combination of black, vellow, or
other pigment with microstructure that reflects only part of the light.

Feathers are molted and replaced once or (less commonly) twice a vear.
Most species drop the feathers one at a time so that function is not impaired, but
ducks and some other birds lose most of the tlight feathers at one time.

The development of a feather starts with a hummock of mesoderm, the
dermal papilla, which is covered bv ectoderm. This structure sinks into the skin,
thus forming a narrow depression, or feather follicle, all around its base (Figure
6-11). The feather is formed only by ectoderm, but the ectoderm not only must
be nourished by the vascular mesoderm, but also activated by it. Experiments
show that in the absence of mesoderm, no feather can form, and that in the
presence of a papilla, ectoderm that does not normally form a feather may do
s0.

A superticial keratinized feather sheath surrounds erupting feathers and
subsequently sloughs away. At the base of the follicle the germinative layer forms
a collar. The barbs of a down feather grow straight upward from the collar within
the sheath. An early step in the formation of a contour feather is the development
of a shart as an outgrowth from one point on the collar. Barbs form first as
branches of the shaft, and then as outgrowths of the collar itself that migrate onto
the base of the shaft as it lengthens. When the sheath breaks away from the
maturing feather the barbs unfold to the right and lett of the shaft to change the
cvlindrical, embryonic feather into the flat, mature feather.

SKIN, SCALES, AND INTEGUMENTARY GLANDS OF MAMMALS The skin of
mammals is relatively thick—particularly the dermis, from which leather is made.
However, the thickness varies greatly according to species and location on the
body (and sometimes also according to season). The epidermis thickens where
the hair is sparse and also in areas subject to pressure and abrasion, such as
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Figure 6-11 SECTION OF A DEVELOPING CONTOUR FEATHER.

footpads, the kneepads of camels and warthogs, and pads on prehensile tails.
Between the stratum germinativum and stratum corneum there may be one or
more transitional layers, the most common of which is a thin stratum granu-
losum (Figure 6-12). Bundles of smooth muscle in the dermis are related to hair
follicles.

The stratum corneum may form horny scales, as on the tails of opossums
and beavers. Claws are strong keratinized structures which wrap around the
tapering terminal bones of the digits. The tip and upper and lateral parts comprise
the unguis and are harder than the underside (subunguis). Hooves are derived
from claws. The unguis of the horse’s hoof is built up of compacted horny tubules.
The entire hoof spreads somewhat under the impact of a footfall. The shell of the
armadillo has a heavily keratinized epidermis as well as bony dermal ossicles.
The unique pangolin (mammalian order Pholidota) has markedly overlapping
scales on its dorsal surface (see the figure on p. 467). These scales, which may
be more than an inch long, are shed one at a time and replaced in larger sizes
as the animal grows. The baleen plates of whales are lathlike outgrowths of the
buccal epithelium that serve as strainers during feeding (see the figure on p.
572).

Sweat glands (also called sudoriferous glands) are unique to mammals.
Many species have a million or more of these small glands distributed over the
entire body. Others have fewer and restrict them to the muzzle or soles of the
feet. Still others, including whales and sea cows, which have no use for them,
have none. Sweat glands are tubular, simple (not lobulated), and coiled at their
inner ends. There are two kinds, which differ somewhat in structure and nature
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Figure 6-12 SECTION OF THE SKIN OF A MAMMAL.

of secretion. They develop in the embrvo from cords of ectoderm which sink into
the dermis. The evaporation of sweat irom the surface of the skin helps to prevent
overheating of the body and opposes slipping of foot pads over the substrate.
Salt, urea, and some other wastes are excreted in the sweat. Glands in the eyelids
(Moll’s glands) which open near the eyelashes, and the wax glands of the external
ear are considered to be enlarged and modified sweat glands.

Sebaceous glands are also limited to mammals. One or more of these
branched alveolar glands drains into each hair follicle. They also occur without
relation to hair on the nipples, lips, and genitalia. Their oilv secretion dresses
the hair and prevents excessive drving of thin skin. Lanolin, used as a base for
cosmetics, is refined from the sebaceous secretion of sheep. Modified sebaceous
glands iMeibomian glands) occur in the evelids, where their secretion tilms over
the eveball and normally prevents overflow of the tears.

Many mammals have scent glands. There i1s wide variation in their nature
and distribution. They may serve for defense, recognition, or sexual attraction.
The glands may be located in the anal region (weasel family), on the face (bats,
antelopes), on the back tkangaroo rat), on the feet some artiodactvis}, or indeed,
on any other part of the body. Some scent glands are said to be derived from
sebaceous glands and others from sweat glands.

Only mammals have mammary glands, which secrete the milk to suckle
the voung. The first indication of the development of the glands is the appearance
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in the embryo of a pair of epidermal ridges, the milk lines, which extend length-
wise from the chest to the inguinal region. At intervals along the lines where the
adult mammae will ultimately form, ectoderm sinks into the dermis and branches
into solid cords. In females these cords enlarge at maturity, pushing under the
skin and becoming compound (lobulated) and alveolar. Much of the human
breast is fat. The gland becomes active at parturition under the influence of
ovarian and pituitary hormones.

The number of mammae correlates with the number of young per litter and
varies from one pair to about a dozen pairs. The mammae may be on the chest
(primates, elephants, bats, sea cows), in the inguinal area (ungulates), or at in-
tervals in between (rodents, carnivores). Mammary glands appear to be phylo-
genetic derivatives of primitive sweat glands.

Each milk gland sends numerous ducts to the surface. In monotremes these
emerge in depressions whence the young lap up the milk. This probably ap-
proaches the primitive condition. Usually the site of emergence of the ducts is
elevated into a nipple which the young can hold in the mouth and suck. In
ungulates it is the skin circling the point of emergence that is elevated forming
a hollow teat (Figure 6-13).

HAIR The phylogenetic origin of hair is obscure. There is no indication that
hair evolved from reptilian scales. Where hair and scales occur together (as on
tails of rats, shells of armadillos, and backs of pangolins), the hair grows between
the scales, the pattern of the scales imposing a pattern on the distribution of the
hair. A similar pattern of hairs often occurs where scales are lacking. Evidence
is presented by Maderson to support the hypothesis that hairs arose from reptilian

Circular muscle
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Figure 6-13 SECTION OF THE NIPPLE AND ASSOCIATED TISSUES OF A PRI-
MATE (left) AND THE TEAT OF AN ARTIODACTYL (right). Not drawn to the same
scale.
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sensory appendages of the mechanoreceptor type that were located between
scales and contributed to thermoregulatory behavior. It is postulated that such
structures multiplied sufficiently to become useful as an insulatory body covering.
Some mammal-like reptiles may well have reached such a stage of evolution.

A typical hair has an expanded root and a shaft which, below the skin, is
hidden in an epidermal sheath or hair follicle (see Figure 6-12). One or more
sebaceous glands usually drain into the cleft between the hair shaft and adjacent
tissues. The follicle slants at an angle to the skin surface, and a tiny smooth
muscle runs downward from the outer part of the dermis to insert on it at such
an angle that contraction elevates the follicle and its hair. This merely gives a
human ‘““goose flesh,”” but for most mammals it deepens the fur coat, thus in-
creasing the effectiveness of the fur in displays and as an insulator.

In section, hairs are seen to be made up of two or three layers. Of greatest
structural importance is the cortex, which is relatively dense and contains the
pigment of the hair. Around the outside are microscopic scales that form the
cuticle. The size, shape, and overlapping pattern of these scales vary from species
to species. Mammalogists sometimes take advantage of this individuality when
they wish to identify hairs from owl pellets or droppings of carnivores. Coarse
hairs also have a central pith or medulla consisting of shrunken dead cells and
air spaces.

Guard hairs are the relatively long straight hairs that give a pelt its apparent
color and texture. These hairs are often grouped by twos and threes. Parting the
contour hairs of most mammals (particularly of ““fur-bearers’) reveals shorter hairs
which are very fine and numerous. These are wool hairs or underfur. They are
usually somewhat flattened in cross section, and this makes them wavy. They
often occur in groups of a dozen or more about the base of each guard hair.
Underfur traps innumerable air pockets that provide insulation and may prevent
water from penetrating to the skin.

