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PREFACE
TO THE SECOND EDITION

Organic evolution is the greatest general principle in biology. Its impli-

cations extend far beyond the confines of that science, ramifying into all

phases of human hfe and activity. Accordingly, understanding of evolution

should be part of the intellectual equipment of all educated persons.

As its name implies, this book is intended to form an introduction to or-

ganic evolution for readers who have not previously "met" the subject, and

who have little or no background knowledge of biology in general. In writ-

ing I have constantly striven to render each subject understandable to such

readers and to make my discussions elementary in the best sense of the

word.

For the general reader and beginning student I distinguish sharply be-

tween textbooks and reference books. Reference books and advanced text-

books, with their encyclopedic treatment, exhaustive discussions, and

detailed citations of literature, are essential tools for the scientist and the

advanced student. But they are not suitable introductions to a branch of

science. This function is served by the elementary textbook or "teaching

book." The present volume is of this variety. In it the author serves as guide

to a traveler in a strange country. On the basis of previous experience and

greater familiarity with the terrain, the author guides his reader through the

jungle of confusing facts and conflicting theories. The guide, not being all-

wise, may make mistakes of judgment in selecting the path, but at least the

reader will be more likely to reach his destination than he would have been

without any guide at all. Having once mastered a route the reader will then

be competent to explore other paths than those selected for him by his

original guide. He will then, in other words, be in position to profit from

reference books and research treatises. In the hope that readers will be

stimulated to read more deeply in subjects which interest them I have in-

cluded in the second edition more extensive lists of references than the first

edition possessed.

Controversial subjects form an integral part of our discussion. I have not
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X PREFACE TO THE SECOND EDITION

avoided them but have attempted always to distinguish clearly between fact

and theory. In some cases I have pointed out what seems to me to be the

conclusion justified by the evidence; in other cases I have indicated the wis-

dom of suspended judgment, awaiting further evidence. In the interest of

clarity and of economy of the reader's time I have, in discussion of a given

subject, included most readily understandable or most telling examples and

supporting facts, without any pretense of exhaustive cataloguing. Teachers

will, of course, augment my discussions as they think best.

As with the first edition, the main body of the first part of the book is

concerned with the facts of evolution. This part is preceded (Chapter 2)

by a brief discussion of the theory of how evolution occurs, and followed

(Chapter 15) by a more complete summary of this subject. Chapter 15 is

designed to serve (a) as a concluding chapter for those who desire but a

brief summary of theory, and (b) as an introduction to the succeeding

chapters in which theory is discussed in more detail for those who desire it.

These later chapters have been completely reorganized and largely rewritten

in the second edition. In response to many suggestions by users of the first

edition a discussion of the pririciples of Mendelian inheritance and their

chromosomal basis has been added (Chapter 17) to augment the discussion

of population genetics (Chapter 19) and provide genetical foundation for

understanding other causative factors in evolution. The second edition in-

cludes expanded discussions of some subjects included in the first edition

(e.g., hybridization, speciation, and selective mating) as well as discussions

of some subjects absent from the first edition (e.g., industrial melanism,

mimicry, genetic assimilation and the Baldwin effect, and genetic homeo-

stasis).

In each of the earlier chapters of the book I have attempted to bring

the facts and interpretations up to date in the light of recent research. The

discussion of the relationship between recapitulation and the origin of the

Metazoa (Chapter 4) has been completely rewritten, as has the chapter on

the evolution of man, a field in which discoveries of new fossils and more

complete analyses of old ones lead to almost monthly changes in our knowl-

edge and ideas. Some subjects have been augmented, for example, the evo-

lution of the horse (by discussion of the brain and the springing mechanism

of the foot), and the discussions of classification and geographic distribu-

tion (clines, rassenkreise, and zoogeographic "rules").

In a very real sense it is impossible to acknowledge adequately assistance

given by others in preparation of this book. I am a debtor to countless

scientists known and unknown to me. Science is "team play" at its best. It

is a pleasure, however, to mention the names of certain individuals who
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have contributed directly to the immediate preparation of the volume. First

among these I must mention Dr. Louise F. Bush, whose creative and in-

terpretive drawings have added so much to the teaching value, as well as to

the appearance, of the book. Most of the illustrations not borrowed un-

changed from other sources are her work. I am also grateful to my col-

league, Lyman S. Rowell, for two most useful drawings, to Dr. H. B. D.

