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Preface

to the Third
Edition

ORGANIC EVOLUTION |is the greatest general principle in biology.
Its implications extend far beyond the confines of that science, ramify-
ing into all phases of human life and activity, Accordingly, an under-
standing of evolution should be part of the intellectual equipment of
all educated persons.

Like the first two editions of [ntroduction to Evolution this edi-
tion is intended to form an introduction to organic evolution for readers
unacquainted with the subject. | have tried to make it understandable
for students who have little or no background in biology, geology. and
other cognate fields. At the same time, [ have attempted to be sufficiently
comprehensive in my discussions so that more advanced students will

a
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find the book useful, especially in aspects of evolution outside their
own fields of specialization. To this end I have included in the bibliog-
raphies at the ends of the chapters references that will enable students
to explore the subject matter of the chapter more extensively than be-
ginning students may wish to do.

As with the first two editions, this edition stresses the facts of
evolution—as revealed by anatomy, embryology, the geologic record,
geographic distribution, and so on. These discussions have been brought
up to date, with extensive rewriting to keep abreast of changing con-
cepts and new research. Beyond revision of the older discussions, iwo
of the principal changes in this edition are the addition of discussions
of (1) evolutionary implications of modern research in the rapidly ex-
panding field of molecular biology, particularly of comparative studies
of DNA and of protein structure, and {2) modern theories of the origin
of life on the earth, logether with supporting evidence.

Several chapters are devoted to a discussion of theories of how
evolution occurs—the operative forces and factors, These chapters also
have been extensively rewritten. The contributions of genetics and
population genetics are introduced in such a manner that readers with
little background in genetics and mathematics can fallow the thinking.
in a book of this size, which emphasizes the facts of evolution, it is
impossible to present these theories at full length, but the present dis-
cussion should prove sufficient for most needs of students using the
book. Each instructor will supplement the text material in his lec-
tures as he thinks best, of course. Frequent references to more extensive
discussions will enable students to find additional details and points of
view,

In a very real sense it is impossible to acknowledge adeguately the
assistance given by others in the preparation of this book, I am in-
debted to countless scientists both known and unknown to me. My
gratitude continues to the many persons who made substantial con-
tributions to the first two editions. In the preparation of the third edi-
tion | gratefully acknowledge the assistance of Henry 5. Homn and
Albert E. Wood, who read the entire manuscript; of Morris Goodman
and Alexander 5. Wiener, wha read portions of it; and of Leigh Van
Valen. who offered many helpful suggestions after critically reading
the second edition. While these people have contributed greatly to the
merits of the book, of course they are entirely without responsibility
for any deficiencies it may have.

Many people have contributed to the illustrations in the book It is
4 pleasure to acknowledge my continued indebtedness to Louise F. Bush,
who made a large proportion of the drawings.

Authors and publishers have been most generous in permitting me
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to borrow illustrations. The legend for each borrowed figure credits the
source, but | should like to list the individuals who responded to my
request for original drawings and photographs: L. W. Erbe, Sidney W.
Fox, Glenn L. Jepsen, H. B. D. Kettlewell, and Lyman 5. Rowell.

Finally, it is a pleasure to express my gratitude to my efficient
typists, Jeannette Brown and Jeanne O'Connor.

Paul A. Moody

Burlington, Vermom
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1

Evolution
as Seen in
Perspective

ORGANIC EVOLUTION Bv the term “evolution” we mean the
sort of change for which we commonly use the word “development.”
We speak of the evolution of the <olar system, the evolution of the
earth, the evolution of the airplane, and the evolution of the auto-
mobile. In such cases we are referring to the changes that have occurred
in solar system, earth, airplane, or automobile.

The evolution with which this book is concerned involves a special
form of the broader meaning of the term: orcanic evorution. This sub-
division of evolution deals with changes undergone by living things,
plants and animals. For our purposes we may define organic evolution
as the theory that plants and animals now living are the modified
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descendants of somewhat different plants and animals that lived in
times past. These ancestors, in their turn, are thought of as being the
descendants of predecessors that differed from them, and so on, step
by step, back to a beginning shrouded in mystery.

In the preceding statement the words “modified descendants™
deserve special emphasis. The word "modified” refers to the element of
change that we have just mentioned as inherent in the whole idea of
evolution. The word “descendants”” introduces an idea not present in
the broader use of the term “evolution.” When we speak of the
evolution of the automobile we make reference to the changes occurring
in the transition from the “horseless carriage” of a bygone era to the
model currently advertised. We do not think of the older automobiles
as being the parents or ancestors of the newer ones in any literal
sense. Makers of automobiles learn from the experience gained with
older models how to improve and modify their products so that later
models are different from, and on the whole better than, earlier ones.
But the later models are not literally the offspring of the earlier ones.
Contrariwise, it is exactly this ancestor-descendant relationship that
is visualized in the term “organic evolution.” Later animals are thought
of as the diréct genetic descendants of somewhat differing ancestors
that Formerly lived on the earth.

The reader will have noted that the definition of organic evolution
just given differs from the popular concept of the meaning of evolution.
If the proverbial “man in the street” is asked the meaning of the word,
he is likely to reply, “Man came from monkeys.” This exclusive pre-
occupation with man is perhaps natural in a person little acquainted
with, or interested in, the remainder of the living world. To a biologist
the evolution of man is but one portion of the vast drama of evolutionary
change including all living things. Each animal alive today is the
product of long evolutionary history.

Another shortcoming of the man in the street's definition lies in
the fact that he pictures one modern form as descended from another
modern form. Man and monkey are contemporaries, both products of
long evolution. It is as incongruous to speak of one as the descendant
of the other as it would be to speak of one member of the sophomore
class in college as the descendant of another member of that class.
What, then, is the evolutionary interpretation of the relationship existing
between monkey and man? Rather than being a father-to-son relation-
ship, it is more comparable to a cousin-to-cousin relationship. You and
your cousin have a pair of grandparents in common. Modern man and
modern monkey are thought of as having shared a common ancestor in
the distant past. From this common ancestor both inherited some char-
acteristics in which they still resemble each other. Was this common
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ancestor a man or a monkey? He was neither. He was a form that
had the potentiality to give rise to a monkey, on the one hand, or to
give mise to a man, on the other. There is no evidence that any of the
modern animals we know as monkeys have that potentiality.

BEGINNINGS OF THE EVOLUTION IDEA  Many people seem
to think that the whole idea of evolution started with a man named
Darwin. This belief probably arose from the fact that Darwin’s great
book, The Origin of Species, published in 1859, was the first widely
read book on evolution published in English. This classic in our field
had twe main objectives: to convince people that evolution is indeed
a fact and to present evidence in support of Darwin’s theory of the
means by which evolutionary change occurs. This theory is called
“natural selection”; it represents Darwin's special contribution to evolu-
tionary thought. The fundamental concepts of natural selection are pre-
sented in Chapter 2 and are further elaborated in Chapters 19-21.

Ideas that by one means or another evolution does occur far
antedated Darwin, however. In fact, such ideas are probably as old as
human thought. As soon as man had attained sufficient intellect to
observe the similarities and differences among the animals and plants
surrounding him and to speculate about them, he undoubtedly began
to form crude ideas of evolution. Certain it is that by the time he had
learned to record his thoughts so that posterity might read them,
concepts of evolution wers present in his mind. Not that these early
concepts correspond in detail with our modern ideas of evolution—
far from it. They were highly speculative, frequently colored with
mythology, and represented at their best what we might think of as
“good guesses,” since in part they were subsequently proved correct.
But in them we see, though dimly, the outlines of the idea that the
living world is one and that living things change, giving rise to new
formes.

The ancient Greek philosophers afford evidence of these early
gropings for an explanation of the earth and its inhabitants, Space
forbids mention of more than a few of these pioneers in human thought.
One was Asvaxmianoer, whose adult life spanned the first half of the
sixth century s.c. According to Anaximander, men were first formed as
fishes: eventually they cast off their fish skins and took up life on dry
land. Here we have one of those “good guesses.” As will be evident
after perusal of Chapter 9, modemn evidence supports the view that a
distant ancestor of man was indeed a fish. How much credit should be
accorded Anaximander for speculations which proved to contain this
kernel of truth?

XENOFHANES was in part a contemporary of Anaximander, although



4 Introduction to Evolution

he lived on into the fifth century .c. Xenophanes is credited with being
the first person to recognize that fossils, such as petrified shells em-
bedded in rocks, represent the remains of animals that once lived.
Today we take the idea for granted, but that fact should not lessen
our appreciation of the insight shown by the first person to grasp it.
Truth is "“obvious” only after its discovery. Xenophanes also realized
that the presence of fossils of marine animals on what is now dry land
indicates that the ocean once covered the area.

The fifth century s.c. also saw the man who has been hailed by
Osborn (1896) as “the father of the Evolution idea”: Emrepociss.
According to this philosopher, plants arose out of the earth, as sub-
sequently did animals, Animals arose as unattached organs and parts
that joined together in haphazard fashion. Most of these conglomera-
tions wese freaks and monsters incapable of living, but ‘occasionally a
combination of organs appeared which could function as a successful
living organism. Such successful combinations survived and populated
the earth, while the incongruous assemblages died. It is possible to see
in this account the first glimmerings of the idea of the survival of the
fittest, an idea which formed such an important part of Darwin's
theory of natural selection 23 centuries later. But the danger is great
of “reading into” such ancient writings ideas that were not actually
in the mind of the author. Empedocles included man among the beings
formed in the manner described.

The fourth century sic. Is memorable for the life and work of
Awistorie, well termed by Locy (1925) “the greatest investigator of
antiquity.” Best known to us as a philosopher, Aristotle possessed far
more of the spirit of scientific research than did his predecessors or
most of his successors for centuties to come. Thus, within the limits
of the materials and methods available to him he carried on investi-
gations in such diverse fields as marine biology, anatomy, embryology,
and the metamorphosis of insects. Although the accuracy of his sci-
entific observation excites our admiration, we find lees to admire in
his speculations concerning evolution, There he failed to follow the
ideal which he himself propounded: “We must not accept a general
principle from logic only, but must prove its application to each fact:
for It is in facts that we must seek principles, and these musi always
accord with farts.” Yet our censure must be temperate, since the store
of “facts” available to Aristotle was totally inadequate as a foundation
For the activity of his towering intellect.

We shall confine our attention to one contribution made by
Aristotle to evolutionary thinking: He maintained that there is com-
plete gradation in nature, The lowest stage is the inorganic. Organic
beings arose from the inorganic by direct metamorphosis. He conceived
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the organic world to consist of three states: (1) plants; (2) plant-
animals, a transitional group in which he included sponges and sea
anemones; and (3) animals, characterized by feeling or sensibility.
Within the animal group he constructed a genetic series leading from
the lowest forms up to man, placed at the apex. Hence, we may think
of Aristotle as the father of those “family trees” that have been so
conspicuous in writings on evolution ever since. It is to be noted,
however, that his tree had no branches; it was a straight line from
polyps to man. Nor did his tree contain any prehistoric animals. Unlike
Xenophanes, Aristotle failed to appreciate the true significance of fossils.
More accurate diagrams of relationship were far in the future. The
first tree of life to possess branches and to be influenced by appreciation
of the importance of fossils was published by Chevalier de Lamarck
in 1802 (in his Philosophie Zoologique),

One is tempted to remark at this point that thinking on evolution
stood still during the more than 2000 years that ssparated Aristotle
from Lamarck. Such a statement would be extreme, vet true in the
main. In this long interim what of real significance for evolution was
occurring? During this time science, in' the modern meaning of the
term, came Into existence and developed. Little by little that body of
facts accumulated which, as we have seen, Aristotle recognized as the
essential basis for the formulation of general principles. Without such
a foundation thinking on evolution would have remained forever mere
speculation. Accordingly, we can recognize the importance to evolution
of developments occurring during these 20 centuries, while at the same
time realizing that we lose but little when we omit a discussion of
evolutionary ideas prevalent during that time. The foundations were
not ready to recelve the superstructure until the nineteenth century A.p.