Extra long and coarse hairs comprise eyelashes and manes and are found on
the tails of ungulates. Whiskers, or vibrissae, are even coarser hairs that are
specialized as tactile organs. The stiff shaft of a whisker serves as a lever that
pivots at the surface of the skin to translate the slightest movement to the root.
The bulb at the lower end of the root is surrounded by erectile tissue rich in
nerve endings. The heaviest ““hairs”” of all are quills. Quills are hollow, but can
be very stiff. The cuticle at the tip of a porcupine quill is modified to produce
tiny, effective barbs.

Most mammals molt once or twice a year, the winter and summer coats
often being different in density, quality, and color. The new pelage usually comes
in first at one or several locations and spreads over the body in a pattern char-
acteristic of the species.

Mesoderm plays a less prominent role in the formation of a hair than it does
in the formation of a scale or feather. A solid cord of ectoderm sinks into the
dermis. The walls of the cord become the double-layered root sheath. A small
dermal papilla forms at the enlarged base of the cord. The ectodermal cells over
this papilla proliferate to form the hair itself, which pushes outward through the
sheath cells to emerge from the skin.
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Figure 6-14 SOME HORNS AND ANTLERS.

HORNS AND ANTLERS The horns and antlers of tetrapods are of various types.
Rhinoceros horn is composed of keratinized fibers about 2 mm in diameter
which are compacted into a solid structure tough enough (as some animal col-
lectors have learned) to punch holes in army trucks. Growth is from the epider-
mis, where it covers many small dermal papillae at the base of the horn. The
horn is evergrowing and is not shed.

Giraffe ““horns”” are merely knoblike projections from bones of the skull.
They are permanently covered by skin.

The antlers of the deer family are also bony outgrowths of the skull, but they
are shed and replaced each year. The hard, compact bone is covered by skin
(“velvet”) only during growth (Figure 6-14). When full size is attained, the cir-
culation to the velvet is cut off, thus causing its death and ultimate sloughing. At
the end of the breeding season, the bone at the base of an antler, just below a
rough expansion called the burr, is weakened, and the antler is shed. Antlers are
of varied shapes, often large, and usually branched in mature animals.

Pronghorns are limited to the American artiodactyls of that name. Again,
there are bony projections from the skull which are covered by skin. However,
instead of producing hair, the skin forms horn. The bony core is permanent and
the horny cap is shed and regrown each year.

The true horns of cattle and antelopes (and of some dinosaurs and cha-
meleons, among reptiles) have bony cores which are vascular and may contain
extensions of the frontal sinuses. Over these cores are horny sheaths of epidermal
origin. The horny substance is not filamentous like that of the rhinoceros horn
and horse’s hoof. The growth is by internal deposit so that the core keeps slipping
outward, and growth rings may be seen around the base. The horn is “perma-
nent,” but there is some exfoliation of old horn.
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Rhinoceros horn and the sheaths of true horns are alike in that each grows
only by the accumulation at the basal end of hard material that cannot subse-
quently change its shape. In this they resemble claws, tusks, and mollusk shells.
When such structures grow at equal rates on all sides, they grow straight. More
often the rate of growth is unequal around the base. If the point of minimum
growth lies opposite the point of maximum growth, then the structure always
forms a logarithmic (equiangular) spiral. The rhinoceros horn is an example. If
the point of minimum growth does not lie opposite the point of maximum growth,
then a helical (corkscrew) spiral in space is superimposed on the flat logarithmic
spiral. The ram’s horn is an example.

As indicated earlier in this chapter, a reasonably satisfactory phylogeny can now
be prepared for the various kinds of bony scales and related structures. The
evolutionary trend has been for their reduction, both in bulk and complexity.
Attempts have also been made to construct a phylogeny of other integumentary
structures, but the task is made difficult by multiple origins, evolutionary plastic-
ity, parallelism, and convergence. Considerations of paleontology, development,
innervation, and function have been of little help. Quay believes that the various
mucous glands of the aquatic vertebrates probably originated at various times,
evolved along separate lines, and are not homologs of any glands of reptiles,
birds, and mammals. Similarly, it is not known to what extent the granular glands
of cyclostomes, fishes, and amphibians are related. The general correspondence
of the keratinized skin derivatives of terrestrial vertebrates seems more evident,
but truly homologous integumentary structures may not exist above the class
level in modern vertebrates.
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ORIGIN AND
STRUCTURE

Teeth have an importance for vertebrate morphology that is out of proportion to
their contribution to the bulk of the body. This is true for several reasons: First,
their durability has made them a significant part of the fossil record. Second, they
are so adaptive that the diet of most animals can be approximated from their
teeth. Third, great variation of structural detail among kinds of vertebrates com-
bined with relative stability of structure within kinds makes teeth invaluable in
systematics; experts can identify most species of mammals by a single cheek
tooth. Finally, in spite of their adaptation to diet, teeth can often be used to trace
the general course of evolution within, and among, genera, families, and orders.
For these various reasons the teeth have been the subject of much study.

The origin of ancient integumentary armor was mentioned in Chapter 6, and
illustrated on page 94. Such armor had surface denticles of enamel (or enameloid,
according to some authorities) and dentine which merged into bone below. Teeth
appear to have evolved from denticles released from armor near the margins of
the mouth as ossification in the integument was gradually reduced.

The part of a mature tooth that is above the root and ultimately subject to
wear is the crown. The root is hidden below the gum and is usually anchored
to a jawbone. The pulp cavity within contains blood vessels and nerves (Figure
7-1). The bulk of a tooth usually consists of orthodentine. The bases of the teeth
of some fishes contain a vascular osteodentine that may merge into the jawbone.
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Figure 7-1 LONGITUDINAL SECTION OF A MAMMALIAN INCISOR TOOTH.

Unworn crowns are covered by enamel which rarely exceeds 2 mm in thickness
even in large animals. The nature of these hard tissues was described in Chapter
6. Roots of teeth that are held in sockets are covered by a thin layer of cement.
(Some teeth that are specialized for grinding also have cement on the crowns.
See the figure on p. 581.) Cement is a nonvascular bone that has no osteons and
is usually acellular. It is rich in collagenous fibers and is softer than dentine.

Knowledge of the process of tooth development facilitates an understanding of
the mechanism of replacement and of the origin of complicated teeth from simple
ones. The first step in the formation of teeth occurs in the embryo when a fold
of ectoderm forms along the margins of the mouth and penetrates into the un-
derlying mesoderm of the gums as a double-layered wall called the dental lamina
(Figure 7-2). At intervals along the dental lamina, hummocks of tissue push into
its inner edge causing it (as seen in section across the jaw) to look like an inverted
goblet. This tissue may be regarded as mesoderm, but is derived from neural
crest cells that have migrated from their site of origin (see p. 82), so is also termed
mesectoderm or ectomesenchyme. The double-walled bowl of the goblet now
constitutes the enamel organ. The cells of its inner layer (ameloblasts) will form
enamel. Each mesodermal hummock, or dermal papilla, develops on its surface
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Figure 7-2 Diagrammatic sections showing DEVELOPMENT OF A THECODONT
TOOTH.

the cells (odontoblasts) that will form dentine. The entire unit is called a tooth
bud.

There is a reciprocal induction between the enamel organ and its papilla:
each is necessary for the proper function of the other. The shape of the crown
of the future tooth is determined by the conformation of the interface between
enamel organ and papilla at the time the hard tissues are deposited. Until that
time, the interface is gradually sculptured by differential pressures and growth
rates of the various parts of the tooth bud. If there is to be more than one cusp,
deposition of enamel and dentine starts at what will be the tip of the principal
cusp. As maturation proceeds, the developing tooth slowly climbs up toward the
surface of the gum. The enamel organ regresses ahead of the emerging crown,
and no further enamel can then be deposited. The formation of dentine continues
after the tooth becomes functional. Cement forms only in the presence of dentine.
The papilla becomes the pulp.