Kettlewell for two beautiful photographs of industrial melanism, and to

L. W. Erbe for a photograph upon which the drawing of a tapir was based.

Publishers and authors have been most generous in permitting me to bor-

row illustrations; for this 1 am grateful. The caption of each borrowed fig-

ure credits the source of the figure.

My indebtedness continues to many individuals who contributed in

various ways to the first edition. Space Umitations prevent mention of many

of those to whom I am indebted, but because of the magnitude of their

contributions it is a pleasure to recall the help ofl'ered by Joseph G. Baier,

David W. Bishop, Charles F. Bond, Theodosius Dobzhansky, John T.

Emlen, William K. Gregory, David Lack, John H. Lochhead, Ernst Mayr,

Mabel L. Moody, Marjorie S. Murray, Carl T. Parsons, Henry F. Perkins,

George Gaylord Simpson, and a geologist whose name was not divulged to

me. It would also be a pleasure to list the names of those who, orally or in

writing, have suggested changes for the second edition. James M. Barrett,

Ross T. Bell, and Bobb Schaeffer are typical of many whom I should like

to mention. While the persons listed have contributed greatly to whatever

merits the book may possess, they are entirely without responsibility for

its deficiencies.

It is my hope that readers of this edition will be as cooperative in sending

me their constructive criticisms as were readers of the first edition.

An Explanatory Note for Students

The illustrations are numbered according to the system of including the

number of the chapter in the number assigned the illustration. Thus, "Fig.

4.10" indicates that the figure in question is the tenth one in Chapter 4.

The next illustration in that chapter is numbered "Fig. 4.11," and so on.

In most places the name of a contributor to evolutionary thought is fol-

lowed by a date, usually in parenthesis—e.g., "Darwin (1859)." The date

enables one to identify the publication referred to, listed with the author's

name at the end of the chapter.

Paul A. Moody

Burlington, Vermont

December, 1961
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CHAPTER 1

EVOLUTION SEEN

IN PERSPECTIVE

Organic Evolution

Evolution means change. We speak of the evolution of

the solar system, the evolution of the earth, the evolution of the airplane,

the evolution of the automobile. In such cases we are referrino to the

changes which have occurred in solar system, earth, airplane, or auto-

mobile.

The evolution with which this book is concerned involves a special form

of the broader meaning of the term: organic evolution. This subdivision of

evolution deals with changes undergone by living things, plants and ani-

mals. For our purposes we may define organic evolution as the theory that

plants and animals now living are the modified descendants of somewhat

different plants and animals which lived in times past. These ancestors, in

their turn, are thought of as being the descendants of predecessors which

differed from them, and so on, step by step, back to a beginning shrouded

in mystery.

In the above statement the words "modified descendants" deserve special

emphasis. The word "modified" refers to the element of change which 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

have reference to the changes occurring in the transition from the "horse-

less 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 experi-

1



2 INTRODUCTION TO EVOLUTION

ence gained with older models how to improve and modify their product

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 relation-

ship which is visualized in the term ''organic evolution." More recent ani-

mals are thought of as the direct genetic descendants of somewhat differ-

ing ancestors which formerly lived on the earth.

The reader will have noted that the definition of organic evolution just

given differs from the popular conceptions 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 preoccupation

with man is perhaps natural in one but 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 liv-

ing 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 evolu-

tion. 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 evolu-

tionary interpretation of the relationship existing between monkey and

man? Rather than being a father-to-son relationship, it is more compara-

ble 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 characteristics in which they still

resemble each other. Was this common ancestor a man or a monkey?

Neither. He was a form that had the potentialities of giving rise to a mon-

key, on the one hand, or of giving rise to a man, on the other. There is no

evidence that any of the animals we know as monkeys have that po-

tentiality.

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 Dar-

win'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
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field had two main objectives: to convince people that evolution is indeed

a fact, and to present evidence in support of Darwin's theory of the means

and methods 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 15-21.

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, concepts of evolution were pres-

ent 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

may 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 forms.

The ancient Greek philosophers afford evidence of these early gropings

for explanation of the earth and its inhabitants. Space forbids mention of

more than a few of these pioneers in human thought. One was Anaximan-

der, whose adult life spanned the first half of the sixth century B.C. Ac-

cording 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 8, mod-

ern 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?