Mo complete survey of the history of evelutionary thought is
possible within the confines of this volume. Interested readers are re-
ferred to books listed at the end of this chapter. The present aim has
been to demonstrate that thinking about evolution is as old as human
thought and to mention a few of the first contributions to the subject.
The theory proposed by Lamarck is discussed briefly in Chapter 17.
Darwin’s contributions are referred to repeatedly throughout the book

(e.g., pp. 406—414).

EVOLUTION AND THE CHURCH The idea of evolution shares
with various other scientific advances, such as the idea that the earth re-
volves, the distinction of having been opposed in times past by religious
leaders. The latter were, of course, primarily interested in the application
of evolution to man. or rather in making certain that evolution did not
apply to man. It was felt that in some way man was degraded if one
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admitted any connection between him and the lower animals. Ad-
mittedly, also, the story of man’s origin through evolution does not
agree in detail with the story of his crigin through spedal creation as
contained in the first chapters of Genesis. Wise churchmen like St
Augustine and 5t. Thomas Aquinas early recognized that these chapters,
while expressing important religious truths concerning the Creator,
should not be regarded as literal history, Unfortunately, both for
religion and for science, the leadership of these men was little followed.

The controversy that climaxed after the appearance of Darwin's
Origin of Species has now largely subsided. For the most part the
churches recognize evolution as the means by which the Creator works.
Some portions of Protestant denominations, commonly called “funda-
mentalist,” still deny the truth of evolution. There are fundamentalists
in the Roman Cathalic Church also, but that church does not officially
oppose evolution, even of man, so long as no attempt is made to
explain the origin of the human soul by this means. This is a restriction
readily accepted by the present author since in his opinion the soul
does not come within the province of science (p. 227). Readers in-
terested in the relationship of evolutionary thinking to religion are
referred to Chapter 22.

PLAN OF THE BOOK Evelubon manifests itself in varied aspects
of the living world—in structure, in chemical composition, in the
nature of life processes (metabolism), in embryonic development, in
the chemical nature of blood, in the manner in which animals are
distributed over the earth and adapted to differing environments, in
the classification of animals, and in the remains of prehistoric animals
preserved to us as fossils. In the next chapter we shall summarize
some ideas of the nature and causes of evolutionary change, ideas which
will be of use to us in understanding the varied manifestations of
evolution. Then the factual contributions to the study of evolution
made by various fields of biology are considered. Finally, Chapters
17-21, we shall discuss in more detail the means by which evolutionary
change occurs:

References and Suggested Readings

Darwin, C, On The Origin of Species by Means of Natural Selection,
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2

Changing
Animals

THE FACT OF CHANGE We mentioned (p. 1) that organic
evolution deals with changes undergone by living things, plants and
animals. Some readers who are not used to thinking of these matters
may feel that we are making an unwarranted assumption when we
speak of animals changing. The fact that they do change has by no
means always been recognized. Indeed, until quite recently in the
history of human thought most people believed that the animals living
today were created as they now are, once and for all, as recorded in
the first chapters of Genesis, This belief was championed by many
eminent scientists of former times. Among these was Carolus Linnaeus,
the eighteenth-century Swedish naturalist who founded the system of

.3
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classification still used (see Chap. 15). Linnaeus assigned scientific
names to great numbers of plant and animal species and genera. He
believed that these species were for the most part the ones created as
described in Genesis. As his knowledge expanded, however, he modified
this view to the extent of conceding that new species might arise
through hybridization (cross mating) between the original species. In
view of this widespread belief in the fixity of species, how Is it that
we now speak of animals as changing? In other words, what makes us
think that the kinds of animals living today are not the kinds of
animals that have “always" existed?

The direct evidence on the question just raised comes from the
“rocord of the rocks”—from the remains of animals that formerly
lived but are now known to us only as fossils. In fairness to Linnaeus
we should recall that almost nothing was known about fossils in his
day. As we shall see in Chapters 8-12, this geologic record demon-
strates that hosts of animals not present in the modern world formerly
lived. What became of them, and what was their relationship to
modern animals? According to one point of view, formerly widely
held, they became extinct, leaving no descendants. Perhaps widespread
calamities (such as floods) effected the wholesale removal of these
ancient animals. And perhaps they were then replaced either by new
animals especially created for the purpose or by animals that mi-
grated in from regions of the earth untouched by the catastrophe in
question. This THEORY OF CATASTROPHISM Was prevalent among biologists
of past centuries. The eminent French biologist Baron Georges Cuvier,
whose life spanned the close of the eighteenth century and the first
part of the nineteenth, was one of its most powerful exponents.

We note that according to the theory of catastrophism the “new”
animals inhabiting a given region after a catastrophe would not be the
descendants of the “old” animals formerly found in the region. They
would be fresh creations, created either in the region in question or
eleewhere. This idea stands in direct contrast to the idea of organic
evolution, which holds that the “new” animals are modified descendants
of certain of the differing animals that formerly existed, in that region
or some other. Not that all the old animals left modified descendants—
far from it. Evidence indicates that only a small minarity did; the rest
became extinct without issue.

THE CHANGING WORLD Returning to our orginal question
concerning the fact of changes in animals, we may note that we should
expect such change even if the geologic record did not afford a direct
testimony of it. It is a truism that change is the only unchanging aspect
of our world, So far as we can judge this has always been true. The
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physical world has undergone great changes, Periods of glacial cold
have alternated with periods of tropic heat. The floors of shallow seas
have been elevated to form lofty mountain ranges, and the latter in
turn have been worn down to low hills and plains and perhaps
eventually covered by the sea once more. Aquatic environments, the
home of great proportions of the animal kingdom, have undergone
continual change, The oceans have changed the least, yet even here
changes have occurred, for example, in temperature and in salinity. The
oceans have also fluctuated greatly in depth, particularly along the
margins of continents. Elevation and subsidence of areas of the earth’s
crust have been involved in this Auctuation as has, during glacial
periods, the locking up of vast quantities of the earth’s water supply in
polar icecaps and their extensions equatorward. The environments of
freshwater animals have been even more subject to change. Rivers and
lakes are notably short-lived, changing features of the landscape. Ter-
restrial environments are most variable of all. As a rule terrestrial
animals face great fluctuations in temperature, humidity, and other
environmental factors, even changes between night and day or summer
and winter.

What have such changes in the external world to do with changes
in animals themselves? Simply this: If 4 species of animal is to succeed
it must at all times be adapted to its environment, [f the environment
changes, as we have seen that it does repeatedly, the species must
either adjust to that environmental change or die. The geologic record
is full of examples of animals that did not adjust 1o changed conditions
and hence became extinct.

We may well note at this point that change in one species will
inevitably lead to changes in other species. Change in the organic
environment of an animal may be at least as important as change in
its physical environment. For example, an animal may become adapted
to a diet consisting of a certain plant, as the koala (the marsupial
“teddy bear”) is dependent upon a diet of eucalyptus leaves. If the
climate changes so that the plant can no longer exist in the region,
the animal either must change its food habits or become extinet in that
region. If it becomes extinct, that Fact will affect the fate of fesh-
eating animals (predators and parasites) that had been dependent upon
the plant eater as part of their food supply. And changes in numbers
of predators will affect the numbers of other species of plant eaters
preyed upon. So one change sets off a whole series of other changes.

Thus we see that changes in the physical environment and changes
in the organic environment make change in a species inevitable if it is
‘@ continue inhabiting this changing world. As we have intimated,
these changes must adapt the species to live under the conditions in
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which it finds itself or, alternatively, to live under some conditions
available to it, by migration perhaps. In the following chapters we
shall see examples of such adaptations in modern animals, Despite
changes necessitated by the requirements of life under particular con-
ditions, species retain basic similarities of structure that can best be
explained as indications of their ancestry. Both the adaptive changes
and the basic similarities are important to the study of evolution.

CHANGING GENES  We noted that the geclogic record gives
testimony that animals do change and that the demands of living in a
changing world ensure that animals must change. We may now note
that animals possess within themselves the seeds of their own changes.
Nearly everyone has at least heard of the units of heredity called cenes.
These submicroscopic structures are found in the nuclei of the myriads
of cells composing our bodies and the bodies of other animals and
plants. Genes are concerned in the determination of what an individual's
characteristics shall be, and they form the principal hereditary link
between one generation and the next. To a very large extent the
characteristics of an offspring are determined by the genes he receives
from his parents: from his mother through the egg or ovum and from
his father through the sperm cell that fertilizes that ovum. The point
we wish to emphasize here is that genes are not unchanging units;
they undergo changes called murarions. When a gene mutates, the
result is a gene that conditions production of a changed characteristic.
For example, if the gene originally participated in production of brown
eve color, the mutated gene might fail to play its role in formation of
brown pigment; the eve would be a color other than brown. The matter
of mutation will be referred to in other connections later (pp. 416-422);
at present we merely wish to point out that it provides animals with a
means by which change can occur and, indeed. inevitably will occur,
since mutatipne arise spontaneously at a fairly constant, though slow,
rate.

CHANGES IN ANIMALS AND THE MECHANISMS OF EVOLLU-
TION We may appropriately inquire at this point: What happens
to inheritable changes (mutations) after they appear? In later Chapters
15-21 we shall discuss the nature of mutations and of the forces that
play upon them. In the present connection it is sufficient to state a
few general principles that will be useful in the following discussion of
the varied manifestations of evolution.

NATURAL SELECTION Much of our thinking on the causes of
evolutionary change has its roots in Darwin’s great book, The Origin
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.

Fig- 21. Charles R. Darwin at the. age of 40, (Courtesy of
the Smithsonian Institution, and of Science, 130 (1959),
No. 2387, p. 1451.)

of Species by Means of Natural Selection. Charles Darwin (Fig. 2.1)
was born on the same day as was Abraham Lincoln, February 12, 1809.
He developed his theory as a resull of observations made on a Fve-
vear voyage around the world. Immediately after graduation from
Cambridge University he was appointed naturalist on the sailing vessel
H.M.5. Beagle, about to depart on a surveying voyage. Mbpst of his
time was spent along the coast of South America, Observations on
this continent and on neighboring islands (e.g,, Galapagos, pp. 200-
310) profoundly influenced Darwin’s thinking. We shall refer 10 some
of his observations when in later chapters we discuss

the mani-
testations of evolution, Many readers will be interested

in Darwin's
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own account of the voyage (Darwin, 1845), as well as in biographies
of Darwin (e.z., de Beer, 1963; Irvine, 1955).

Darwin introduced the term NATURAL SELECTION to convey the idea
that nature exercises selection somewhat as an animal breeder does
when he wishes to improve a stock of domestic animals. The breeder
selects as parents of the next generation those individuals possessing
qualities he wishes his stock to have. At the same time he prevents the
reproduction of individuals that lack the desired qualities. Thus selec-
tion by breeders (artificial selection) has two aspects, one positive and
the other negative. Similarly, natural selection is both positive and
negative in its working.

Directing attention first to the negative aspect, we can readily
understand that if a bedily change is harmful, so that possessors of it
are not so well adapted to life as they would have been without it, the
change will be a handicap. Possessors of such a handicap may not live
to maturity or if they do live they may not reproduce or if they do
reproduce they may not produce as large a proportion of the next
generation as do their unhandicapped brethren. As a result the harmful
change will tend to disappear in subsequent generations.