The teeth of cartilaginous fishes are anchored to the skin by collagenous fibers
(Sharpey’s fibers) that run into the dentine from the dermis. The teeth of most
vertebrates, however, are more or less fixed to the bones of the jaws. Often the
outer margin of each jawbone forms a thin wall having on its inner (lingual) side
a series of hollows to accommodate the teeth. Each tooth touches the bone only
with the outer (buccal) surface of its root. It may be joined to the jaw by colla-
genous fibers or by cement. This mode of attachment, which may be the primitive
one, is called pleurodont (= side + tooth) (Figure 7-3).

Some other teeth scarcely have any roots and abut against the rim of the
jawbones to which they are joined by a continuum of hard tissue. This form of
attachment, which has evolved independently several times, is called acrodont
(= summit + tooth). Still other teeth have their roots held in sockets (alveoli)
in the jawbones. This is the thecodont (= sheath + tooth) condition. There are
intergrades among these kinds of attachment.
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Evolution of Teeth

Polyphyodont teeth are not replaced at random, seemingly because that
could result in temporary impairment of function. Two conditions usually are
maintained. First, the teeth are in two sets, the even-numbered teeth constituting
one set and the odd-numbered teeth another. Replacement in one set is out of
phase with replacement in the other. Accordingly, since adjacent teeth are at
different stages of the growth cycle, vacant positions are flanked by functional
teeth. Second, neighboring teeth in a set (alternate teeth in the mouth) are usually
at slightly different developmental stages. Every tooth tends to be a little more
mature than the next anterior tooth of its set.

Edmund and, more recently, Osborn have proposed developmental models
to explain the observations. Osborn suggests that the migration of inductive ec-
tomesenchyme into the jaws from behind initiates the first wave of tooth devel-
opment from posterior to anterior. If each developing tooth somehow inhibits the
development of adjacent teeth, that would account for the odd and even sets.
Large teeth develop more slowly than small ones, and this influences the schedule
of individual tooth replacement for animals having teeth of different sizes.

FROM DENTICULATE ARMOR TO HETERODONTY CYCLOSTOMES have
conical, horny teeth on the oral funnel and ““tongue.”” Some extinct AGNATHA
had small to medium-sized bony plates in the mouth that were roughened by
surface denticles. Among PLACODERMS, the predaceous arthrodires had on the
margins of their jaws bony plates with jagged edges which sometimes contained
dentine (see figure on p. 48). All of these structures are tooth analogs, but are
homologs only in the gencial sense of derivation from the same developmental
tissues (see p. 91).

The teeth of OTHER FISHES are highly varied, and evolutionary trends are
scarcely found. Typically their teeth are numerous, conical or bladelike (Figure
7-4), and homodont (= same + tooth), or all of about the same size and shape.
They are carried on the margins of the jaws and, in ray-finned fishes, may also
be on the roof of the mouth, fifth gill arch, and tongue. Primitively, bony fishes
may have been pleurodont and polyphyodont, but most are now somewhat or
entirely acrodont, and such teeth often are not shed. The teeth of sharks are
anchored to the skin and are continuously replaced as new teeth migrate up over
the margins of the jaws from the inside (Figure 7-3). Departures from these general
conditions include reduction or loss of teeth, fusion to form permanent crushing
plates (chimaeras, dipnoans, some rays), and development of multiple cusps
(cladoselachians, pleuracanths) or whorls (acanthodians).

The teeth of most CROSSOPTERYGIANS (but not the surviving coelacanth)
resemble those of ray-finned fishes in most respects, but have one distinctive and
important characteristic: The enamel and dentine are folded so as to form com-
plicated patterns as seen in cross section (Figure 7-4). This structure, termed
labyrinthodont, strengthens the tooth and makes it resistant (o wear. Labyrin-
thodont teeth survived for 100 million years, first among amphibians (hence their
name, LABYRINTHODONTIA) and then STEM REPTILES (extinct anapsids).

MODERN AMPHIBIANS tend to have fewer teeth than their ancestors (none
in toads) and they are small, simple, pleurodont, and no longer labyrinthodont.
They are supported by pedicels of dental origin to which they are attached by
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Figure 7-5 DIVISION OF TEETH OF LISSAMPHIBIA INTO CROWNS AND PEDI-
CELS shown by the caecilian, Gymnopis.

(and were) thecodont, various reptiles are acrodont, and many lizards are at least
partly pleurodont. Most reptiles are polyphyodont, though acrodont teeth often
are not replaced. Turtles are edentate, or toothless.

Various reptiles, in several orders, but particularly among MAMMAL-LIKE
REPTILES, have teeth of different form and function at different parts of the tooth
row. Such dentition is heterodont (= different + tooth). This significant ad-
vance was passed on to MAMMALS, and is related to chewing.

SOME CONSEQUENCES OF CHEWING Most nonmammals use the teeth only
for securing and holding food, which is then quickly swallowed. MAMMALS also
secure and hold food, but in addition they usually shear, crush, or grind their
food. These new functions are of the utmost importance because they speed
digestion and greatly increase the diversity of foods—particularly plant foods—
that can be eaten. In order to be sheared, crushed, or ground, it is desirable for
food to be retained in the mouth and chewed. This necessitates (1) modification
of the ancestral jaw articulation and palate (see discussion on p. 136), (2) cheeks
to hold food in the mouth, (3) a tongue capable of positioning the food, and (4)
several kinds of teeth. Mammals are heterodont unless they have secondarily
reverted to homodonty in response to a diet of fish or insects (e.g., toothed
whales, armadillos). Other distinctive features also relate to heterodonty: Mam-
malian teeth are thecodont because such teeth can best withstand shearing forces
without being loosened. They are carried only at the margins of the jaws, possibly
because elsewhere they would occlude with less force and precision. Speciali-
zation of the teeth leads to increased size, complexity, strength, and wearing
ability. These, in turn, correlate with reduction in number of teeth functional at
one time and reduction in number of sets of replacement teeth.

Most mammals are diphyodont, but this statement needs qualification. Typ-
ical mammals have a first set of teeth which consists of the temporary milk teeth
plus the permanent molars. The fact that all these teeth belong to one generation
is obscured by the circumstances that they erupt in sequence and may or may
not be deciduous. The second generation of teeth includes all permanent teeth
except the molars. (Some marsupials replace only one tooth in each jaw, and
moles replace none.)

NUMBERS AND KINDS OF TEETH Typical mammalian dentitions have three
or four kinds of teeth. Incisors are adapted for securing food and sometimes for
grooming (Figure 7-6). They may be conical spikes for holding insects or flesh,
or simple blades for cutting plant stems. They are relatively small teeth and are
single-rooted. Their function requires that they be forward in the mouth; the
upper incisors are rooted in the more anterior of the two bones of the jaw (the
premaxilla). Numbers of teeth are expressed in terms of one side of the mouth
only and are commonly written as a fraction, the count of upper teeth f()rming
the numerator and the count of lower teeth forming the denominator. Incisors of
eutherian mammals are always 3/3 unless secondarily reduced. This count is

exceeded by some marsupials.




1 1 _‘1[ Tecth

he canines zre next postenor in the mouth. Thev are simple spikelike teeth
with singie roots. If mot secondarily modified, they are long and N
i g and piercing in re ation to both feeding and fighting. Canines always
number 1/1 -f not reduced. The zlveolus for the upper tooth lies in, or just
posterior 10, the suture between the two bones of the upper jaw.

All replacement teet h behind the canines are called premeolars, and all
nondeciduous teeth of the first generation are called molars. Molars tend to be
larger than premolars and to ha\e more cusps and roots. The numbers of pre-
molars and molars among ancestral therian mammals were probzbly 4/4 and
7-87-8, respectively. The primitive counts ior eutherian mammals are considered
to be 4/4 and 3/3.