Xenophanes was in part a contemporary of Anaximander although, un-

like the latter, he lived on into the fifth century B.C. Xenophanes is cred-

ited with being the first person to recognize that fossils, such as petrified

bones embedded 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 B.C. also saw the man who has been hailed by Osborn
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(1896) as "the father of the Evolution idea": Empedocles. According to

this philosopher, plants arose out of the earth, as did, subsequently, ani-

mals. Animals arose as unattached organs and parts which joined together

in haphazard fashion. Most of these conglomerations were freaks and

monsters incapable of living, but occasionally a combination of organs ap-

peared which could function as a successful living organism. Such success-

ful 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 im-

portant part of Darwin's theory of natural selection twenty-three centuries

later. But the danger is great of "reading into" such ancient writings ideas

which were not actually in the mind of the author. Empedocles included

man among the beings formed in the manner described.

The fourth century B.C. is memorable for the life and work of Aristotle,

well termed by Locy (1925) "the greatest investigator of antiquity."

Best known to us as philosopher, Aristotle possessed far more of the spirit

of scientific research than did his predecessors, or than did most of his

successors for centuries to come. Thus, within the limits of the materials

and methods available to him he carried on investigations in such diverse

fields as marine biology, anatomy, embryology, and the metamorphosis of

insects. Although the accuracy of his scientific observation excites our ad-

miration, we find less 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 ap-

plication to each fact; for it is in facts that we must seek principles, and

these must always accord with facts." Yet our censure must be temperate,

since the store of "facts" available to Aristotle was totally inadequate as

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 complete gradation

in nature. The lowest stage is the inorganic. Organic beings arose from

inorganic by direct metamorphosis. He conceived the organic world to con-

sist of three states: (1) plants; (2) plant-animals, a transitional group in

which he included sponges and sea anemones; (3) animals, characterized

by feeling or sensibility. Within the animal group he constructed a genetic

series leading from lowest forms up to man, placed at the apex. Hence, we

may think of Aristotle as the father of those "family trees" which 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
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to man. Nor did his tree contain any prehistoric animals; unhke Xenoph-

anes. 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 im-

portance of fossils was published by Lamarck in a.d. 1809 (in his

Philosophic Zoologique )

.

One is tempted to remark at this point that thinking on evolution stood

still during the more than 2000 years which separated Aristotle from La-

marck. Such a statement would be extreme, yet 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 there was accumulated that body of facts

which, as we have seen, Aristotle recognized as essential foundation on

which to establish general principles. Without such a foundation thinking

on evolution must have remained forever mere speculation. Accordingly,

we can recognize the importance to evolution of developments occurring

during these twenty centuries, while at the same time realizing that we

lose but little when we omit discussion of evolutionary ideas prevalent

during them. The foundations v*'ere not ready to receive the superstructure

until the nineteenth century a.d.

No complete survey of the history of evolutionary thought is possible

within the confines of this volume. Interested readers are referred to books

listed at the end of this chapter. Our 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 contributions of La-

marck and Darwin receive further discussion in Chapter 15.

Evolution and the Church

The idea of evolution shares with various other scientific advances,

such as the idea that the earth revolves, the distinction of having been op-

posed in times past by religious leaders. The latter were, of course, pri-

marily interested in the application of evolution to man, or rather in mak-

ing certain that evolution did not apply to man. It was felt that in some

way man was degraded if one admitted any connection between him and

the lower animals. Admittedly, also, the story of man's origin through evo-

lution does not agree in detail with the story of his origin through special

creation contained in the first chapters of Genesis. Wise churchmen hke

St. Augustine and St. Thomas Aquinas early recognized that these chap-
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ters, while expressing important religious truth concerning the Creator,

should not be regarded as literal history. Unfortunately, both for religion

and for science, the leadership of these men was but little followed.

The controversy which climaxed after the appearance of Darwin's Origin

of Species has now largely subsided. For the most part the churches recog-

nize evolution as the means by which the Creator works. Some portions of

Protestant denominations, commonly called "fundamentalist," still deny

the truth of evolution. There are fundamentalists in the Roman Catholic

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 (see p. 219).

Plan of the Book

Evolution manifests itself in varied aspects of the living world—in struc-

ture, in chemical composition, in nature of life processes (metabolism), in

embryonic development, in chemical nature of blood, in the manner in

which animals are distributed over the earth and adapted to diflfering en-

vironments, in the classification of animals, 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 evolu-

tion. Then we shall consider the factual contributions to study of evolu-

tion made by various fields of biology. Finally, in Chapters 15-21 we

shall discuss in more detail the means and methods by which evolutionary

change occurs.
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CHAPTER

CHANGING ANIMALS

The Fact of Change

We have 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 have be-

lieved 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

Linnaeus, the eighteenth-century Swedish naturalist who founded the sys-

tem of classification still used (see Chap. 14). Linnaeus assigned scientific

names to great numbers of plant and animal species and genera. He be-

lieved that these species were for the most part the ones created as de-

scribed 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 which have "always"

existed?