This negative aspect of natural selection is important to animals as
a conservative or stabilizing force, ensuring that undesirable changes
are weeded out and discarded from the species. Negative selection
helps to keep the species always at its “adaptive peak” by preventing
establishment of changes that would lessen perfection of adaptation to
the epvironment in which the species lives. Negative selection is a
preserver of the status quo; it is constructive insofar as deviations
from the established norm would be detrimental to the species. But
real progress is seldom achieved by enforcing conformity to established
patterns. Accordingly we look to the positive aspect of natural selection
for the means of progressive change,

If we say that a bodily change is beneficial to its possessors, we
mean that the latter will have an advantage over their fellows who
lack the change, If conditions are such that competition is keen, this
advantage may be sufficient to make a difference in ability to survive
or to produce offspring or both. If it is, possessors of the change will
produce more than “their share” of offspring. If these offspring inherit
the change, the result will be that among them will occur a greater
proportion of individuals possessing the change than possessed it in
the parental generation. Let us suppose, for example, that under a
certain set of circumstances it is beneficial to an animal to have long
legs, the better to run away from enemies. If some members of the
species have longer legs (the result of mutation or recombination,
p. 11) than do others, the longer-legged individuals may survive the
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ravages of their enemies better than do the shorter-legged members.
There will be a tendency For the long-legged individuals to live long
enough to become parents and hence to produce a larger proportion
of the next generation than do their shorter-legged fellows. As a result,
long legs will be possessed by larger numbers of the second generation
than possessed them in the first. If this same trend continues for
several or many generations, eventually the whole population may
come to possess the benelficial change. This, in simplified, nontechnical
terms, is the central idea of the positive aspect of natural selection.
More complete statements, with a discussion of the forces operative,
are found in the closing chapters of this book (pp. 406—488). The
central idea, however, will be found most useful in interpreting the
manifestations of evolution discussed in the chapters immediately
following this one.

We note that positive natural selection resembles positive artificial
selection in that in both instances individuals possessing some special
attribute are favored to become parents of the next generation. In
artificial selection the favored individuals are the ones possessing some
quality desired by the breeder. In natural selection the Ffavored in-
dividizals are the ones possessing some quality that renders them better
adapted than their fellows for life under the circumstances in which
they find themselves. In bath instances the desirable quality or change
will be likely to be of more frequent occurrence in the next generation
than it was in the Former.

POSTADAPTATION AND PREADAPTATION Qur discussion so
far has emphasized more and more perfect adaptation to a stable en-
vironment in which the species is already living. This type of adapta-
tion is called rosTaparraTion, since the species has already entered the
environment, and additional adaptation merely perfects the animal for
living under the conditions prevailing. Much evolutionary change is
of this nature.

On the other hand, a bodily change may or may not be of value in
the environment in which the species is living but would be beneficial
in some other environment. If possessors of this change can reach that
other environment, they may thrive there, with the result that the
change may increase in frequency as generations pass in the new
environment. Eventually the change may characterize all inhabitants
of the new environment, becoming for this population “standard equip-
ment,” This phenomenon of a change that, though it may not be bene-
ficial in the original environment, fits an animal to invade another
environment is called PREADAPTATION Or PROSPECTIVE ADAPTATION (Simp-
son, 1953).
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Sometimes the change in question may be useful in the original
environment and yet be of such a nature that it preadapts its possessor
for life in another environment, Crossopterygian fishes (pp. 167-169),
for example, had a fin adapted for locomotion in the water, yet the
fin had within it a skeleton that could be made over to form a limb
for locomotion on land. Thus we say that the skeleton of the cros-
sopterygian fin (Fig. 9.18, p: 168) was preadaptive for life on land.

Apparently preadaptation has played an important role in pro-
gressive evolution, by which we mean the production of radical changes
in animals, as contrasted with the perfecting of adaptation to the en-
vironment in which the animal is already living. To be sure, the
perfecting of the adaptation of a species to its environment is in a
sense progressive. Yet such a process, useful as it is, does not usually
lead to radical change in structure, It is one thing for a fish to become
more and more perfectly adapted for life in the water and quite
another thing for it to climb out of the water and enter the new en-
vironment of air. Fishes (i.e.,, the Crossopterygii) possessing structures
preadapted for life on land could make the change; other fishes did not.

MEETING ENVIRONMENTAL CHANGES Consideration of pre-
adaptation has introduced a new factor into our discussion, that of
change in the environment. In earlier pages of this chapter we noted
that environmental change has occurred repeatedly throughout the
history of the earth. How do specizs of animals meet such changes?

In the first place, species frequently meet changed conditions by
succumbing to them—by becoming extinct. Such extinction of a species
or type of animal may be worldwide or it may involve only certain
regions of the earth. Thus, for example, at the close of the Mesozoic
era the dinosaurs became extinct throughout the earth. On the other
hand, in much later times the camels; formerly inhabitants of North
America, became extinct on that continent while remaining existent in
Asia, Africa, and South America (e.g., llama) (Fig. 13.5, p. 284).

Another manner in which animals may meet change in their
environment is by being sufficiently adaptable or versatile so that they
can live under a great variety of conditions. While this seems not to
have been a very common solution of the problem, various examples
come to mind. The rats and mice that dwell with us in our houses as
unwelcome guests originated in Asia but are =0 adaptable to all manner
of conditions that they have become practically worldwide in distribu-
tion, Apparently cockroaches, which have survived virtually unchanged
all the vicissitudes of the earth since the days before the great coal
deposits were formed, owe their vast lease on life to 4 similar ability
to adapt to whatever may befall them. Other examples might be cited,
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but we may content ourselves by mentioning that man himself, thanks
to employment of his intelligence, is the supreme example of ability to
live under widely diverse conditions.

A third way in which animals may meet changes in environment
is by undergoing changes themselves. This is the commonest method
of solving the problem by species that do succeed in solving it. In
Chapter 17 we shall discuss a theory that changes in the environment
directly produce or call forth appropriate corresponding changes in
animale—the theory of the inheritance of acquired characters. Since, as
we shall see, there is little positive evidence that this phenomenon does
occur, we shall concentrate attention here upon MUTATIONS 35 3 source
of bodily change in animals, As we shall see later, there are other
sources of genetic variability than mutations. But in order to present
the principles of natural selection as simply as possible we shall con-
centrate on mutations in our present discussion.

As noted before, mutations are changes in genes that result in
changes in the bodies of animals possessing the changed genes in
appropriate proportion (see pp. 371-378). Mutations occur at random,
without regard to the needs of the individuals in which they occur. If
the mutations are harmful in their effect, they will be eliminated by the
negative action of natural selection discussed above. However, if the
mutations are beneficial, they will be preserved, and the number of
individuals possessing them will be increased in subsequent generations
by the positive action of natural selection. Experiments showing that
natural selection actually does operate as we postulate are briefly dis-
cussed in Chapter 20. Positive selection of beneficial mutations may
lead to more perfect adaptation to an existing environment or, al-
ternatively, to adaptation to new conditions when the environment
changes.

We have seen that when the environment changes a species may
become extinct, Sometimes, however, though most of the members of
a species may fall to survive, a few members; usually the possessors
of changes (mutations) adapting them to the new conditions, will sur-
vive. The surviving few then become the progenitors of . ture gen-
erations that inherit the changed condition, permitting lire in the
changed environent,

If a species becomes extinct, the result is an ENVIRONMENTAL NICHE
—a possible place and means of livelihood—left vacant. There may be
in the vicinity, however, some other species possessed of structures
that preadapt it for life in the vacant niche. For such a species the dis-
appearance of the former species would be the opening of a door to
opportunity. Sometimes the environmental niche remains vacant for
a long time before a species appears that is adapted to occupy it. Thus
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Simpson (1953) has pointed out that the niche left vacant by the
extinction of ichthyosaurs (reptiles, contemporaries of the dinosaurs
having highly fishlike body form: Fig. 3.5, p. 30) was unoccupied
until the advent of dolphins and porpoises 30 or more millions of
years later.

Accordingly we see that possession of bodily changes, the result
of fortunate mutations, may enable animals to meet changing en-
vironments in one of two ways: (1) In some cases possessors of
changes among members of the species already present in the environ-
ment may be enabled to survive while their fellows cannot. (2) In
other cases the species already present in the environment may become
extinct, but other species possessing structures that preadapt them to
life in the miche left vacant may be enabled to move in and occupy
that niche.

A specific example may help to make clear the application of the
general principles we have been discussing. We have already referred
ko the fact that the crossoptervgian fishes gave rise to the first land
vertebrates, the amphibians. This was one of the greatest changes lo
occur in the evolution of vertebrates. More information concerning it
is found in Chapter 9, This change occurred near the end of the period
of geologic time known as the Devonian (p. 146). Prior to that time
all vertebrates had been water dwellers, Hence the dry land environ-
ment was an unoccupied environmental niche as Far as vertebrates were
concerned. As mearly as we can picture it from our great distance in
time, the course of events ran somewhat as follows.

During the dry seasons some ponds probably dried up completely
while others were reduced to stagnant pools of foul water, overcrowded
with fishes. Under such conditions most fishes must have died, as they
do when similar conditions arise today. But among the fishes in those
Devonian ponds were some that were preadapted for invasion of the
unoccupied environmental niche just across the water line. These were
the crossopterygian fishes. Two of their maost striking preadaptations
were (1) the skeletal structure of the fins, providing raw material for
a limb that could support the body and accomplish locomotion even
when the body was no longer buoyed up by surrounding water
(Fig. 2.2), and {2) an air bladder connected to the pharynx and
capable of being used as a simple lung for respiration in the air.

We may picture some of these crossoplerygian lishes as making
use of their preadaptations to crawl from their fetid poals, probably at
first in search of fresher and less crowded ones (Romer, 1959), Pre-
sumably the first overland excursions were brief. And probably very
few of the crossopterygian fishes succeeded in making even this much
departure from ancestral habits. Ploneering is seldom a mass phe-
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to pharynx mouth cavity

Lobe fins

Fig. 22 DHagram of crossopterygian fish dissecied to show three ways in
which It was preadapted for life on land

nomenon. Eventually, however, there must have arisen small populations
of crossopterygian descendants increasingly emancipated from life in
the water and finally making use of it only as a place to spawn and
lay their eggs, as most amphibians do to this day. The earliest
descendants (labyrinthodonts, p. 169) seem to have been fish eaters.
This increasing emancipation from life in the water would be accom-
plished by that postadaptation of which we have spoken. The principal
mechanism involved in the change from water to air was doubtless the
positive aspect of natural selection—the favoring of individuals pos-
sessing changes (arisen through mutation) that more adequately fitted
them for life on land than their fellows.

“"MANY ARE CALLED BUT FEW ARE CHOSEN" We have
stressed the point that the numbers of individuals involved in making
the dramatic change from water to air were probably small. The great
bulk of fishes, even of the crossopyterygian fishes, stayed in the water,
living and dying as might be determined by stringency of conditions
confronting them, A few were the ploneers into the new environment
outside the water,

As Simpson (1953) especially has pointed out, rates of evolutionary
change vary greatly, from animal to animal and from time to time. We
may be sure that the “chosen few” among crossopterygian descendants
in the Devonian were in a highly unstable condition as regards adapta-
tion, At first they must have been barely able to meet requirements of
life in the new environment: life must have been & “nip and tuck”
affair. Under such precarious conditions any slight improyement might
have made an important contribution te survival and hence have been
favored by natural selection. This fFact, together with the small numbers
of individuals involved, would have been conducive to rapid evolution.
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(The influence of numbers upon rates of evolutionary change is dis-
cussed in Chapters 18, 19, and 21.) Consequently, the shift from water
to land probably occurred quickly, in terms of geologic time, though
millions of years were involved.