The distimction between o—mzo'a's and molars is sometimes unsatisiactory.
As a practical matter it mayv not be possible to tell from an adult skull which teeth
have been replaced. The entire tooth row forms a sefies s -ch that teeth tend o
resemble their immediate neighbors. Specialization may make the kinds of teeth
ndistinguishable: Artiodactyls have an incistiorm lower ca“irba and horses have
molariform premolars. Furthermore, the distinction between premolars and mo-
ars breaks down it :he replacement generation of teeth is incomplete or absent.
For these reasons it 15 often conventent to spezk of these teeth collectively as
cheek teeth.

The numbers and kinds of teeth are expressed by a dental formula which
constsis of the numerical iractions already noted written in sequence starting with
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the incisors. Thus, the formula for the wolf is 3/3, 1/1, 4/4, 2/3; for the deer is
0/3, 0/1, 3/3, 3/3; and for man is 2/2, 1/1, 2/2, 3/3.

MORE ABOUT CHEEK TEETH The cheek teeth of primitive mammals (Jurassic
mammals, marsupials, insectivores) and of some more advanced orders, as well,
have several cusps (see the posterior teeth, figure on p. 142). The upper molars
usually have three principal cusps arranged in a triangle; the lower molars com-
monly have five principal cusps. Accessory cusps may also be present. The cusps
are intricately arranged to interlock when the mouth is closed. Such teeth are
admirably adapted for diets of flesh or invertebrates.

Speculation about the origin of multicuspid teeth from unicuspid teeth has
been the subject of much debate. The theory of Bolk is now of only historical
interest. His concentration theory, presented in a series of papers in the first
decade of this century, postulated a fusion of teeth derived from two different
replacement generations. The concrescence theory of Kiikkenthal and Rése was
formulated in the 1890s. It holds that multicuspid teeth originated by the fusion
of adjacent unicuspid teeth. This does actually happen in some fishes, but does
not appear to have been a usual event. The favored theory, called the differ-
entiation theory, was presented in the 1880s by Cope and Osborn and was
revised and extended some years later by Gregory. This theory, for which there
is abundant paleontological and embryological evidence, states that the single
cusp of the ancestral tooth gradually became supplemented by two secondary
cusps that formed from the side walls of the tooth crown. Additional smaller
cusps may form from a ridge (cingulum) that encircles the base of the crown. The
patterns of cusps are various and intricate. Furthermore, cusps may become
joined in various ways by ridges (see figure on p. 581). All cusps and lophs are
named, and the terms distinguish between corresponding cusps of upper and
lower teeth. Unfortunately, some of the terms in wide use are not apt because
they do not express true homologies between upper and lower teeth.

The description and functional analysis of the principal kinds of cheek teeth
is a particularly interesting subject. It will be postponed until Chapter 28 because
it relates to adaptation to diet rather than to the broad sweep of evolutionary
change among major taxa, which is our concern in this part of the book.
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Head Skeleton

IMPORTANCE OF
THE SKELETON
TO
MORPHOLOGY

The internal, jointed skeletal system of vertebrates is unique in the animal king-
dom and is the most important of all organ systems in the study of vertebrate
morphology. It is conservative enough in general pattern to show the broad
outlines of vertebrate phylogeny: Homologous bones and evolutionary trends are
readily demonstrated in skeletons characterizing the successive major taxa. Fur-
thermore, the skeleton plays a central functional role. Wide variations have al-
ways been superimposed on the gradually evolving general pattern, and the
skeleton has been sufficiently plastic to respond to the particular habits of the
various animals. Therefore, it also provides reliable information about the specific
adaptations of vertebrates: Postures and locomotor adaptations are accurately
revealed, and other adaptations are sometimes indicated.

Because of its hardness and durability, the skeleton (including the teeth)
becomes fossilized relatively often, and this contributes virtually (though not
quite) all of our knowledge of past vertebrate life. Paleontology can be regarded
as the comparative anatomy and morphology of extinct animals. No other science
has contributed so much to our knowledge of vertebrate evolution, and it is, of
course, limited almost entirely to the study of hard parts. Fortunately for the
paleontologist, of all organ systems the skeletal system tells the trained observer
the most about other organ systems: Most muscles take their origins and insertions
on bones, and often leave tuberosities or scars to show the positions and extent
of these contacts; the important cranial nerves reveal their sizes and courses by
the foramina they traverse in the skull; the relative development of the different
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parts of the brain may be revealed by the braincase; nasal chambers, orbits, and
otic cavities give some information about the sense organs they house; the nature
and distribution of sensory canals on the head may be shown in detail; even
some blood vessels leave traces on the skeleton.

Moreover, of all organ systems this one is the easiest to preserve, store, and
demonstrate. It is, therefore, a good one to teach and learn about.

Hard tissues have been described as we have come to them: horn, enamel,
dentine, and bone in Chapter 6, and cement in Chapter 7. As we turn to the
deeper skeleton, another hard tissue, cartilage, must be added and more should
be said about the development and nature of bone.

Cartilage is a tissue that combines hardness with some flexibility. It is present
in several invertebrates but is particularly characteristic of vertebrates. lts cells
(chondrocytes) are dispersed in spaces (lacunae) in a matrix of glycoprotein
(chondromucin) and fibers. Chondrocytes form at the surface membrane of the
tissue, or perichondrium, and gradually round up, grow, and become wider
spaced as the matrix they produce pushes them farther apart (Figure 8-1). Carti-
lage is usually derived from mesoderm but, curiously, in part of the head and in
virtually all of the gill region it may also be derived from neural crests, which are
initially ectodermal.

Hyaline cartilage has relatively few contained fibers and is translucent in
thin sections. Its surfaces are exceedingly smooth, as where it caps the bones at
movable joints. Fibrous cartilage contains a heavy meshwork of collagenous
fibers which make it cushionlike and tough, as where it separates the vertebrae
of the lower back. Elastic cartilage is rich in elastic fibers and consequently has
flexibility and resilience, as in the external ear. Calcified cartilage contains de-
posits of calcium salts which make it hard and firm. It is common in the skeletons
of elasmobranchs. Unlike bone, calcified cartilage is not remodeled once it has
formed. There are intergrades among these types of cartilage.

In terms of ontogeny, there are two kinds of bone. As explained in Chapter
6, bone that is associated with integumentary structures such as armor, scales,
denticles, and osteoderms ossifies directly from the dermis. Bones of the ancestral
integument that came to lie below the skin, such as the roofing bones of the
skull, also ossify directly from deeper mesoderm. This kind of bone is called
dermal bone or membrane bone.

The other kind of bone does not ossify directly from membranous tissue but
instead gradually replaces cartilage that has formed earlier. Thus, in the embry-
onic chondrocranium the cartilaginous skeleton is eroded away just ahead of the
deposition of bone. Such bone is termed replacement bone or endochondral
bone. Its development is described further on page 169. Once the two kinds of
bone have formed, they are identical. The distinction is useful, however, for
establishing the origins and homologies of various elements of the skeleton.

A property of bone and cartilage that conditions their other physical prop-
erties is heterogeneity. Disregarding minor impurities and imperfections, cast

Figure 8-1 HYALINE CARTILAGE.
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iron, ceramics, and glass are homogeneous, or uniformly the same everyplace
and in all directions. Wood, by contrast, has grain that makes resistance to
bending and splitting different in different planes. Similarly, bones have lamellae
and osteons with specific orientations and may be compact or spongy (see p.
92). The internal cells and fibers within cartilage are unevenly arranged. Con-
sequently, one cannot speak of the strength of, for instance, bone, but can report
only the approximate strength of a given type of bone when loaded in a given
way relative to the orientation of its components.

Cartilage and, particularly, bone are further heterogeneous in that each is a
composite material consisting of two dissimilar components. In each instance,
one component is an intricate meshwork of oriented collagenous fibers and some-
times of elastic fibers. The other component is a glycoprotein (for cartilage), or
hydroxyapatite (for bone). The physical properties of the composite are unlike
those of either component taken alone and are not the sum or average of the two
taken together. Thus, collagenous fibers are soft, flexible, and very resistant to
elongation, whereas hydroxyapatite is extremely hard, brittle, and resistant to
compression. Fine grain contributes strength because threadlike strands of a ma-
terial are many times stronger per unit of cross section than bulk material. Thus
the composite bone is more rigid than collagenous fibers, more flexible and
resistant to fracture than the mineral, and stronger for its weight and more versatile
in the kinds of loads it can withstand than either component alone. Engineers
make composite materials from fibers of glass in resin, boron in aluminum, tung-
sten in copper, and others.