The direct evidence on the question just raised comes from the "record

of the rocks"—from the remains of animals that formerly hved 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

later chapters (Chaps. 7-1 1), this geologic record demonstrates that hosts

of animals not present in the modern world formerly lived. What became

7



8 INTRODUCTION TO EVOLUTION

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) efi'ected

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 migrated 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, Cuvier, whose life

spanned the close of the eighteenth century and the first part of the nine-

teenth, was one of its most powerful exponents.

We note that according to the theory of catastrophism the "new" ani-

mals inhabiting a given region after a catastrophe would not be the de-

scendants of the "old" animals formerly found in the region. They would

be fresh creations, created either in the region in question or elsewhere.

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 minority had that capability. The rest be-

came extinct without issue.

The Changing World

Returning to our original question concerning the fact of changes in ani-

mals, 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 physical world has undergone great changes. Pe-

riods 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 have in turn 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, as, for example, in temperature and in salinity. The oceans have

also fluctuated greatly in depth, particularly along the margins of conti-

nents. Elevation and subsidence of areas of the earth's crust have been

involved in this fluctuation as has, during glacial periods, the locking up of

vast quantities of the earth's water supply in polar icecaps and their ex-

tensions equator-ward. The environments of fresh-water animals have

been even more subject to change. Rivers and lakes are notably short-
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lived, changing features of the landscape. Terrestrial environments, lack-

ing the stabilizing influence exerted by a watery medium, are most variable

of all. As a rule terrestrial animals face greater fluctuations in temperature,

humidity, and other environmental factors than do aquatic animals.

What have such changes in the external world to do with changes in ani-

mals themselves? Simply this: if a species of animal is to succeed it must

at all times be adapted to its environment. If 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 fufl of examples

of animals that could not adjust to 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.

An animal may, for example, 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 must either change its food habits

or become extinct in that region. If it becomes extinct, that fact will aflfect

the fate of flesh-eating animals (predators) which had been dependent

upon the plant eater as part of their food supply. And changes in num-

bers of predators will aff'ect the numbers of other species of plant eaters

preyed upon. So one change sets ofl" a whole series of other changes, the

effects expanding like the ripples started by one stone dropped in a quiet

pond.

Thus we see that changes in the physical environment and changes in

the organic environment make change in a species inevitable if it is to con-

tinue inhabiting this changing world. As we have intimated, these changes

to be efi'ective must adapt the species to live under the conditions in 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. We shall also note that despite

changes necessitated by the requirements of life under particular condi-

tions, species retain basic similarities of structure which can best be ex-

plained as indications of their ancestry. Both the adaptive changes and

the basic similarities are important to the study of evolution.

Changing Genes

We have noted that the geologic record gives testimony that animals do

change, and that the demands of living in a changing world insure that ani-
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mals must change. We may now note that animals possess within them-

selves the seeds of their own changes. Nearly everyone in these days has

at least heard of the units of heredity called genes. 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 which he receives from his parents: from his mother through

the egg or ovum and from his father through the sperm cell which ferti-

lizes that ovum. The point we wish to emphasize here is that genes are

not unchanging units; they undergo changes called mutations. When a

gene mutates, the result is a gene which conditions production of a

changed characteristic. If, for example, the gene originally participated in

production of brown eye color, the mutated gene might fail to play its role

in formation of brown pigment, with the result that the eye would appear

blue. This matter of mutation will be referred to in other connections

later (pp. 336-338); at present we merely wish to point out that it pro-

vides animals with a means by which change can occur, and, indeed,

inevitably will occur, since mutations arise "spontaneously" at a fairly con-

stant, though slow, rate.

How do we know that animals have changed? We have the direct evi-

dence afforded by the geologic record. Furthermore, we infer that changes

must occur from the nature of the external world, coupled with the neces-

sity placed upon animals of always maintaining adaptation to that world.

And finally, we observe that the units of heredity, the genes, undergo

mutation, thereby providing the raw materials of change.

Changes in Animals, and the Mechanisms of Evolution

We may appropriately inquire at this point: What happens to inherita-

ble changes (mutations) after they appear? In later chapters (Chaps.