One reason for mentioning here the small numbers of transitional
forms and the brief span of the world’s history in which they lived is to
point out that these facts may explain in some measure why we seldom
find fossils of actual transitional forms between one major group of
animals (such as fishes) and another major group (such as amphibians}.
Transitional forms are so seldom found, in fact, that one school of
thought claims that they never existed and that one group arose from
another by one sudden change (“systemic mutation” of Goldschmidt,
1940). This idea has been expressed by the striking statement: “The
first bird hatched from a reptile’s egg.” It seems more likely, however,
that Simpson is correct in postulating that transitional forms did occur
but that they were so relatively few in number and occurred during such
a brief interval of geologic time that chances of finding fossils of them
are small. Moreover, in the following chapters we shall note examples
of transitional forms whose fossils have been discovered. Chapter 8
presents additional information concerning reasons why the geologic
record is incomplete.

POTENTIALITY PLUS OPPORTUNITY We may appropriately
mention at this point an erroneous idea prevalent among many people
who know little about evolution. This is the notion that if evolution is
a fact all animals must be constantly tending to become “higher” ani-
mals or, in its most exaggerated form, that all animals must be tending
to become man. One sometimes hears the argument that evolution
cannot be a fact because if it were there would be no “lower” animals
lefi—they would have all become men long since! Thoughtful con-
sideration of the foregoing discussion will demonstrate the fallacy of
such an idea. We have seen that animals are constantly tending to be-
come adapted to the environment in which they live. Hence most fishes,
either today or in Devonian times, may be thought of as tending to be-
come "better” fiches; only a few, and that in one stage of the earth’s
histary, became amphibians. Among the latter, in turn, only a few mem-
bers of one group had the potentialities, and the opportunity, to become
reptiles; the rest remained amphibians, becoming adapted to a variety
of habitats, Thus it must have been always, and with all groups of
animals. To only a minority of any group befell at once the potentiality
and the opportunity for radical change into something different.

As we look about us today we see animals, each the product of
long evalution, each occupying its own environmental niche in the world.
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The modern amoeba in its drop of water is admirably adapted to the
conditions of life as it finds them. It is not tending to become a “higher
animal.” There already are higher animals filling the available niches.
But hundreds of millions of years ago there were no higher animals;
then some one-celled animals having the necessary potentialities were
presented with the opportunity to enter the vacant “higher-animal
niches” and did so. But still the “one-celled-animal niches” remained
and continued to be occupied by amoeba and its relatives to this day.
Is not the modern amoeba as successful in being an amoeba as we are
in being human beings?

In the following chapters we shall note many instances of pre-
adaptation as well as of the perfecting of adaptation of new structures
once they have appeared (postadaptation). In later chapters more com-
plete discussions of the principles of evolutionary change, just sketched
in the broadest possible strokes, will be discussed. The detasils of theory
can best be understood and appreciated after we have acquired a back-
ground of fact.
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Evolution
as Seen in
the Structure

of Modern
Animals

MORPHOLOGY Structure is the easiest aspect of an amimal to
study, Perhaps it is for this reason that knowledge of animal structure
dates fram ancient times and was, Indeed, the first aspect of biology
to develop. The study of structure is called morrnorocy, a word of
slightly broader meaning than the more familiar term “anatomy,”
which is nearly synonymous. Biologists had not progressed far in the
study of morphology before they were impressed by similarities among
different animals and began to speculate on the reasons for these
similarities.
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ANALOGY Why are different animals similar in structure? In the
first place, there is no cause for surprise in the fact that animals living
in the same environment or having similar methods of locomotion,
obtaining food, and so on resemble each other. Fishes and whales are
both faced with the problem of moving rapidly through water. What
could be more natural than that they both should have streamlined
body forms and should be propelled by the thrust of powerful tails
against the surrounding water? Or again, birds and bats utilize the

Fig. 31 Comparpson al vertebrate wing
structutws. (From. The Dinossur Besk by E H
Colbert: Copyright 1945, 1951 by the American
Museum of Matural History. Used with
permicsion of the author and McGraw-Hill Baok
Company,)
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air as a mediam of locomotion. Both, therefore, possess wings which,
like the wings of an airplane, support the body In the air and, unlike
the wings of an airplane, serve as the mean: for forward propulsion.
The reader can readily supply additional examples from his own
observation. When animals live similar lives they usually resemble
each other to some extent, the similarity being connected with the
similar functions that their bodies serve. Similarity of structure con-
nected solely with similarity of function is termed ANALoGY: structures
exhibiting it are said to be analogous.

Insects resemble birds and bats in the possession of wings. The
insect wing somewhat resembles a structure molded in plastic. Both
the wing and the outer covering (exoskeleton) of the body contain a
complex material (nitrogenous polysaccharide) called chitin. The wing
is stiffened by a series of hollow tubes, the “veins” (Fig. 9.13, p. 165),
The whole forms a lifeless structure operated by muscles attached to
its base.

The wings of bird and bat are quite otherwise (Fig. 3.1); The
supporting surface of the bird wing is composed of feathers; that of
a bat wing, of a membrane formed of modified skin, The feathers, in
the one case, and the membrane, in the other, are supported by an
internal skeleton of bone, a very different material from the chitin of
the insect. The skeleton of these wings forms a series of segments.
The segment attached to the body is supported by a single bone
(Fig. 3.1), the numerys, To the free end of the humerus two bones
attach, the rapius and uiva. Next comes a group of little bones, the
canpats (corresponding to man’s wristbones), then the METACAMPALS
(corresponding to the bones in the palm of man’s hand), and finally
the pHALANGES (corresponding to the bones in man's fingers). In the
bat the first “finger,” corresponding to the human thumb, is short and
tipped with a claw, while the other four fingers have long, slender
metacarpals forming stiffening supports, like the ribs of an umbrella,
for the wing membrane. In the bird the carpals, metacarpals; and
phalanges are partly fused into an irregularly shaped bone serving
to support the feathers of that part of the wing. We see, then, that
the wings of insects are really very different from the wings of birds
and bats. We may conclude that analogous similarities are on the
whole superficial in nature.

HOMOLOGY In describing the skeleton of the wings of birds
and bats in the preceding paragraph we repeatedly referred to the
skeleton of the human arm to make our meaning clear. It is already
evident, therefore, that considerable similarity exists between the
skeletons of the arm of man and of the wings of bird and bat. The
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Fig. 3.2 Forelimbs of mun and of several mammals adapted for walking
and running. Roman numerals identify the five digits (After Le Conts,)

similarity is particularly clear in the case of the bat, The similar
segments found in arm and wings may be listed as follows, starting
at the shoulder (Fig. 3.2): (1) humerus, (2) radius and ulna, (3) carpals,
(1) metacarpils, and {5) phalanges. Here is similarity of structure not
readily explained as connected with similar function.

Figure 3.2 presents, along with the forelimb of man, the limbs of
four mammals adapted for more or less rapid movement over the
surface of the carth, A glance at the figure suffices to reveal that dog.
pig, sheep, and horse all have their forelimb skeletons constructed of
bones arranged according to the same pattern. True, there are modifica-
tions. In the pig two of the “fingers” are much larger than the other
two, whereas in the sheep only two are present, forming the support
of the so-called “split hoof.” The two remaining fingers are the third
and fourth (in numbering, the human thumb is designated as 1, the
“index linger” as II, and so on). Digit Il is the only one remaining
intact in the horse; its enlarged fingernail forms the solid hoof. In
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the horse the radius and ulna are fused together, and the metacarpal
of digit IIl is greatly enlarged and elongated, forming the so-called
cannox sont. Closely attached to the rear surface of the cannon bone
are two slender bones known as the sprint soNEs; they represent re-
duced metacarpals of digits Il and IV,

Directing our attention to animals living in the water we note
that whales, seals, and sea lions have their forelimbs modified into
paddle-like flippers. Dissection of one of these flippers reveals that its
skeleton is composed of the same five segments we noted in the arm
of man and in the limbs of terrestrial mammals (Fig. 3.3). The seg-
ments are shortened, but they are all there in the order listed above.

Fig. 3.3, Skeleton of a whalebane whale, The upper figure
ghows vestiges of the pelvic girdle and hind limb: p. pubis; fsch,
ischinm; {, femur. (After Romanes; from Guyver, Anbmel Biology,
Harper & Brothers, 1948

Thus we see that among birds and mammals limbs adapted for
grasping, lying. running, and swimming are all constructed upon the
same basic pattern. They share a fundamental similarity of structure
that is evidently entirely unconnected with the uses to which they are
put. How can we explain the origin of similarity of this kind, similarity
that has no relation to function—which indeed exists in many cases
despite dissimilar functions?

One way in which we might answer this question is that of the
biologist who first called attention to the fact that a basic pattern
underliee all these forelimbs. That was Baron Georges Cuvier, the
eminent French comparative anatomist of the past century. Cuvier
was not convinced of the truth of evolution. He believed that each
species of animal has been created separately, an idea usually referred
to as the theory of sreciat czeamion. But if species were separately
created, how could similanities among them arise? Obviously they
would be similar if they were created to resemble one another. More
specifically, we might assume that in shaping forelimbs the Creator
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used a certain pattern: When He created the hand of man He modified
that pattern in a certain way; when He created the wing of a bat He
modified the pattern in a different way; when He created legs adapted for
rapid running He modified the pattern in still a different way; and so
on. According to this theory there Is no genetic relationship between
man, bat, and horse; all they have in common is that they were made
by the came Creator, using 4 common pattern.

Most modern biclogists do not find this explanation satisfying.
For one thing, it is really not an explanation at all; it amounts to
saying, “Things are this way because they are this way.” Furthermore,
it removes the subject from scientific inquiry, One can do no more
than speculate as to why the Creator chose to follow one pattern in
creating diverse animals rather than to use differing patterns.

Hence most modern biologists explain the origin of similarities
that have no relation to similar functions in a different manner. They
are convinced that the similarity exists because the animals concerned
inherited the structure from an ancestor that they shared in common. We
have seen that the vertebrate forelimbs, for example, appear to be
modifications of a five-fingered (restanacryy) limb having one upper-
arm bone (humerus), two lower-arm bones (radius and ulna), wrist-
bones (carpals), and metacarpals and phalanges arranged to form five
kingers (Fig. 3.2), Why are such diverse limbs as those of man, bat,
bird, whale, horse, and s0 on all modifications of this pattern? The
evolutionary explanation is that these animals all inherited the limb
pattern from an ancestor that had the pentadactyl limb in more or less
typical form. When the descendants of this ancestor took to life in the
water, to locomotion through the air. or to running over hard ground
they made over what they had in the way of limbs to serve the new
functions. But despite the reconstruction necessary the indelible traces
of the inherited pattern still remain. Thus, in contrast to the theory of
special creation, the theory of creation by evolution maintains that
different animals are related to each other in the sense of direct in-
heritance.

In our discussion we have noted two types of similarity. Similarity
connected with similar functioning we have ascribed to analogy, We
shall find useful a term for similarities not connected with similarifies
of function: the word momoroey. Two organs in different animals are
analogous if they are used for the same Function: mwo organs in dif-
ferent animals are homologous if they have the same fundamental
structure, whether or not they are used for the same function.

These terms can be readily illustrated in connection with the
Forclimbs just discussed. We have seen that the wing of an insect is
analogous to the wing of the bird; i.e.. both wings are used for flight.
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The insect wing is not homologous to the bird wing, however, since
the structures of the two wings differ greatly. The wing of the bird
is analogous to the wing of the bat since they are both used for Aight.
In this case, moreover, the two wings are also homologous, since they
both have the same fundamental structure, both being modifications
of the pentadactyl limb. For the same reason the leg of the horse is
homologous to the wing of the bird, although the leg of the horse is
not analogous to the wing of the bird. since the two limbs are used
for different functions. Thus organs in different animals may be
analogous but not homologous, analogous and homologous, or homol-
ogous but not analogous.