The presence of lacunae in bone (see figure on p. 93) also increases its
strength. When a microfracture extends into a lacuna it tends to stop there instead
of enlarging. Within skeletal elements, bone, but not cartilage, is usually spongy.
The spicules of the meshwork are oriented so as to maximize strength in pro-
portion to weight in ways explained on pages 398 to 403. Finally, the fibers in
the organic matrix of bone are woven or stratified in complex patterns that in-
crease resistance to breakage.

We can speculate with reasonable confidence that as the remote ancestor of
chordates became bilaterally symmetrical and motile, it was essential that, in
order to be effective, its feeding mechanism and certain of its sense organs be-
come concentrated at its anterior end. Since the mouth was also associated with
respiration, the gills developed anteriorly. Inevitably, the nervous system re-
sponded to this concentration of sensory and motor structures by enlarging to
form a brain. A head skeleton then evolved to house and protect the brain and
sense organs, and to contribute to the efficiency of the feeding and respiratory
mechanisms.

Segmentation may have evolved as the head evolved. In any event, it is
believed that the head, as well as the body, of the ancestral vertebrate was
segmental. Specialization and loss, or partial loss, of head segments has obscured
the evolutionary story, however, and it is difficult to learn how many somites, or
embryonic segments of the mesoderm, are represented in the head, and which
adult structures were derived from each. This problem was a principal field of
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research and speculation among morphologists from the turn of the eighteenth
century through the first decades of the nineteenth century, and still receives
attention. A recent contributor, Jollie, believes that the vertebrate head skeleton
incorporated one somite anterior to the mouth, two more between mouth and
ear, and two and a half behind the ear. (Half sclerotomes may recombine in the
embryo—hence the half segment.) Fishes may add one, two, or several additional
segments to the back of the head.

Since the head skeleton is complicated, both as to origin and structure, it is
helpful to find parts that can be described one at a time. The logical components
to select are the chondrocranium, visceral skeleton, and dermal elements, be-
cause the structures that these contribute to the complete skull are at first rather
distinct, both in their phylogeny and their ontogeny.

The chondrocranium supports the brain and organs of special sense. The
visceral skeleton (or splanchnocranium) supports the gill arches and their deriv-
atives. The dermal elements (or dermatocranium) complete the relatively su-
perficial framework of the skull. The chondrocranium and visceral skeleton may
remain cartilaginous or become bony, but they are always present. The dermal
skeleton is always bony and is usually present, but has been secondarily lost by
several major vertebrate groups. Authorities are divided on the relative antiquity
of these components. Regardless of which may have evolved first, the earliest
known jawless vertebrates already had all three of them.

The term “‘skull” is sometimes used for all of the skeleton of the head.
However, it is also used—and will be used here—for the single unit that forms
the braincase and upper jaw and houses the nose and ear. The word is useful,
but inexact.

CHONDROCRANIUM AND DERIVATIVES Most organs of the body can con-
tinue to function when subjected to moderate pressures by contacts with the
environment or by locomotor or digestive activities. This is not true, however,
of the central nervous system or organs of special sense. The spinal cord of
primitive vertebrates derived some protection from the stiff notochord. The larger
brain was shielded above by bony scales or plates that formed from the dermis
of the skin and was supported below and on the sides by a trough of hyaline
cartilage. Capsules and rods of cartilage that protected the sense organs and
stiffened the rostrum merged with this brain trough to form the chondrocranium
(= cartilage + cranium). This structure has persisted in all vertebrates ever since
its origin some 550 million years ago. Animals that do not have bony heads
(cyclostomes and cartilaginous fishes) have relatively complete and heavy chon-
drocrania. Most vertebrates that do have bony heads retain a completely carti-
laginous chondrocranium only in larval or fetal life. In adult life these animals
replace at least part of the more delicate cartilage by bones that ossify within the
cartilage.

Homologies of the major features of the chondrocranium of the different
vertebrates have been established by noting their relations to such conservative
landmarks as the notochord, hypophysis, and cranial nerves and blood vessels.
Homologies of its numerous and complicated little rods and vacuities are more
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difficult to establish; seemingly, some will never be deciphered. Embryonic re-
capitulation has not been very helpful. The homologies of the bones that ossify
in the chondrocranium are more satisfactory.

The chondrocranium is a single unit. It is composed, however, of numerous
elements which are distinct in the embryo. We will arrange these in five groups
that are relatively large and constant (Figure 8-2).

The notochord lies within, just above, or just below the base of the devel-
oping chondrocranium. It may remain free or be obliterated, but usually its
sheaths become cartilaginous and join the chondrocranium. The contribution it
makes is small but important because its presence in the head may predate that
of all other skeletal structures there, and because the constant position of its
anterior end, just posterior to the hypophysis, serves as a reference point.

Anterior to the notochord is a pair of bars called the trabeculae (= small
beams). The hypophysis is located between their posterior ends. Sometimes, in
lower vertebrates having broad heads, the two bars remain free and widely sep-
arated (the platytrabic condition); sometimes they are joined by a plate of carti-
lage; and usually they fuse anteriorly to form a narrower Y-shaped structure
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Figure 8-2 COMPONENTS OF THE VERTEBRATE CHONDROCRANIUM seen in
dorsal view. Left, generalized early embryo; right, slightly simplified from the 25 mm
stage of development of the lizard Lacerta.
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having its leg pointing forward (the tropitrabic condition). The trabecular part of
the chondrocranium is related to the forebrain, nasal capsules, orbits, and
rostrum. In older embryos it may be complicated by curved outgrowths that
form an elaborate framework. Neural crests contribute to the formation of the
trabeculae.

Behind the trabeculae, and flanking the notochord, another pair of cartilages
form which are called (because of their position) parachordal cartilages. These
soon merge above, below, or around the notochord to form the basal plate. The
anterior part of the plate commonly encloses a large vacuity, and its lateral
margins are pierced by foramina for the exit of cranial nerves. The side walls of
the chondrocranium are usually incomplete. They consist of varied and some-
times complicated, pillars and rods that fuse to the basal plate at its lateral mar-
gins. It is relatively clear that the basal plate is of segmental origin from the
sclerotomes of embryonic head somites. It is considered to be in series with the
bases of vertebrae. At the back of the basal plate are one or two projections
called occipital condyles which articulate with the first free vertebra of the spine.
Their interesting origin from vertebral elements will be explained in Chapter 9.

A fourth contribution to the chondrocranium consists of one or more pairs
of arches that rise up from the posterior angles of the basal plate to flank or
encircle the spinal cord just where it enters the skull. These may be considered
to be the neural arches of cranial vertebrae. In embryos of some fishes they
sometimes even bear short ribs. The separate arches merge in late embryos and
are then known collectively as the occipital arch (occiput = back part of the
skull).

A final contribution to the chondrocranium is the cartilaginous sense cap-
sules that house the nasal chambers and inner ear. The nasal capsules join the
anterior ends of the trabeculae. The otic, or auditory, capsules join the margins
of the basal plate just in front of the occipital arch. The eyes are also enclosed
in capsules of cartilage. These remain free, however, because if they joined the
chondrocranium, the eyes could not be moved independently of the head.

Bones typically develop in the chondrocrania of six of the nine classes of
vertebrates (all except Agnatha, Placodermi, and Chondrichthyes). The names
and positions of these bones are best learned from specimens and from Figure
8-3. No one list of such bones serves for all vertebrates having ossified skulls;
most of the bones are rather constant, but some (including the mesethmoid and
orbitosphenoids) are of variable occurrence. In the higher vertebrates, the otic
bones and certain of the basal bones tend to fuse together.