15-21) we shall discuss the nature of mutations and of the forces that

play upon them. In the present connection it will be sufficient to state a

few general principles which will be useful in the following discussions 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 of Species by Means of Natural Selec-
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tion, mentioned in the preceding chapter. Darwin introduced the term

natural selection to convey the idea that nature exercises selection some-

what 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 those individuals which lack the

desired qualities. Thus selection by breeders (artificial selection) has two

aspects, one positive, the other negative. Similarly, natural selection is both

positive and negative in its working.

Directing attention first to the negative aspect, we can readily under-

stand that if a bodily 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 dis-

appear in subsequent generations.

This negative aspect of natural selection is important to animals as a

conservative or stabilizing force, insuring that undesirable changes are

weeded out and discarded from the species. Negative selection (stabiliz-

ing selection of Schmalhausen, 1949) helps to keep the species always at

its "adaptive peak" by preventing establishment of changes which would

lessen perfection of adaptation to the environment 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 nat-

ural selection for the means of progressive change.

If a bodily change is beneficial to its possessors, 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 dif-

ference in ability to survive, or to produce offspring, or both. If it is, pos-

sessors 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 pos-

sessed 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) than do others, the

longer-legged individuals may survive the ravages of their enemies better

than do the shorter-legged members. There will be a tendency for the
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long-legged individuals to become the parents of 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 pos-

sessed them in the first. If this same trend continues for several or many

generations, eventually the whole population may come to possess the

beneficial change. This, in simplified, nontechnical terms, is the central

idea of the positive aspect of natural selection. More complete statements,

with discussion of the forces operative, will be found in the closing chap-

ters of the book (pp. 450-507). The central idea, however, will be

found most useful in interpreting the manifestations of evolution dis-

cussed in the chapters immediately following this one.

We note that positive natural selection resembles positive artificial selec-

tion in that in both instances individuals possessing some special attribute

are favored to become parents of the next generation. In artificial selec-

tion the favored individuals are the ones possessing some quality desired

by the breeder. In natural selection the favored individuals are the ones

possessing some quality which renders them better adapted than their fel-

lows for life under the circumstances in which they find themselves. In

both 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.

Progress, in terms of more perfect adaptation to the conditions of life, is

the result.

Postadaptation and Preadapfation

Our discussion so far has emphasized more and more perfect adaptation

to a stable environment in which the species is already living. This type of

adaptation is called postadaptation, 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 be of no particular benefit, may

indeed even be harmful, 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 which, though it may not be benefi-

cial in the original environment, fits an animal to invade another en-
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vironment is called preadaptation or prospective adaptation (Simpson,

1953).

Sometimes the change in question may be useful in the original environ-

ment and yet be of such a nature that it preadapts its possessor for life

in another environment. Crossopterygian fishes (pp. 157-162), for ex-

ample, had a fin adapted for locomotion in the water, yet the fin had

within it a skeleton which could be made over to form a Hmb for locomo-

tion on land. Thus we say that the skeleton of the crossopterygian fin

(Fig. 8.18, p. 161 ) was preadaptive for life on land.

Apparently preadaptation has played an important role in progressive

evolution, by which we mean the production of radical changes in animals,

as contrasted with the perfecting of adaptation to the environment in

which the animal is already living. To be sure, the perfecting of the adap-

tation 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, quite another thing for it to climb out of the water and

enter the new environment of air. Fishes (i.e., the Crossopterygii) pos-

sessing structures preadapted for life on land could make the change;

other fishes could not.

Meeting Environmental Changes

Consideration of preadaptation 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 species of animals meet such

changes?

In the first place, species frequently meet changed conditions by suc-

cumbing to them—by becoming extinct. Such extinction may be world-

wide, or it may involve only certain regions of the earth. Thus, for exam-

ple, 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 (llama)

(Fig. 12.5, p. 271).

Another manner in which animals may meet change in the 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 com-

mon solution of the problem, various examples come to mind. The rats
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and mice that dwell with us in our houses as unwelcome guests originated

in Asia but are so adaptable to all manner of conditions that they have be-

come practically world-wide in distribution. 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 a similar ability to adapt to whatever may befall them.

Other examples might be cited but we may content ourselves by men-

tioning 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 15 we
shall discuss a theory that changes in the environment directly produce or

call forth appropriate corresponding changes in animals—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 as a 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 concentrate on mutations in our present dis-

cussion.

As noted before, mutations are changes in genes that result in changes

in the bodies of animals possessing the changed genes in appropriate pro-

portion (see pp. 331-335). Mutations occur at random, without regard

to the needs of individuals in which they occur. If the mutations are harm-

ful in their effect, they will be eliminated by the negative action of natu-

ral selection discussed above. If, however, 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 natu-

ral selection. Recent experiments showing that natural selection actually

does operate as we postulate are briefly discussed in Chapter 20. Posi-

tive selection of beneficial mutations may lead to more perfect adaptation

to an existing environment, or, alternatively, to adaptation to new con-

ditions if the environment changes.