According to the most generally accepted interpretation, homologous
structures owe their fundamental similarities to common ancestry.
They are indications, remaining in modern animals, of what the an-
cestors of these animals were like. In a sense all modern animals are
“made over” animals—the made over versions of their ancestors. And
just as a made over garment if examined closely may reveal some
indications of its former state, so modern animals reveal to a dis-
cemning eye what the characteristics of their ancestors must have been,
For this reason the discovery and analysis of homologous structures
forms one of the most powerful tools used in tracing the evolutionary
histories and relationships of antmals.

In this discussion we have illustrated homology with examples in
which the fundamental similarities are casily seen. In all fairness we
should mention that tracing homologies is frequently difiicult. For
example, there is convincing evidence that the “hammer” and “anvil”
{malleus and incus) of the chain of three bones in our middle ear are
homologous to two bones that formed the articulation of the lower
jaw to the skull in our reptilian ancestors (articular and quadrate bones;
see p. 198). In this case careful investigations of modern animals, of
embryonic development, and of fossil forms were needed before the
homology became evident.

ADAPTIVE RADIATION  The concept of adaptive radiation may
be illustrated by the limb structure of mammals. Mammalian limbs,
like those of other vertebrates aside from fishes, are modifications of
the pentadactyl limb. Primitive, ancestral mammals are believed to
have been short-legged, five-fingered creatures living on the ground
(or in trees?) but having limbs not strongly medified for any particular
type of locomotion. Animals living on the ground are called terresrriaL
in Fig. 3.4; insect-eating (insectivorous) mammals such as the shrews
form modern representatives of them. Mammals possessing this primi-
tive limb structure are placed in the center of the disgram, Of the lines
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Fig. 34, Adapiive radiation In limb structure of mammals.

radiating from this central point one leads to AzBoREAL, 3 term for tree-
dwelling forms, which in one way or another have adapted limbs for
life in trees; squirrels, sloths, monkeys are among the examples.
Another line leads to agmtat, representing mammals adapted for flight.
Only bats occupy the position at the terminus of this line, since they
are the only truly flying mammals. Somewhere along the line we should
place such gliding forms as the wrongly named “Aying” equirrel. It
will be noted that the diagram represents the lines leading to arboreal
and to aerial as not entirely independent. A single line is shown
emerging from terrestrial and then dividing into the two branches.
This arrangement was made to suggest the probability that the an-
cestors of Aying mammals lived in trees, i.e., that life in trees preceded
flight. Perhaps gliding formed the transitional type of locomotion be-
tween climbing and true fight.

Continuing around the diagram in a clockwise direction we come



Chapter 3 Structure of Modern Animals 29

to the line ending in cursoriaL. This term refers to mammals, like horses
and antelopes, that have developed limbs suitable to rapid movement
over the surface of the ground. Part way along this line we should
place animals with less strongly modified limbs, such as wolves, foxes,
hyenas, and lions:

A line leading downward ends with the term rossomiar, applying
to burrowing mammals. Some of these, like the moles, have modified
their forelimbs into such specialized and powerful digging organs that
they are poorly adapted for locomotion on the surface of the ground.
Others, like pocket gophers and badgers, are expert diggers but have
retained limb structures enabling them to move about on the surface.

Finally, 2 line leads to the term aguaTic. At the end of this line we
find such mammals as whales and porpoises, with limbs so strongly
modified for life in the water that they cannot move about on land.
Part way along the line we should place seals, sea lions, and walruses,
mammals with limbs strongly modified for life in the water yet re-
taining some ability to move about on land. Still nearer the center on
this same line we should place such accomplished swimmers as otters
and polar bears, mammals equally at home in water or on land.

All the mammals mentioned as belonging on one of the radiating
lines have limbs more or less adapted for some particular mode of
locomotion. All lines start from a common center representing the short,
pentadactyl limbs of terrestrial mammals, From this center evolutionary
lines tadiate out in varipus directions. Hence ADAPTIVE RADIATION is
evolution in several directions starting from a common ancestral type.

What is the relationship of adaptive radiation to homology and
analogy? All the limbs mentioned are homologous to each other, since
they are all variations of the pentadactyl limb. But for the most part a
given limb is only analogous to others on the same radiating branch of
the diagram. Thus the leg of the antelope is analogous to the leg of the
horse, since they have the same function, but not to the leg of the mole.

What does the diagram of adaptive radiation indicate about the
ancestry and evolutionary relationships of the animals included? In the
first place we recall that, if the evolutionary interpretation is correct,
possession of homologous structures is evidence of common ancestry.
All the animals included in the diagram have modified pentadactyl
limbs; hence they must be related to each other. Possession of this
common limb pattern does not indicate close relationship, however,
since the pattern is shared not only by all mammals but also by birds,
reptiles; and amphibians—by all vertebrates except fishes, in other
words.

What of the animals grouped together on one of the radiating
lines? Are they related to each other? We have just noted that posses-



30 Introduction fo Evolution

sion of the pentadactyl pattern indicates that they are distanily related,
but does their position together on one of these lines indicate that they
are closely related? The answer is evident if we recall that the groupings
on the radiating lines are based upon possession of analogous similarities

and that possession by two animals of analogous similarities is not in
itself indicative of common ancestry,

PARALLEL EVOLUTION As examples of cursorial adaptation we
have mentioned antelopes and horses. These two are placed on the
same branch of the diagram because they have limbs serving the same
function. But, as just mentioned, possession of analogous similarities
does not indicate relationship. Both antelopes and horses are believed
to have evolved from ancestors having short, pentadactyl limbs (“ter-
restrial,” Fig. 3.4); both have achieved elongated, slender limbs adapted
for rapid running. But the antelopes have developed two toes on each
foot (after the manner of the sheep shown in Fig. 3.2), while the horses

Fig. 33 Convergent wvolution exhibited by a fish xhark), 2
reptile (lehthyaseurms), and & mammal (dolphing, all
srongly adapted for aquatic like. (From Lull, The Waps of
Lite, Harper & Brothers, 1047.)
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have developed but cne toe (Fig. 3.2). Both have achieved the same
goal but have done so separately and in differing ways.

When we see two forms independently undergoing similar changes
in the course of their respective evolutionary histories we say we have
a case of paraLLrL TvoruTion if the animals concerned are closely related
ar CONVERGENT EvoLuTION if the animals are more distantly related. The
distinction between the two terms is not clear-cut. In the case of the
horse and antelope we have two forms that are not closely related;
they belong to different orders of mammals (p. 480). Therefore we
might regard their evolution as a case of convergence. On the other
hand, evolution of different mwo-toed mammals (e.g., the antelope and
the deer) would form an example of parallel evolution, as would the
development of Aipperlike forelimbs by seals and walruses.

Sometimes convergent evolution Involves organisms even less re-
lated to each other than are different orders of mammals, Thus the
whales and their relatives such as porpoises evolved a fishlike body
form, and so did the extinct reptile [ehthyosaurns (Fig 3.5). The wings
of the bee, bird, and bat afford another striking example of con-
vergence.

In summary we may point out that paralle! and convergent evolu-
tion lead to production of analogous similarities. On the other hand,
homologous similarities are indications of the persistence of ancestral
structure throughout all the vicissitudes of evolutionary change

HOMOLOGY IN SKULL STRUCTURE Use of forelimbs for Il-
lustrative purposes in the preceding discussion was dictated by the
clarity with which the several points could be shown and by the rela-
tive ease with which the structures could be understood by readers
unacquainted with the details of vertebrate anatomy. Actually, how-
ever, our illustrative material might have been drawn from any portion
of the body. All systems and parts of the bodies of vertebrates exhibit
the fundamental similarities we have designated as homologous. For
example, the skulls of vertebrates have received exhaustive investigation.
Studies reveal that from fish to man a common pattern of bone arrange-
ment is found; evolution has consisted of gradual reduction in numbers
of bones, through loss and through fusion of one bone with another,
and of changes in function and in relative size. Figure 3.6 illustrates the
point that the skulls of amphibians, reptiles, and mammals are based
upon this common pattern. The figure also demonstrates a progressive
reduction in the number of bones and the corresponding increase in
the importance of such bones as the frontals and parietals as the brain
underlyving them increases in sizee Why do skulls of such diverse
animals give evidence of having been constructed on a commen pat-
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(See Zangerl, 1948)

tern? Because if the evolutionary interpretation is correct, the diverse
animals all inherited that pattern from a common ancestor.

We might continue to pile example upon example, but every reader
who has taken a course in elementary zoology or in comparative
anatomy can supply his own. Such courses are filled with examples of
homology and, indeed, are constructed with the latter as a fundamental
tenet. Why, for example, do students of comparative anatomy dissect
the common cat? Not because they are particularly interested in cats as
cats, but because the anatomy of the cat is 1o a considerable extent
typical of the anatomies of all mammals, including man, By studying
ane mammal the student can learn much about all mammals, because
of the fundamental similarities, homologies, found everywhere in
mammalian structure.

HOMOLOGY IN BRAIN STRUCTURE Although we have stated
that homology characterizes all bodily systems, our examples thus far
have been confined to the skeletal system. Figure 3.7 [llustrates the
point that the “soft parts” of the body present comman patlerning as
well as do the “hard parts. It is evident from the figure that brains
of vertebrates, ranging from fishes to mammals, are constructed of
similar series of parts: OLFACTORY LOBES, crmEBRAL HEMISPHERES, OFTIC
LOBES, CEREBELLUM, MEDULLA, and other less prominent divisions and sub-

divisions. As we progress through the series some lobes become more
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Fig. 3.7. Comparson of the brains of a series of vertebrates,
Dorsal view. [(After Guyer, Animal Biology, Harper &
Brothers, 1948.)

prominent than others. In particular the cerebral hemispheres, much
smaller than the optic lobes in fishes (Fig: 3.7), become in mammals
the dominant portion of the brain, hiding the remains of the optic
lobes heneath them so that the latter are not visible in the view of the
mammalian brain shown in the figure. Despite the differences connected
with differing functions, however, the common pattern of brain struc-
ture is clearly evident. The reader can now readily form his own con-
clusion as to the reason for this fact

HOMOLOGY IN INVERTEBRATES Homology is by no means
the exclusive attribute of vertebrates. We have concentrated attention
upon vertebrates because the structure of vertebrates is better known
to the average reader than is the structure of invertebrates, The latter,
however, also show common patterns of structure upon which are
superimposed modifications connected with differing functions. One of
the most instructive examples of this phenomenon is derived from the
mouthparts of insects. This example gains added interest from the
fact that it was known to Darwin and cited in his Origin of Species.

Insects considered most primitive by entomologists have mouth-
parts adapted for cutting and shredding plant tissues. The common
grasshopper is a typical example (Fig. 3.8). Its mouth is provided with
a pair of manpmues that act like jaws in cutting and biting, They move
in a horizontal plane, in contrast to the vertical movement of the lower
jaw of vertebrates. In the mouth there is a tonguelike structure called
the HyroPHARYNX. Accessory to the mandibles are two pairs of mouth-
parts unlike anything possessed by vertebrates. These are called,
respectively, the rirst and seconp maxiiag; they aid in the process of
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Fig. 38. Mouth parts of grasshopper and henéybee Upper iketches show
munth parts in place in the head, lateral visw, Lower sketches show
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conveying food into the mouth. They are provided with short, feeler-
like processes called pairs. In the grasshopper the pair of second
maxillae enter into the formation of & Lasum or “lower-lip."" There
also is present a Lasrum or “upper lip.”