VISCERAL SKELETON AND DERIVATIVES The pharynx is a somewhat ex-
panded part of the digestive tube lying between the oral cavity and the esophagus
or stomach. In the earliest stages of chordate evolution the pharynx became
perforated laterally by paired gill slits which served in feeding and respiration.
A part of the pharynx still contributes to the feeding mechanism of all the ver-
tebrates that have jaws, and the respiratory function of the pharynx is retained
by all jawless vertebrates, fishes, and larval amphibians. When tetrapods ceased
to use the pharynx for respiration, much of its musculature and skeleton became
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Figure 8-3 REPLACEMENT BONES OF THE SKULL AND MANDIBLE AT THE
EARLY TETRAPOD STAGE OF EVOLUTION (except as noted). Ossifications of the
chondrocranium are shaded; those of the mandibular arch are hatched. All bones are
paired except those under the brain, and the supraoccipital.

available for other uses and were adapted for the control and support of the
tongue, vocal apparatus, and related structures. Thus, the pharynx has had a long
and varied history.

The first protochordates may have had a dozen pairs of gills. The number
was increased to as many as 100 by some protochordates (amphioxus), so that
food particles could be entrapped on sticky gill bars as water was strained through
the pharynx. The earliest vertebrates may have also included some filter-feeders,
but the most ancient well-known vertebrates subsisted on larger food and did not
require such a specialized pharynx. They reduced the count to 5—15 pairs of gill
slits. By the time jaws evolved, the number had been further reduced and sta-
bilized at about 6 (more in some sharks and fewer in some tetrapods).

Between each typical gill pouch, and also anterior to the first and posterior
to the last, are bars of tissue that consist of skeletal elements (largely derived from
neural crests), muscles, and respiratory filaments together with the nerves and
vessels serving these structures. Each such bar is called a visceral arch—"vis-
ceral” because it forms largely from a specialized part of the gut tube. The basic
number of visceral arches for jaw-bearing vertebrates is one more than the prim-
itive number of pouches, or 7.

The relationship between the segmentation of the visceral arches and the
segmentation of the head (discussed above) is of interest. The mesodermal part
of the digestive tube forms in the embryo from the hypomere. Unlike the somites
above it, the hypomere is not segmented. It follows that the muscles and skeleton
of the visceral arches do not exhibit the primary segmentation of the body. The
presence of serial gills, however, imposes on the derivatives of the pharynx a
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secondary segmentation which comes to be functionally integrated with the pri-
mary segmentation of the cranial nerves, yet need not be just the same in all
vertebrates.

It is probable that the ancestral vertebrate had a preoral somite (primary
segmentation), but the presence of a preoral visceral arch (secondary segmen-
tation) is doubtful, or at best controversial. The first constant arch, therefore, is
just behind the mouth. It is numbered 1, and the others follow in sequence. Each
gill slit, or pouch, is given the same number as the arch that lies just anterior to
it (Figure 8-4).

No other part of the vertebrate skeleton, except possibly the notochord itself,
is as ancient in origin as the visceral skeleton. Each gill bar of jawless vertebrates
is supported by a single cartilaginous rod. It may angle and bend, and usually
joins its fellows above and below the gill slits, but it is not jointed. The skeleton
of each visceral arch of gnathostomes is jointed. The basic number of paired
segments is seemingly four per arch. Of these, the middle two, called the epi-
branchial (above) and the ceratobranchial (below), are relatively important for
our story. There are also unpaired, midventral segments between the lower ends
of the gill bars, which are considered, on somewhat slim evidence, to have been
derived by remote ancestors from the paired gill bars.

The first visceral arch enlarges to become the jaws, if jaws are present, and
is then called the mandibular arch. Its epibranchial forms the upper jaw and
takes the name palatoquadrate. The ceratobranchial presumably forms the lower
jaw and is called the mandibular cartilage. The jaws become more or less firmly
anchored to the chondrocranium to provide needed bracing (see below), and the
second visceral arch, or hyoid arch, may be recruited to help in the support.
The epibranchial is its key element and is called the hyomandibula. Succeeding
arches, which serve primarily in respiration, are called branchial arches (branch
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Figure 8-4 PRIMITIVE VISCERAL SKELETON represented by a stylized elasmo-
branch. Compare with Figure 8-8.
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= gill). Thus, the third visceral arch is also the first branchial arch. This termi-
nology is clarified by Figure 8-4.

Ossifications that form in the visceral cartilages are, like those of the chon-
drocranium and nearly all of the postcranial skeleton, replacement bones (Figure
8-3). As noted in the following section, most of the bones that become function-
ally related to the jaws are not replacement bones and, therefore, are not derived
from the visceral skeleton. The true first arch bones are usually small, yet no
other bones of the body have a more engrossing and unexpected history. More
of this later in the chapter.

CONTRIBUTIONS FROM THE INTEGUMENT The rigid scales or heavy armor
of most ostracoderms, placoderms, dipnoans, and crossopterygians was the most
complete and solid over the head where it supported the teeth and shielded the
roof of the brain, the delicate gills, and other soft tissues. At first these integu-
mentary bones were variable as to size and pattern: Anaspids had small scales;
cephalaspids had huge solid shields; arthrodires had large plates composed of
individual elements joined by sutures. By the time the bony fish stage of evolution
was reached, the elements tended to stabilize as medium-sized pieces. The cros-
sopterygians developed a general pattern of bones that was to persist throughout
tetrapod history. The various classes have modified the basic pattern, however,
by fusions, deletions (particularly where the gills were lost, at the back of the
head, and between head and pectoral girdle), and sinking the bones below the
skin and even underneath certain muscles.

In order to establish the homologies of these numerous bones it has been
necessary for morphologists to use as many clues as possible. The paleontological
sequence of various changes has indicated trends. Attention has been given to
the relation of these bones to ossifications in the chondrocranium and to nerves,
vessels, sense organs, and the opening often present on the top of the head that
accommodates the pineal organ. The sensory canals of aquatic forms have been
helpful because they follow a definite pattern and usually leave grooves, pits, or
tunnels in the underlying bones. The number of ossification centers, and the
sequence of their appearance in the young animal, have also been useful because
a particular bone usually ossifies from a given number of centers that appear in
constant sequence in relation to the centers of other bones and to the regions of
the brain. Indeed, the several parts of the brain induce specific ossifications
adjacent to them. Since the characteristics of some centers are known to vary
somewhat, however, this clue must be interpreted with caution. In these various
ways it has been possible to establish with confidence the homologies of nearly
all the bones derived from the integument. The names and positions of the more
constant bones are shown in Figure 8-5.

The recognition of these components of the head skeleton (chondrocranium,
splanchnocranium, dermatocranium) is more than a mere convenience. As we
have seen, they may retain a degree of structural independence in the adult. This
is particularly true of anamniotes. The skeleton of the gills must be discrete as
long as the gills are functional, and the dermal bones often remain superficial
where they meet edge to edge to form a continuous covering. Furthermore, in
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Figure 8-5 PRINCIPAL DERMAL BONES OF THE SKULL AND MANDIBLE AT
THE EARLY TETRAPOD STAGE OF EVOLUTION. All bones are paired except the
parasphenoid. (The sclerotic bones of the optic capsule are not shown.)

the evolution of the various groups of animals, the bones of the skull have some-
times all become more and more strongly ossified and, in contrast, have some-
times all regressed. At other times, however, derivatives of the several
components have evolved independently. Thus, it appears that the chondrocran-
ium and visceral skeleton were emphasized by cartilaginous fishes and cyclo-
stomes at the same time that the dermal skeleton was regressing. Conversely, the
replacement bones of the skull, and these only, tended to regress in late ceph-
alaspids, lung fishes, some primitive ray-finned fishes, and late labyrinthodonts.
Evidently, replacement and dermal bones mav respond differently to evolutionary
forces even though they are visually identical.

In spite of original and potential independence, the replacement and dermal
bones of higher vertebrates become intimately associated. Enlargement of the
brain forces the chondrocranial ossifications outward, whereas enlargement of
jaw musculature forces many dermal bones inward. These components meet and
jointly form a single, firm unit.