We have seen that when the environment changes a species may be-

come extinct. Sometimes, however, though most of the members of a spe-

cies may fail to survive, a few members, usually the possessors of changes

(mutations) adapting them to the new conditions, will survive. The sur-

viving few will then become the progenitors of future generations, which

will inherit the changed condition permitting life in the changed environ-

ment.
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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 which

preadapt it for life in the vacant "niche." For such a species the disap-

pearance of the former species would be the opening of a door to oppor-

tunity. Sometimes the environmental niche remains vacant for a long time

before a species appears that is adapted to occupy it. Thus Simpson

(1953) has pointed out that the niche left vacant by the extinction of

ichthyosaurs (reptiles, relatives of the dinosaurs, having highly fishlike

body form; Fig. 3.5, p. 30) was unoccupied until the advent of dolphins

and porpoises millions of years later.

Accordingly we see that possession of bodily changes, the result of fortu-

nate mutations, may enable animals to meet changing environments in one

of two ways. ( 1 ) In some cases possessors of changes among members

of the species already present in the environment may be enabled to sur-

vive while their fellows cannot. (2) In other cases the species already

present in the environment may become extinct, but other species pos-

sessing structures which preadapt them to life in the niche 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

to the fact that the crossopterygian fishes gave rise to the first land verte-

brates, the amphibians. This was one of the greatest changes to occur in

the evolution of vertebrates. More information concerning it will be found

in Chapter 8. This change occurred in the period of geologic time known

as the Devonian (p. 137). Prior to that time all vertebrates had been

water dwellers. Hence the dry-land environment was an unoccupied en-

vironmental niche, as far as vertebrates were concerned. As nearly as we

can picture it from our great distance in time, the course of events ran

somewhat as follows.

Elevation of the land was reducing more and more the size of the lakes

and estuaries in which fresh-water fishes were living. During the dry sea-

sons some ponds probably dried up completely, while others were re-

duced to stagnant pools of foul water, overcrowded with fishes. Under

such conditions most fishes must have died, as they do when similar con-

ditions arise today. But among the fishes in those Devonian ponds were

some which were preadapted for invasion of the unoccupied environ-

mental niche just across the water line. These were the crossopterygian

fishes we have mentioned. Three of their most striking preadaptations

were: (1) the skeletal structure of the fins, providing raw material for

a limb that could support the body and accomplish locomotion when the
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body was no longer buoyed up by surrounding water (Fig. 2.1); (2) an

air bladder connected to the mouth cavity and capable of being used as

a simple lung for respiration in the air; (3) nostrils which opened from

the exterior into the mouth cavity and thus made possible the breathing

of air with the mouth closed or otherwise employed. (In most fishes the

nostrils connect to closed pouches containing the sense organs of smell

and do not open into the mouth cavity.)

We may picture some of these crossopterygian fishes as making use of

their preadaptations to crawl from their fetid pools, probably at first in

search of fresher and less crowded ones (Romer, 1959). Presumably the

first overland excursions were brief. And probably very few of the

crossopterygian fishes succeeded in making even this much departure from

Nostrils connected
Air bladder connected to mouth cavity,

to pharynx.

Lobe fins

FIG. 2.1. Diagram of crossopterygian fish dissected to show three ways in which it

was preadapted for life on land.

ancestral habits. Pioneering is seldom a mass phenomenon. Eventually,

however, there must have arisen small populations of crossopterygian de-

scendants 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. This increasing emancipation from life in

the water would be accomplished 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 possessing changes (arisen through mutation) which 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
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great bulk of fishes, even of the crossopterygian fishes, stayed in the water,

living and dying as might be determined by stringency of conditions con-

fronting them. A few were the pioneers into the new environment out-

side 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 adaptation.

At first they must have been barely able to meet requirements of life in

the new environment; life must have been a ''nip and tuck" aff'air. Un-

der such precarious conditions any slight improvement might have made

an important contribution to survival and hence have been favored by

natural selection. This fact, together with the small numbers of individuals

involved, would have been conducive to rapid evolution. (The influence of

numbers upon rates of evolutionary change is discussed in Chapters 19,

20, and 21.) Consequently the shift from water to land probably occurred

quickly, in terms of geologic time.