Starting with the cutting or mandibulate pattern of mouthparts
just described we can trace an adaptive radiation comparable to the
one illustrated by vertebrate forelimbs. For example, the honeybee has
adapted the mouthparts for its particular means of food gathering
(Fig. 3.3). The mandibles continue to function as jaws but are used
principally not for cutting food but for “working” the beeswax until
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it is pliable and in condition to be utilized in construction of honey-
comb. Food consists of the nectar of flowers drawn up into the mouth
through a pumplike arrangement consisting of a tube with a plunger
within. The tube is not a solid structure but is improvised by bringing
together the pair of first maxillae and the labial palps. The plunger
within the tube is a tonguelike structure formed from a portion of the
labium. A muscular sac at the upper end of the tube acts in sucking
up liquids much as does the rubber bulb of a medicine dropper
(pipette).

Butterflies and moths also have a tube through which nectar from
fowers is drawn into the mouth (Fig. 3.9). As in bees, suction is
produced by a muscular sac connected to the tube; there is, however,
no plunger (tongue) in the tube. In many butterflies and moths the
tube is long and slender and when not in use is coiled like a tiny
watchspring under the animal’s head. This slender tube is composed
of the pair of first maxillae elongated, hollowed out on their adjoining
surfaces, and held together by interlocking grooves and ridges. Mandi-
bles and second maxillae are rudimentary, excepl in one family of
moths which have retained biting mouthparts, thereby adding evidence
in support of the view that sucking mouthparts, possessed by other
moths, are in reality “made over” from the biting and cutting type.

A third modification is possessed by the true bugs (order Hemip-
tera), They have a proboscis somewhat like a hypodermic needle which
they thrust through the skin of plant or animal to withdraw underlying
juices (Fig. 3.9), Though the most notorious member of the group Is
the bed bug, by far the larger number of true bugs suck the juices of
plants and of other insects rather than the blood of vertebrate animals,
Unlike a hypodermic needle the proboscis is not thrust through the
skin by sheer force applied to it The creature wielding it is too tiny for
that. Rather, a hole is drilled for its insertion, the drilling being done
by two pairs of sharp, piercing bristles (Fig. 3.9). The innermost pair
of these is formed from the first maxillae, hollowed out on their
adjoining faces to form the walls of two tubes. Plant and animal juices
are sucked through the larger, dorsal tube; saliva may be forced out-
ward into the puncture wound through the smaller, ventral tube
(Fig. 3.9). On either side of the first maxillae are the mandibles, also
modified to form piercing bristles. In drilling the hole the four bristles
slide up and down independently, the mandibular pair being the more
active In the process. This hypodermic arrangement is encased for a
portion of its length in a rostrum or beak formed of the second maxillae
(Fig. 3.9),

The two-winged flies, the housefly being the most familiar ex-
ample, have a proboscis formed from labrum, hypopharynx, and
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labium (second maxillae; Fig. 3.9). In some flies the proboscis terminates
in 2 pair of broad, soft pads (labella) pierced by many pores which
function in “sponging up” liquids; in biting flies the proboscis is modi-
fied for piercing.

Proboscis

Labella

Palps of
first maxilla

Proboscis
{ First maxiilae )

BUG BUTTERFLY

Fig. 3.9. Muouth parts of bug. housefly, and bu
bug shows the beak attached to the head; lower
of the beak cat away to reveal the cross section, with an enl

of the brstles at the right. Mandibular bristies ROKDAL vt sestii

shown in diagonal
shading;, 15t maxillary bristles, solisd black: 2nd i I
beak, onshaded maxillag, forming the

erfly. Upper drawing of the
drawing shows a portian
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We see, then, how a set of “standard parts" (labrum, mandibles,
hypopharynx, and first and second maxillae) have been modified to
serve such diverse food habits as cutting and shredding plant tissues,
sucking nectar from fowers (by two different types of mechanism),
piercing the skin to suck juices of plants or animals, and gathering
liquid from the surfaces of food particles. Why are such diverse
mechanisms based upon the same underlying pattern? Evidently the
basic pattern of mouthpart structure was inherited from an ancestor
shared by all these modern insects. As noted above, the mandibulate or
cutting mouthparis represent the type from which all the others are
believed to have arisen through adaptive radiation.

SERIAL HOMOLOGY  Thus far we have spoken of the homology
of an organ in one animal with an organ in another animal, We have
said, for example, that the wing of the bird is homologous to the arm
of man. There is another type of homology in which two or more
structures in one individual are compared. Fundamental similarity of
structure between one part of an animal and another part of the same
animal is called sertaL HOMOLOGY,

An example of serial homology is seen in the arm and leg of man.
The segment of each that is attached to the trunk has 4 single bone
as skeletal support; in the arm this bone is called the humerus (Fig.
3.2), and in the leg it is called the revon. In the succeeding segment of
the arm and leg there are two bones, which are called radius and ulna
in the arm and ris1A and rivuLa in the leg. Then come a group of wrist
and ankle bones, respectively, which are called carpals in the arm and
taRsaLs in the leg. Next are the bones of the palm of the hand and the
sole of the foot, metacarpals and meratarsats, respectively. Finally, the
bones of fingers and toes are called rHaraxces in both cases. Evidently,
then, our forelimbs and hind limbs are modifications of the same
fundamental pattern, modified for grasping and handling in the one
case and for locomotion in upnight posture in the other.

Much more elaborate examples of serial homology are afforded by
the jointed appendages of invertebrates. Examination of the numerous
appendages of a lobster or crayfish reveals that those in different parts
of the body have much resemblance despite the fact that they are
modified for a variety of functions (Figs. 310 and 3.11). The most
conspicuous pair are the “pinchers” or cuetae, used by the animal in
grasping food and in fighting. Just behind the chelae are the four pairs
of warxing tecs, used in slow locomotion along the bottom of the
stream in which the animal lives. Behind the walking legs and attached
to the abdomen are several pairs of swnasmerers (XIV and XVI in Fig.
3.11; not shown in Fig. 3.10), These are small appendages; their name
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gives a false impression of their importance in swimming. In females
masses of eggs become attached to them, hanging like tiny bunches of
grapes while embryonic developmen! progresses, In males the first
pair of swimmerets (XIV in Fig. 3.11) is modified for the transference
of sperm cells to the female. A broadly expanded, somewhati paddielike
structure will be noted at the end of the abdomen (Fig. 3.10). When
the animal wishes to move rapidly it flexes or bends its abdomen
powerfully, this terminal structure offering resistance to the water much
as does an oar. As a result the body shoots backward with greal speed.
The termmal structure employed in this maneuver is composed of a
flap (telson, Fig. 3.10) attached to the last segment of the body,
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augmented by flattened appendages on either side, the urorovs (Fig.
3.10; XIX in Fig. 3.11).

Anterior to the chelae is found a succession of appendages modified
for a variety of functions. Some of them, MaxmuLIFEDS and MAXILLAE (Vi
and V in Fig. 3.11), aid in grasping food and conveying it to the mouth.
One pair, the manomees (111 in Fig. 3.11), crush the food, Two other
pairs, the antennae and antessuees (11 and | in Fig. 3,11), form sensory
"feelers.”

The great variety of functions served by the appendages of the
crayfish are evident from the foregoing summary. Careful study reveals
that they are all modifications of a single pattern. We have spoken of
a five-fingered (pentadactyl) pattern underlying vertebrate forelimb
structure; similarly, we might say that a two-fingered pattern underlies
the structure of crayfish appendages. This two-fingered structure is
called a mmamous arrenpace and is well illustrated by the typical
swimmeret of a crayfish (XV1in Fig. 3.11), The basal portion of the
appendage, proTovootrE, is unpaired but may consist of more than one
segment. Attached to the protopodite are the two “fingers,” each com-
posed of several or many segments. The “linger”" nearest the midline
of the body is called the swvoronrrs and the lateral one the exorooire.
The labeling of Fig. 3.11 indicates clearly how, starting from this
primitive arrangement, appendages adapted for the wide variety of
functions have been derived by modification, and in some cases the
loss, of one or another of the original parts.

What are the implications of serial homology for evolution? It
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will be noted that arthropods, such as the crayfish, have bodies com-
posed of a series of METAMERES or somites (this segmentation is par-
ticularly clear in the abdomen of the cravfish, Fig. 3.10); Each metamere
is provided with a pair of jointed appendages, modifications of the
biramous pattern, It would seem that the common ancestor from which
these arthropods inherited the arrangement described must have had
2 body composed of a series of metameres, somewhat like the earth-
worm's, and had each metamere equipped with a pair of biramous
appendages in typical form. In descendants from this ancestor some
of the metameres became fused together, to form a cerraLOTHORAX 2s
in the crayfish (Fig. 3.10) or to form a separate head and thorax as
in an incect. At the same time appendages attached to different meta-
meres of the body became modified to serve a variety of functions, Thus,
like homology in general, serial homology finds its most reasonable
explanation in a theory of descent with modification, i.e., of evolution.

Since the biramous pattern underlies the appendages of all mem-
bers of phylum Arthropoda, the insect mouthparts discussed earlier
are made over appendages of this type, connected to the metameres
that fused to form the head.

VESTIGES Vestigial or rudimentary organs are parts of the body
that are relatively small in size and have little, if any, ascertainable
function. In every case of importance to the study of evolution they
appear to represent useless remnants of structures or organs which
are large and functional in some other animals.

The most [amiliar vestigial organ in man is the vesmirorM
areenpix (Fig. 2.12), “Vermiform” suggests its wormlike appearance.
The appendix attaches to a short section of the large intestine called
the caecum, and the latter is located at the point where the large in-
testine is joined by the small intestine. The caecum is a short pouch,
ending blindly except for the small opening into its extension, the
appendix.

If we study the digestive systems of other mammals we discover
that carnivorous (flesh-eating) mammals have the caecum reduced to a
short, blind pouch much like our own. Cats, for example, have a short
caecum, with no appendix at all. On the other hand, if we study
hetbivorous (plant-sating) mammals having simple stomachs more or
less like ours we find that the caecum is a large pouch, in some cases
as capacious as all the rest of the digestive system put together. In
some herbivorous mammals it is broad throughout its length. In others
it tapers to a point at its free end. The combined length of caecum and
appendix in a rabbit, for example, is about 18 in_ {Fig. 2.12). For the
first 12 in. or so it is a broad, thin-walled pouch containing 4 spiral
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fold or valve that increases the internal surface. The terminal five or six
in. of it has thicker walls and no spiral valve and corresponds Lo our
appendix.

The large caeca of herbivorous mammals form storage compart-
ments in which partly digested food remains while bacterial action
takes place upon it. One of the most abundant constituents of plant
tissue i cellulose, The digestive Auids of mammals contain no enzymes
that digest this substance, For this reason man, for example, could
derive no appreciable nourishment from a diet of paper, a product
consisting largely of cellulose. Certain bacteria, however, can break
down cellulose into chemical compounds the body can utilize. In the
caeca of herbivorous mammals such bacteria have time to act on the
cellulose, thereby retrieving for the animal a portion of its diet that
would othenwise be wasted. Accordingly the caecum is a valuable organ
for many herbivorous amimals.

How do we happen to have a caecum and associated appendix?
Our diet consists of both plant and animal material, but in the prep-
aration of plant material for human consumption we eliminate most
of the cellulose (in the “woody’" portions). We do not use our cagcum
and appendix as a container for food undergoing bacterial action. Then
why do we have them? The most reasonable explanation seems to be
that we Inherited them from some remote ancestor having a diet that
necessitated such adjuncts to the digestive system. When the descen-
dants of this ancestor eventually changed their food habits the caecum
and appendix, no longer useful, decteased in size until they became
mere remnants of the Functional organe they once had been,
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It is difficult to explain the presence of useless vestiges upon a
basis of special creation without imputing to the Creator some lack of
skill in planning or construction. Accordingly, opponents of the idea
of evolution commonly maintain that organs like the appendix are not
useless at all, that they have functions that we have never been able
to discover. Clearly, the burden of proof lies with the affirmative in the
matter of proving the usefulness of vestiges for which no functions
have ever been discovered. Many readers can testify from personal
experience that if the appendix has a function at all it is so unimportant
that the advantages of having the organ removed far cutweigh the
disadvantages.