When the first visceral arch was converted to jaws it became mechanically
necessary to brace the arch more firmly than had been the case while it func-
tioned only for respiration and filter-teeding. This was first accomplished by
attaching the palatoquadrate cartilage to the chondrocranium. Later, the hy-
omandibula of the second arch became a strut to further brace the jaw. Subse-
quently, the hvomandibula served alone, or the dermal bones covering the
palatoquadrate joined other dermal bones to provide a firm anchor. The number,
position, and firmness of the various points of attachment of the jaws to the
remainder of the skull have been various. In fact, there are more than a dozen
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Figure 8-6 PRINCIPAL TYPES OF JAW SUSPENSION. Mandibular arch and deriv-
atives are hatched, hyomandibula and derivatives are black, chondrocranium is
shaded, teeth and extent of dermal bones are indicated in outline.

named patterns of jaw suspension. To further complicate the story, similar types
of suspension have evolved independently in several instances. Properly inter-
preted, the relatively simple terminology proposed long ago by Thomas Huxley
is still adequate. The terms, together with the animal groups to which they apply
and the relationships among them, are shown in Figure 8-6. Some aspects of the
story are amplified in the following pages.

JAWLESS VERTEBRATES: INNOVATIONS AND VARIETY The chondrocran-
ium of Agnatha usually remains cartilaginous throughout life and is, therefore,
poorly known for most extinct forms. In cephalaspids, however, it was often
covered on all surfaces by a thin veneer of bone.

The visceral skeleton of agnaths is a continuous unit of cartilage: The indi-
vidual arches tend to join above and below the gill slits, and the unit joins the
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chondrocranium (Figure 8-7). All arches are branchial in function. Their number
is variable, but they are numerous relative to the arches of other vertebrates. (The
specialized mouth parts of cyclostomes are supported by cartilages that are not
derived from the visceral skeleton and are not represented in other vertebrates.)

The dermal head skeleton of agnaths ranges from armor shields (cephalas-
pids, pteraspids) through small scales (anaspids) to absence (cyclostomes). The
dermal elements cannot be homologized with the cranial bones of other verte-
brates.

PLACODERMS: ENTER JAWS The chondrocranium of placoderms was similar
to that of agnathous vertebrates in being either entirely cartilaginous or partly
ossified.

Important advances had been made in the visceral skeleton. Most significant,
the first arch had made the transition from gill support to jaws. Some of the
predaceous arthrodires had formidable jaws indeed. Replacement bones often
formed in the large palatoquadrate. This structure was autostylic (= self-sup-
ported), as it was attached to the chondrocranium by ligaments and not the
hyomandibula. The second arch remained a typical branchial arch. As in higher
vertebrates, the branchial arches of at least some placoderms were each sup-
ported by several skeletal elements.

The dermal skeleton usually consisted of heavy head and thoracic shields
that were joined by hinges (arthrodires and antiarchs). Individual dermal bones
of placoderms cannot be homologized with those in the armor or skulls of other
vertebrates.

CARTILAGINOUS FISHES: SPECIALIZATION AND REGRESSION Cartilaginous
fishes have lacked bones throughout their long history. To provide the protection
that dermal bones gave to the brains of ostrocoderms and placoderms, the chon-
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Figure 8-7 HEAD SKELETON OF A CYCLOSTOME shown by the lamprey, Petro-
myzon, as seen in left lateral view.
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Figure 8-8 HEAD SKELETONS OF SELECTED CARTILAGINOUS FISHES seen in
left lateral view. Above, chondrocranium, visceral skeleton, and anterior vertebrae;
below, chondrocranium and jaws with their support.

drocranium became unusually solid, with complete side walls and a roof (Figure
8-8). Although the chondrocranium never ossifies, it is sometimes so hardened
with granules of calcium salts that it cannot be cut with a knife. Biology classes
often study the chondrocranium of the shark, but it is not typical of that structure
for vertebrates in general.

Jaw suspension is usually amphistylic (pleuracanths, cladodoselachians,
some sharks). It may also be hyostylic, however (other sharks), and in Holoce-
phali, as that term implies, jaw suspension is strengthened for a shellfish diet by
fusing firmly with the braincase—a form of autostyly. There are usually six, but
as many as eight, postmandibular arches. Typical branchial arches have four
paired skeletal elements, and there are also unpaired median ventral cartilages.
The segmentation and configuration of the visceral skeleton of cartilaginous fishes
are considered to be generally primitive for all fishes.

BONY FISHES: DIVERSITY AND COMPLEXITY In no other class is the skull so
varied and complex as in the bony fishes. This is not unexpected, since the class
is so large, yet other parts of the body do not exhibit as much diversity. Much
of the variety results from adaptation to many diets, body shapes, and habits,
which concern us less here than evolutionary trends. It is important that the three
subclasses have somewhat different skulls, for only one of them can include the
ancestors of tetrapods, and the skull helps us to recognize which subclass this is.

The chondrocrania of the earliest known bony fishes were relatively well-
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Figure 8-9 HEAD SKELETON OF Eusthenopteron, A CROSSOPTERYGIAN OF THE
RHIPIDISTIAN GROUP. Superficial dermal bones are shown in the upper drawing;
the hinged chondrocranium and some other deep parts of the skeleton are shown in
the lower drawing.

ossified, often, seemingly, in one unit without sutures. From this start the dip-
noans had already regressed by Mesozoic times so that only the exoccipital bones
ossify in an otherwise cartilaginous braincase. Crossopterygians also came to
have a rather cartilaginous chondrocranium that always has a striking and unique
feature: It is in two pieces (Figure 8-9). An anterior (or ethmosphenoid) unit is
derived from the trabeculae and supports the orbits and rostrum. Joined to this
by a movable hinge is a posterior (oticoccipital) unit that is derived from the
parachordal cartilages and supports the brain. This crossopterygian trademark
relates to the gape and power of their jaws. Typical ray-finned fishes have brain-
cases that are more or less completely ossified with separate bones.

The visceral skeleton is more nearly the same among the three subclasses.
Dermal bones support the teeth, hence the mandibular arch usually regresses.
Several replacement bones may form in the palatoquadrate of bony fishes. Of
these, the quadrate has the most evolutionary significance. It forms the upper
part of the hinge of the jaw of bony fishes, amphibians, reptiles, and birds. The
only replacement bone in the lower jaw is the small articular which forms the
lower part of the hinge.
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The second arch is not branchial in function. Its large hyomandibula usually
supports the jaw (except in dipnoans) which, therefore, is hyostylic (ray-fins) or
amphistylic (crossopterygians). There are usually five branchial arches. The gill
arches may be bony (most ray-fins) or cartilaginous (dipnoans) and do not differ
importantly from those of placoderms and cartilaginous fishes.

With few exceptions, the bony fishes have complete dermal skeletons of
small to medium-sized bones (Figure 8-10). A series of bones joins the pectoral
girdle to the skull. A movable bony operculum covering the gills is distinctive.
Each of the major taxa of bony fishes has its own pattern of dermal bones. The
pattern of the crossopterygians, and only this pattern, can be homologized with
the pattern of amphibians. This is of primary importance and is one of several
lines of evidence supporting crossopterygian ancestry for all tetrapods. The der-
mal bones of the other major groups of fishes are assigned names that are also
applied to the bones of tetrapods, but for them the relationships are, in fact, quite
uncertain.

AMPHIBIANS: CONSERVATIVISM OR REGRESSION When the progenitors of
amphibians crawled out of the water they lost from their skulls such piscine
characters as gill bars and operculum. Evolution of the tetrapod skull was then
by no means finished—important changes were still to come to the palate, skull
roof, and jaw mechanism—yet a trend toward stability of form had been initiated
by crossopterygians that was to continue through all their descendants. There is
less variation of skull structure in all the tetrapods together than in the bony fishes
alone. Labyrinthodonts bequeathed the crossopterygian skull to the first reptiles
without making striking changes. Surviving amphibians, on the other hand, have
somewhat specialized skeletons. The skulls of extinct labyrinthodonts are more
within the main stream of evolution than are those of most modern amphibians
(Figure 8-11).