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 explain in large 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, that one group arose from another by one sudden change

("systemic mutation" of Goldschmidt, 1940). This idea has been ex-

pressed 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 7 presents additional information concerning

reasons why the geologic record is incomplete.

Potentiality plus Opportunity

We may appropriately mention at this point an erroneous idea prev-

alent 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" animals, or, in its most exaggerated form, that all

animals must be tending to become man. One sometimes hears the argu-
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ment that evolution cannot be a fact, for if it were there would be no

"lower" animals left—they would have all become men long since!

Thoughtful consideration of the foregoing discussion will demonstrate

the fallacy of such an idea. We have seen that animals are constantly

tending to become adapted to the environment in which they live. Hence

most fishes, either today or in Devonian times, may be thought of

as tending to become "better" fishes; only a few, and that in one stage

of the earth's history, became amphibians. Among the latter, in turn, only

a few members of one group had the potentialities, and the opportunity,

to become reptiles; the rest remained amphibians, becoming adapted to

a variety of habitats. So 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

evolution, occupying each its own environmental niche in the world. The

modern amoeba in its drop of water is admirably adapted to the condi-

tions of life as it finds them. It is not tending to become a "higher ani-

mal." 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 pre-

sented with the opportunity to enter the vacant "higher-animal niches"

and did so. But still the "one-celled-animal niches" remained, and con-

tinued 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

men?

In the following chapters we shall note many instances of preadapta-

tion, as well as of the perfecting of adaptation of new structures once

they have appeared (postadaptation). In later chapters will be found

more complete discussions of the principles of evolutionary change

sketched above with the broadest possible strokes. The details of theory

can best be understood and appreciated after we have acquired a back-

ground of fact.
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CHAPTER 3

EVOLUTION AS SEEN IN

THE STRUCTURE OF MODERN

ANIMALS

Morphology

Structure is the easiest aspect of an animal to study.

Perhaps it is for this reason that knowledge of animal structure dates from

ancient times and was, indeed, the first aspect of biology to develop. The

study of structure is called morphology, a word of slightly broader mean-

ing 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 as to the reason for these similarities.

Analogy

Why are different animals similar in structure? In the first place, we may

note that 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 air as a medium of locomotion.

Both, therefore, possess wings which, like the wings of an airplane, sup-

20
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port the body in the air and, unHke the wings of an airplane, serve as the

means 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 which their bodies serve. Similarity of structure

connected with similarity of function is termed analogy; structures exhibit-

ing 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 polyssacharide) called chitin. The wing is stiffened by a

series of hollow tubes, the "veins" (Fig. 8.21, 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 support-

ing 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 humerus. To the free end of

the humerus two bones attach, the radius and ulna. Next comes a group of

little bones, the carpals (corresponding to man's wristbones), then the

metacarpals (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 meta-

carpals foiTning 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 rather superficial in nature.

Homology

In describing the skeleton of the wings of birds and bats, in the preced-

ing paragraph, we have repeatedly referred to the skeleton of the human

arm to make our meaning clear. It will already be evident, therefore,

that considerable similarity exists between the skeletons of the arm of man
and of the wings of bird and bat. The similarity is particularly clear in the
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FIG. 3.1. Comparison of vertebrate wing structures. (By

permission from The Dinosaur Book, by Colbert, p.

100. Copyright, 1951. McGraw-Hill Book Company,
Inc.)

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, (4) metacarpals, (5) phalanges. Here

is similarity of structure not readily explained as connected with similar

function.

Fig. 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 earth. A glance at the figure suffices to reveal that dog, hog, sheep, and

horse all have their forelimb skeletons constructed of bones arranged ac-
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cording to the same pattern. True, there are modifications. In the hog 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 I, the "index finger" as II, and so on). Digit III is

the only one remaining intact in the horse; its enlarged fingernail forms the

scapulcn

phoilanqes

MAN DOG PIG SHEEP HORSE

FIG. 3.2. Forelimbs of man and of several mammals variously adapted for v/alking and

running. Roman numerals identify the five digits. (After Le Conte.)

solid hoof. In the horse the radius and ulna are fused together, and the

metacarpal of digit III is greatly enlarged and elongated, forming the so-

called cannon bone. Closely attached to the rear surface of the cannon

bone are two slender bones known as the splint bones; they represent re-

duced metacarpals of digits II 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 have noted in the arm of man and
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in the limbs of terrestrial mammals (Fig. 3.3). The segments are short-

ened but they are all there in the order listed above.