Other vestiges are found in the human body. For example, in the
inner angle of each of our eyes there is a little fold of flesh called the
semnusaR Foup (plica semilunaris; Fig. 3.13). This corresponds to a
structure that in many lower animals is a movable third eyelid, the
NicTITATING MmEmpRANE, lying under the other eyelids and sweeping
across the eye from the inner angle outward. In many animals, for
example, owls, the nictitating membrane is transparent, affording a
means of cleaning and lubricating the surface of the eyeball without
obstructing vision in the process, even for the fraction of a second
necessary to wink the other two eyelids. In horses the membrane is
well developed, containing cartifage. When the eye is strongly retracted
the membrane extends across it for about an inch. The membrane is
variably developed in other mammals and in lower vertebrates.

Mictitating membeane . Semibinar foid

HOESE KIAN

Fig. 313. Mictitating membrane (third eyelid) of owl and
horse, and vestigial semilumar fold of man (Mainly aftes

Romanes. Dartoiv and After Darwin, 3rd ed, Open Conrt
Publishing Company, 1901}

The tails commonly possessed by both wild and domestic mammals
are familiar to everyeme. A chain of vertebrae confinuous with those
comprising the remainder of the vertebral column forms the skeletal
axis of the tail, attaching just behind the pelvic girdle (the bones to
which the hind limbs articulate). In man a much reduced string of
vertebrae, partly fused together, arises at this same point and curves



Chapter 3 Structure uf Modern Animals 43

forward, instead of extending out into an external tail. This structure,
called the coccyx, clearly homologous to a group of reduced tail verte-
brae (Fig. 12.7, p. 240).

Everyone who has watched a horse on days when biting flies
were bothersome is familiar with the way in which this animal can
twitch certain areas of the skin, All observers of horses also will
recall the manner in which the animal can move and turn its ears the
better to hear sounds coming from different directions. Although we
do not have these capabilities we commonly have vestigial muscles
connected with our skin and ears. Generally these muscles do not
function, though some individuals can demonstrate the ability to move
the scalp or “wiggle” the ears.

Although the list of vestigial organs in man is long, the above
sample will suffice. We must not create the impression, however, that
vestiges are the exclusive attribute of man. It may safely be stated
that every specialized animal retains some vestigial structures in its
anatomy. Snakes, for example, are noted for lack of limbs, yet a few,
such as boas and pythons, possess in appropriate position in the body
tiny bones which seem to represent the last vestiges of pelvic girdle and
hind limbs, Similarly, whales have no hind limbs, yet in the position
where hind limbs if present would occur small bones are found that
seem to represent vestiges of pelvic girdle and hind limbs (Fig. 3.3).

Vestigial structures in the leg of the horse have already been
mentioned (p. 25): the splint bones representing the metacarpals of
digits I1 and V. These vestiges are slender bones of variable develop-
ment sometimes partly fused to the cannon bone (metacarpal of digit
I11) supporting the hoof. The lower end of each splint bone is bluntly
pointed and without connection to other bones.

Birds are characteristically flying animals, yet a few are flightless.
One of these, the kiwi of New Zealand, possesses useless vestiges of
wings supported by tiny replicas of the usual bones of a bird wing
{(Fig. 3.1). Feathers covering the body conceal these vestigial wings
from view,

How are we to explain the presence of useless structures such as
those described above? Are we to suppose that creatures were “de-
liberately™ made with structures that would never be of use to them? Or
does it seem more reasonable to conclude that the kiwi, for example,
inhetited its wings from an ancestor which was a flying bird and
hence had use for wings?

Occasional biologists doubt that structures usually classed as
vestigial are in fact without function. It has been maintained, for
example, that the small bones we have spoken of as vestigial hind limbs
in whales are not such at all but are bones having the function of
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stiffening the walls of the anus, the posterior opening of the digestive
tract. Most students of anatomy are not in accord with this view.
Occasional mistakes may be made in labeling small organs as vestigial,
but it seems entirely unlikely that the percentage of error is high. To
most biologists, therefore. the presence of small organs that seem to
have no function in themselves but correspond to functional organs
possessed by other animals indicates inheritance from common ancestry.
Descendants having use for the organ In question retained It as a
functional organ; in descendants having no use for it the organ became
reduced in size.
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HOMOLOGY IN EMBRYOS In the preceding chapter we saw that
similarities of adult structure not connected with similar habits and
adaptations are most reasonably explained as the result of inheritance
from common ancestry, In the present chapter we shall consider
similarities existing among embryos.

It is a striking Fact that there are not only many evidences of
common patterns in the adult structures of diverse animals but evi-
dences of common patterns in embryonic development. Indeed, the
two phenomena are related, since embryonic development is the process
by which adult structure is attained. We might anticipate, therefore,

i
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that similar final results would usually be achieved by similar develop-
mental processes.

Some of these embryonic similarities are displayed in Fig. 4.1,
which represents six stages in the embryonic development of six dif-
ferent animals, ranging from fish to man. Each sequence begins with
a single cell, the rerTiLIZED EGG of ovum, shown at the bottom of each
of the six vertical columns. To facilitate comparison the ova are all
drawn about the same size, although there are actually large size
differences. Thus the human ovum measures only about 459 in. in
diameter while the ovum of a shark measures in the neighborhood of
two ins. Each is a single cell, however, containing genetic contributions
from both mother and father. Size differences depend mainly upon the
amounts of food matertal—yolk—present.

Inspection of Fig. 4.1 reveals the great similarity of the early
embryonic stages of all the forms shown. The embryos in the second
and third horizontal rows from the bottom are so similar that only
an expert could tell them apart if they were misplaced. By the stage
represented in the fourth row, the fish and salamandzr have acquired
more identifying characteristics, but even in the stage represented by
the fifth row the similarities of embryonic lizard, opossum, monkey,
and man are most striking. We see, then, that the embryos of these
diverse animals all follow a common pattern at first but progressively
diverge from this pattern as they approach their respective adult
morphologies, As Karl E. von Baer, pioneer embryologist of the last
century, expressed it, “During its development an animal departs
more and more from the form of other animals” (as translated in de
Beer, 1958),

Why do we find evidence of common pattern in embryonic de-
velopment? This is the same question asked in the preceding chapler
about common pattern in adult structure, and the answer is similar.
The common pattern of embryonic development seems most reasonably
explained as having been inherited from an ancestor common to all
the animals possessing the similar embryonic developments, Explana-
tions not involving common: ancestry may take two forms. It may be
maintained that the Creator created each species separately but saw fit
to confer on different species similar processes of embryonic develop-
ment. Or it may be maintained that mechanical and physialogical
necessities operating in development bring about the similarities—that
there is, in effect, no other road that an ovum could follow in its
development to the adult state. Similar physical forces undoubtedly
have similar effects in producing basic similarities among embryos.
Yet detailed similarities in development, like those to be considered
presently, seem not to be completely explained as the result of such
similar forces.
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SHARK SALAMANDER |IZARD| OPOSSUM | MONKEY MAN
Ll

GHll slits and fore

Fig. 4.1. Comgparative embryology from fizh to man. (Modified from Gregory.
W. K. and M. Roigneau, introduction to Humad Amstomy, American
Museum of Natural History, 1938 Couwrtesy of the American Museum of
Natural History)
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HOMOLOGY IN EARLY DEVELOPMENT  The earliest stages of
embryonic development, even in much more diverse forms than those
included in Fig. 4.1, which after all are all vertebrates, are remarkably
similar—so much so that it is possible to design a “typical” diagram
of early stages in development. Figure 4.2 shows typical development
of an ovum containing little volk, for example, starfish and sea urchin
eggs among invertebrates or amphioxus eggs in phylum Chordata, the
phylum to which vertebrates and a few other animals belong. In its
essential features, however, the sequence of changes shown char-
acterizes all animals. Figure 4.2 is related to Fig. 4.1 in the following
manner. Stage @ of Fig. 4.2 represents a fertilized ovum like those
shown in the bottom row of Fig. 4.1. Stages f and g represent the stage
shown in the second horizontal row of Fig. 4.1. Thus stages b through
e stand in between the bottom and the second rows of Fig. 4.1, and

Animal pole

@ B D

Vegetal pole

Cleavage Vegetal
cavity pole cavity

Fig. 4.2 Typical early embryonic development: g, b and i are shown
cat i half. (From Guyer, M. F., Animul Biology, dth ed, Harper
& How, 1938)
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stages It and i are slightly later stages than the stage shown in the
second row of that figure.

Figure 4.2 demonstrates that the fertilized ovum undergoes a
series of cell divisions. The original single cell divides into two (&), then
each of thess two divides into two in turn, the result being a four-celled
stage (c). The cells continue to divide, so that we have successively an
eight-celled stage (d), a 16-celled stage (¢), a 32-celled stage and so on.
As the process continues there comes into existence a ball of cells, more
or less hollow in the center, called a sLastuta; g in Fig. 4.2 represents
a blastula sliced open to reveal its internal cavity, the CLEAVAGE cAVITY.
Essentially, a blastula is an embryo composed of a single layer of cells,
as shown in the figure. This one-layered stage then proceeds to convert
itself into a two-layered embryo, the castruta (i), Gastrula formation
occurs in a variety of ways, various expedients being resorted to if
the presence of yolk impedes the process. Figure 4.2 shows the relatively
simple process possible when the cleavage cavity is not obstructed with
yolk. One side of the blastula swings inward (h); this in-bending,
accompanied by continued cell division, suffices to produce the con-
dition shown at /.

With attainment of the gastrula stage an embyro shows forecasts
of things to come, The cells remaining on the outside constitute a layer
called the ecropemm, obviously in position to form the outer surface of
the body. The cells that fold inward form a layer called the svvooEexm
lining the newly formed cavity, the arcuexTerRON, The latter is the begin-
ning of the digestive tract. The archenteron has but one opening to
the exterior, the aastorore, In many invertebrates the blastopore be-
comes the mouth, at or near the anterior end of the body. In vertebrates,
on the other hand, the region of the blastopore becomes the posterior
or tail end of the body, though usually the blastopore itself does not
remain as the posterior opening of the digestive tract, the anus.

Almost at once a third layer, the mesoperm, forms: although this
is not shown in Fig. 4.2, it can be visualized as located in the remnant
of the cleavage cavity, between the ectoderm on the ocutside and the
endoderm on the inside.

The ectoderm gives rise to the external surface of the body, in-
cluding such things as skin, <«ales, feathers and hair and to the
nervous system and the sensory membranes of the sense organs. The
endoderm lines the digestive tract and gives rise to plands associated
with digestion, such as liver and pancreas. The lining of the lungs of
land-dwelling vertebrates also arises from the endoderm. The mesoderm
forms almost everything else: muscles, bones, kidneys, connective
tissue, and so on,

The pattern of development illustrated above may be said to
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consist of the following sequence: (1) single cell; {2) successive cell
divisions to form clusters of two, four, eight, 16, and so on, cells; (3) a
one-layered stage; (4) a two-layered stage: (5) a three-layered stage.
The uniformity of occurrence of this pattern of development through-
out the animal kingdom, from worms to man, is remarkable.

At least two factors must be operative in the production of this
niniformity: In the first place, the number of ways in which an organism
consisting of multitudes of cells arranged in layers can arise from a
single cell must be limited. In part, then, the uniformity is imposed by
those mechanical and physiological necessities mentioned previously.
Such necessities would operate to produce similarities in the broad out-
lines of development. Similarities in details of development, on the other
hand, are more likely to have resulted from a second factor: inheritance
from common ancestry.