Ancestral amphibians had a nearly full complement of replacement bones
derived from the chondrocranium; only the supraoccipital was missing. Lissam-
phibia lack even such usually prominent bones as the basioccipital and bas-
isphenoid. The exoccipitals are retained by these animals largely to provide the
paired occipital condyles. The more primitive labyrinthodonts had a single oc-
cipital condyle formed by the basioccipital.

The most significant changes that occurred in the skull during the transition
from fish to amphibian concerned the visceral skeleton. The quadrate of the
upper jaw now articulated with the squamosal without an “assist”” from the hy-
omandibula. Thus, jaw suspension had become autostylic (again), as it was to
remain throughout subsequent vertebrate evolution. Most extinct amphibians
probably rested their large heads on the ground and conveyed vibrations in the
substrate to the inner ear by bone conduction through the jaw and other struc-
tures. This mechanism was improved by incorporating a reduced, stubby hy-
omandibula into the line of sound transmission. The bone was then an ear ossicle
and is assigned a new name, stapes, or columella.

Ventral elements of the hyoid arch support the tongue as they do also in
fishes, but the tongue of amphibians is larger and more muscular. The more
posterior arches function as branchial arches only in larvae and in those few
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Figure 8-10 HEAD SKELETONS OF RAY-FINNED FISHES of the infraclass Holostei
(above) and Teleostei (below).

species that retain gills as adults. Otherwise, they are reduced in number to three
and converted to help support the tongue and newly evolved larynx. The tracheal
rings may have the same origin. The complex of bones that moves the tongue
and suspends the larynx from the base of the skull is called the hyoid apparatus.
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Figure 8-11 AMPHIBIAN SKULLS OF THE SUBCLASS LABYRINTHODONTIA
(above), AND ORDERS ANURA (below, left), AND URODELA (below, right).

Of the dermal bones there is less to say. The operculum is lost, and the
pectoral girdle is no longer joined to the skull. There has been some tendency
to simplify the pattern of bones, but in general, amphibians have not introduced
innovations.
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REPTILES AND BIRDS: VARIATIONS ON THE BASIC PLAN Reptiles are im-
portant to our story for modifications introduced by one or more of their lineages
in relation to the structure of ear ossicles, palate, and jaw mechanism. The skulls
of birds are sufficiently similar to those of their reptilian ancestors, so that we can
here consider birds to be merely specialized reptiles.

In these classes, the replacement bones of the chondrocranium vary widely
in configuration, but a full complement is typical. In birds, all of them fuse with
one another and with other bones of the braincase before, or soon after, hatching,
leaving no trace of sutures in the adult (Figure 8-19). Reptiles and birds have one
occipital condyle.

The visceral skeleton of birds and most reptiles remains essentially the same
as for amphibians: Quadrate, articular, and some cartilage form from the first
arch; stapes from the second arch; hyoid apparatus chiefly from the second arch,
but also from the third and sometimes fourth arches; larynx and tracheal rings
probably from the sixth and seventh arches (Figure 8-12).

Mammal-like reptiles modified the first arch derivatives in a way that proved
to be significant. As the dentary bone of the lower jaw became ever larger, the
articular became smaller and was displaced until it finally lost its position as the
lower element in the hinge of the jaw. Likewise, the quadrate became smaller
and at last lost its position as the upper element of the hinge (Figure 8-13). A
forward shift of the hinge helped to release these bones and create a new jaw
articulation between the dentary and squamosal. The articular and quadrate now
became ear ossicles as the hyomandibula had done 100 million years before.
The articular is given the new name malleus and the quadrate the new name
incus. The stapes now articulates laterally with the incus and medially with the
inner ear. This classic evolutionary sequence was first pieced together from elu-
sive clues derived largely from embryology and comparative anatomy. More
recently, abundant paleontological evidence has confirmed even the details of
the story. These transitions are of particular interest because they relate to the
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Figure 8-12 VISCERAL SKELETONS OF SELECTED TETRAPODS shown in ventral
view. Numbers indicate visceral arch of origin. Stippled elements are cartilaginous.
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recognition of the first mammals. Conveniently, but arbitrarily, mammals were
long distinguished from their immediate reptilian ancestors on the basis of having
an ossicle called the malleus instead of a jawbone called the articular. This
distinction is no longer satisfactory for some fossils that are on the borderline.
The dermal bones of reptiles vary somewhat in number and may be heavy
or delicate. Variations in configuration and relationship are more striking, how-
ever, and differences in the relation of bones on the roof and side walls of the
skull to the muscles of the jaws are the basis for the naming of the subclasses of
reptiles. Amphibians and fishes accommodate their jaw muscles beside the brain-
case and under the superficial roof bones of the skull which may be continuous
or notched. This arrangement persisted in the stem reptiles—long since extinct.
Subsequent reptilian lineages developed more powerful jaws. Presumably in re-
sponse to the resultant increased and altered stresses, the cranial vault strength-
ened in some places and weakened in others. Ultimately, one or two pairs of

135



136

Head Skeleton

openings formed in the temporal region of the skull, and jaw muscles then moved
out through them and took origin in part from their margins. It is evident that this
process occurred independently several times, because the fenestration (fenestra
= window) evolved at different places on the skull in different groups. Names
for the various skull types consist of the combining form ““apsid,” meaning arch,
plus a prefix meaning “not,” “two,” “wide,” etc., as appropriate.

Turtles are related to the ancestral, anapsid stem reptiles, and like them
have no true temporal openings (Figures 8-14, 16, 17). (Sea turtles demonstrate
this condition well, but other turtles have formed an emargination into the skull
roof bones from behind.) Synapsida and Euryapsida each have one pair of tem-
poral openings, but in each it is bordered by ditferent bones. The mammalian
condition was derived from the synapsid arrangement of mammal-like reptiles
merely by enlarging the opening. Diapsid skulls have the same opening as syn-
apsid skulls and also another that is dorsal to it. This pattern is found in extinct
archosaurs, surviving archosaurs (crocodilians, which have small openings, but
must usually be used to illustrate the condition to students), and also in the
primitive lepidosaur, Sphenodon (Figures 8-15, 16, 17). Other surviving lepi-
dosaurs and birds have modified the primitive diapsid pattern by the deletion of
one or more of the arches of bone from below or between the original openings
(Figures 8-14, 17, 19).

Another change in cranial architecture that was introduced by certain reptiles
and later became universal among mammals is likewise related to the feeding
mechanism. Amphibians and most reptiles bolt their food. It is unimportant to
them, therefore, that respired air comes through the nares into the forward part
of the mouth. Other reptiles, and particularly mammal-like reptiles, tore, crushed,
or even chewed their food before swallowing. To avoid interrupting their breath-
ing, it became necessary to deliver inspired air into the pharynx behind the
chewing mechanism. This was doubly important for those that were becoming
homeotherms and were therefore increasing their respiratory rates. The paired
vomers, which formerly had bordered the internal nares behind, gradually
merged, migrated posteriorly, and moved dorsally above the new, more posterior
internal nares (Figure 8-18). The parasphenoid was lost, thus ““getting out of the
way’’ of the relocated nares. The pterygoids shortened to the rear. Meanwhile,
shelflike processes of the maxillas, and later also of the palatines, grew to the
midline in front of the shifting nares to form a new, or secondary palate. (Ac-
tually, secondary palates evolved independently several times. Ot animals other
than mammal-like reptiles, some turtles have an incomplete secondary palate
and crocodilians have a complete one.)

The palate of crossopterygians and early labyrinthodonts was complete and
solid. The palates of later labyrinthodonts, surviving amphibians, most reptiles,
and birds have lateral vacuities of larger or smaller proportions that lighten the
skull without much loss of strength and, for some of these animals, enable pro-
truding eyes to be withdrawn into the head on occasion to escape harm or assist
in swallowing.

Birds and some reptiles are able to move the palate forward and backward
on the braincase by pivoting the quadrates to and fro and by providing a hinge
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