VON BAER'S RULE Long before belief in evolution became
prevalent, biologists arranged animals into a “scale of beings,” starting
with simpler organisms and advancing to more and more complex
ones. It was noted that the embryos of the more complex, “higher,”
organisms somewhat resembled the organisms lower on the scale.
Difference of opinion arose as to whether the resemblance was between
embryos of higher organisms and adults of lower organisme or between
embryos of higher organisms and embryos of lower enes. As the
science of embryology advanced, thic second interpretation was rec-
ognized as being correct. Early in the nineteenth century, von Baer,
from whom we have already quoted, formulated this principle as
follows: “The young stages in the development of an animal are not
like the adult stages of other animals lower down on the scale, but
are like the young stages of those animals” (de Beer's translation,
1958).

Later in the century, when belief in evolution became wide-
spread, von Baer’s rule was interpreted to mean that such similarities
between embryos result from inheritance from common ancestry, as
mentioned above, In other words, embryos exhibit homologous simi-
larities just as adults do, and the evolutionary interpretation of these
similarities is the same as it is for homologous similarities of adulis.

THEORY OF RECAPITULATION Not everyone agreed with von
Baer's principle. Later in the nincteenth century Emst Haeckel
strongly supported the theory that the embryos of higher animals
repeat the wiult stages of their ancestors (Haeckel, 19035). This was
the theory of recapitulation or biogenetic law and is tersely sum-
marized by the statement: “Ontogeny recapitulates phylogeny.”
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Ontogeny is the life history of the individual, starting with the ovum;
phylogeny, as the term was used by Haeckel, is the series of adult
ancestors of the individual in question. Haeckel maintained that in
some way the adult condition of an ancestor is pushed back into
embryonic development so that embryos of descendants pass through
that ancestral adult stage. We shall see presently, for example, that
in one stage the human embryo resembles a fich embryo. Haeckel
would not have been satisfied with such a statement; he would have
insisted that the human embryo at that stage resembles an adult fish.
The recapitulation theory was a stimulus to research in embryology,
but as investigation led to more complete knowledge of the subject it
became evident that Haeckel was wrong and that von Baer had been
right. The pros and cons of this intellectual conflict are ably set forth
in de Beer's Embryos and Ancestors (1958),

HOMOLOGIES IN HUMAN EMERYOLOGY

IF the evolutionary interpretation of von Baer's rule is correct, we
should be able to learn something of the evolutionary relationships
of animals by comparing their embryologies (ontogenies), a point
stressed by Darwin himself. Related organisms may be expected to
show similarities in their patterns of development. Furthermore, as
noted in our discussion of Fig, 4.1, the more closely related two
animals are, usually the greater will be the propartion of their ontogenies
exhibiting similarities. Thus the human embryo and the monkey embryo
are similar throughout much more of their development than are the
human embryo and the fish embryo (Fig: 4.1).

Turning to our own embryology, we recall that each human being
begins life as a single cell, the fertilized ovum. This was formed by
the union of a sperm cell produced by the father with an ovum produced
by the mother. The first cell divisions with which the fertilized ovum
begins its development are much like those diagramed in Fig. 4.2. As
a result of repeated cell division a ball of cells is formed. This is
similar to the blastula (Fig. 4.2) except that it is at first not hollow.
As shown in Fig. 4.3, a cavity soon forms, following which an outer
layer, the TRorHoBLAST, and an inNex cett Mass can be distinguished. At
about this stage the embryo digests its way into the wall of the uterus
of its mother, where it comes in close contact with the latter’s blood.
This blood supplies the embryo with food and oxygen and removes
waste products, The trophablast forms the means of contact between
the embryo and the maternal bloodstream and contributes to the
formation of the embryonic membrane known as the cworion. The
embryo itsell develops in the inner cell mass.

49120
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disc

Yolk sac

Trophoblast

> Chorientc villi

coulom

Fig. 43 Human embryonic development diiriog the figst 12 g5 13 days
following Fertilization. (Based on several sources including Gilbert, M, 5.
Biography of the Unborn, Copyright 1928 The Willlams & Wilkins Compuny.)

The inner cell mass soon becomes differentiated by the formation
of two cavities separated by a double layer of cells (Fig. 4.3C). The
upper cavity is called the astiion, the lower one the voix sac, and the
double layer separating them is referred to as the EMBRYONIC DISC,
The embryo itself forms from this embryonic disc, the two layers of
which are the ectoderm and the endoderm. Hence this two-layered
stage of the human embryo corresponds to the gastrula stage of typical
development (Fig. 4.2), although it differs from the typical form in
appearance and in method of formation. There is interest in the fact
that gastrulation and mesoderm formation in the human embryo, as
in the embryos of other mammals, are more like these processes in
large-yolked egge (e.g. reptiles and birds) than they are like the
processes in small-yolked ones (e:g.. Fig. 4.2). This is true despite
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the absence of yolk. The explanation of this Fact will become evident
from the discussion following.

AMNION, YOLK SAC, AND ALLANTOIS The amnion, yolk sac,
and allantois are called extraembryonic membranes because they are
attached to the embryo but are not part of it. As soon as the embryo
passes beyond the embryonic disc stage, the amsion surrounds the

Placenta

\} Umbilical
_g.' cord

J

Fig. 44. Human embryonic development during the third weelk.
Longitudinal (sagittal) sections through the embryo and membranes,
Ectoderm Indicated with solid black, endoderm with cross lines,
mesoderm with. fine dots. (After Arey, L B, Derelopmental Aratomy,
7th ed, W. B. Saunders Co., 1965))
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embryo, enclosing it in liquid and thus protecting it from mechanical
and other injuries (Fig. 4.4C).

To understand the other two membranes we must examine the
eggs of reptiles and birds (Fig. 9.23, p. 173). These animals lay eggs
that are deposited in nests or buried in the s0il and have an outer
protective shell, Within those chells must be stored enough food (yolk)
to nourish the embryo until it is ready to hatch and begin active
foraging for its food. The large, yellow, globular volk in a hen's egg
is familiar to everyone. The embryo develops on top of this mass, and
early in its development a large vorx sac grows out from the embryo
and encloses the yolk. The lining of the yolk sac contains cells that
digest the yolk, the products of digestion being carried to the embryo
by blood vessels, Although most mammalian embryos obtain their
nourishment in an entirely different manner, they nevertheless develop
yolk sace connected to the digestive tract just as do reptile and bird
embryos (Figs. 4.4, 4.8, and 4.9),

The atrantoms connected to reptile and bird embryos is also a large,
useful membrane (Fig. 9.23, p. 173). It spreads around beneath the
shell and shell membranes and serves in respiration and excretion
(pp. 173-174). In most mammals, Including man, the allantois is much
reduced In size (Fig. 4.4C). Since the human embryo obtains its oxygen,
as well as nourishment, from the mother’s blood through the placenta
(see below) and passes its waste products into the mother's blood, we
may wonder why an allantois develops at all.

Considering the three extraembryonic membranes together, we
see an example of a common embryonic pattern illustrative of von
Baer's rule. Modern reptiles; birds, and mammals are similar in that
they develop these membranes. We interpret this similarity as evidence
that these three groups had a common ancestor. What was the nature
of that ancestor? Embryology by itself cannot tell us, but as we shall
see in Chapter 10, there is strong evidence that reptiles were ancestral
to birds and to mammals. Accordingly, the membranes are thought to
have originated when a group of prehistoric reptiles first developed the
ability to produce eggs that no longer needed the protection of water
(as frogs" eggs do: pp. 173-174).

We note that the three membranes differ in their importance to
the human embryo and to most other mammalian embryos. The
amnion continues to serve the same function it does for reptile and
bird embryos. The yolk sac, on the other hand, has lost its Function
as a container of yolk, Why has it not disappeared completely? Does
it still, perhaps, have some function? Embryologists have found that
for some mammalian embryos, at least. it has a use, though one
entirely unrelated to yolk. In these cases it contains the primordial
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germ cells—cells that later develop into sperms and ova. These
primordial cells migrate into the reproductive organs when these organs
form in the embryo.

As for the greatly reduced allantois, it contributes to the forma-
tion of the umbilical cord and placenta (Figs. 4.4 and 4.10; see below).
In come mammals other than man (e.g., sheep) it retains one of the
functions it has in reptiles and birds: that of a storage bag for urine
produced by the embryo (see Ballard, 1964).

SOMITES Returning to the embryo itself, we note that during the
first few days it grows rapidly. In Fig. 4.4 most of the trophoblast
shown in Fig. 4.2 has been removed, with only that portion (the
PLACENTA) most directly connecting the embryo to the wall of the
uterus being shown. The embryonic disc becomes elongated, and the
cavities above and below it become enlarged. Almost immediately the
disc forms the beginning of the central nervous system. Two parallel
NEURAL FOLDS are thrust up into the overlying amniotic cavity (Figs,
4.4 and 4.5B). These folds become more and more elevated above the
surface of the embryonic disc, Eventually they bend toward each other
and fuse to form a nzuraL Tue. As shown in Fig. 4.5C, fusion of the
folds occurs first in the middle of the “back™ (really dorsal surface) of

MNeural plate

Fig. 45. Human embryonic development during the third and fourth weeks,
Dorzal view, showing the "back” of the embryve. [After Arey, L B,
Developmental Anatomy, 7th ed, W. B. Saunders Co., 1965.)
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the embryo, progressing from that point toward the head or anterior
end and toward the tail or posterior end (Fig. 4.5D) as though being
closed by zippers. The neural tube is wider at the anterior end than
it is more posteriorly. The anterior portion will form the smamn;: the
rest the srmvaL conop.

As we see in Fig. 4.5 and subsequent figures, rows of blocklike
somites form on both sides of the developing neural tube. These are
more or less cubical blocks of mesodermal tissue forming between the
ectoderm and the endoderm. The ectoderm is molded over them so that
their outlines are visible externally, The first ones form just posterior
to what will be the head, and later ones are added progressively, as
shown. Somites form, among other things, the beginnings of the
80DY MUSCULATURE.

We should now stress that mesoderm formation in this somite
pattern is a very widespread embryonic pattern Indeed, much more
widespread than is the pattern of extraembryonic membranes discussed
above. In fact it is a pattern that characterizes the embryos of all
vertebrates (see Fig. 4.1, third row from the bottom). In line with
von Baer’s rule, therefore, we suspect that it forms one indication
that all vertebrates had a common ancestor.

What was the nature of this ancestor? Again, embryology by
itself cannot answer, but we learn from the fozsil recard that the first
vertebrates were swimming animals of a type we may loosely char-
acterize as “fish” (although the first ones did not have jaws of the sort
possessed by most of the fishes with which we are familiar; see
pp. 165-166), These first vertebrates had elongated bodies with muscles

Mytemes

Venebral rolumn

Fig- 4.6. Locamotor apparatus of a typical leleost fsh. IAfter Gregory, W. K.
and M. Roigneau, [ntroductinon to Huran Anatarmny, Ameriean Musssing: of »
Natural History, 1934. Courtesy of the American Museum of Natural History,)
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arranged in the form of segmental myoromss, somewhat as does the
modern perch (Fig. 4.6). Having the beginnings of the muscular system
arranged in the form of a series of block-like somites would seem to
be preparation for the formation of series of myotomes of the type
possessed by fishes and other vertebrates that swim by undulations
of the body (Fig. 4.7), or, for that matter, by elongated land animals
such as salamanders, lizards and snakes that also move by undulations
of the body.

Fig. 4.7, Action of segmental body muscles in producing
swimming movements In the aguatic larva of the salamander
Ambystoma, The andulations result from a