Thus we see that among birds and mammals limbs adapted for grasp-

ing, flying, running, and swimming are all constructed upon the same basic

pattern. They share a fundamental similarity of structure which is evi-

dently entirely unconnected with the uses to which they are put. How can

we explain the origin of similarity of this kind, similarity which has no

relation to function—which, indeed, exists in many cases despite dis-

similar 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 underlies all these

forelimbs. That was Cuvier, the eminent French comparative anatomist of

FIG. 3.3. Skeleton of a whalebone whole. The upper figure shows rudi-

ments of the pelvic girdle and hindlimb; p, pubis; isch., ischium; f, femur.

(After Romanes; from Guyer, Animal Biology, Harper & Brothers, 1948,

p. 123.)

the past century. Cuvier was not convinced of the truth of evolution. He

believed that each species of animal had been created separately, the idea

usually referred to as the theory of special creation. But if species were

separately created how could similarities between 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 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 pat-

tern 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 same Creator. In

much the same way a dressmaker may use a pattern in constructing a

dress of silk and then, changing it somewhat if necessary, to construct a
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housedress of cotton. The silk dress is not the "ancestor" of the cotton one,

or even its "sister" or "cousin" in any literal sense. Similarly, according to

the theory of special creation different species of animals are not genet-

ically related to one another even though they may exhibit similarites of

structure.

Most modern biologists 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 which

have no relation to similar functions in a different manner. They are con-

vinced that the similarity exists because the animals concerned inherited

the structure from an ancestor which they shared in common. We have

seen that the vertebrate forelimbs, for example, appear to be modifications

of a five-fingered (pentadactyl) limb having one upper-arm bone (hu-

merus), two lower-arm bones (radius and ulna), wristbones (carpals),

and metacarpals and phalanges arranged to form five fingers (Fig. 3.2).

Why are such diverse limbs as those of man, bat, bird, whale, horse, and

so on, all modifications of this pattern? The evolutionary explanation is

that these animals all inherited the limb pattern from an ancestor which

had that pentadactyl limb in more or less typical form. When the descend-

ants 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 neces-

sary the indelible traces of the inherited pattern still remain. Thus, in

contrast to the theory of special creation, the theory of creation by evolu-

tion maintains that different animals are related to each other in the sense

of direct inheritance.

In our discussion we have noted two types of similarity. Similarity con-

nected with similar functioning we have ascribed to analogy. We shall

find useful a term for similarities not connected with similarities of func-

tion: the word homology. Two organs in different animals are analogous

if they are used for the same purpose; two organs in different animals are

homologous if they have the same fundamental structure, whether or not

they are used for the same purpose.

These terms can be readily illustrated in connection with the forelimbs

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. The insect wing is not
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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 flight. 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 such different functions. Thus organs in different ani-

mals may be analogous but not homologous, analogous and homologous,

or homologous 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 ancestors 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 discerning eye what the char-

acteristics 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 ani-

mals.

In this discussion we have illustrated homology with examples in which

the fundamental similarities are easily seen. In all fairness we should men-

tion that tracing homologies is frequently difficult. For example, there is

convincing evidence that the "hammer" and "anvil" (malleus and incus)

of the chain of three little bones in our middle ear are homologous to two

bones which formed the articulation of the lower jaw to the skull in our

reptilian ancestors (quadrate and articular bones; see p. 190). In this case

careful investigations of modern animals, of embryonic development and

of fossil forms were all needed before the homology became evident.

Adaptive Radiation

The concept of adaptive radiation may be illustrated by the limb struc-

ture of mammals. Mammalian hmbs, 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 but having limbs not strongly modified for any par-

ticular type of locomotion. Such animals are called terrestrial in Fig. 3.4;

insect-eating (insectivorous) mammals such as the shrews form modern
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FIG. 3.4. Adaptive radiation in limb structure of mammals. {Modified after Lull, Organic

Evolufion, The Macmillan Company, 1947.)

representatives of them. Mammals possessing this primitive limb structure

are placed in the center of the diagram. Of the lines radiating from this

central point one leads to arboreal, a 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 aerial,

representing mammals adapted for flight. Only bats occupy the position

at the terminus of this line, since they are the only truly flying mammals.
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Somewhere along the line we should place such gliding forms as the

wrongly named "flying" squirrel. It will be noted that the diagram repre-

sents the lines leading to arboreal and to aerial as not entirely independ-

ent. 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 ancestors of flying mammals lived in trees, i.e., that life in trees

preceded flight. Perhaps gliding formed the transitional type of locomotion

between climbing and true flight.

Continuing around the diagram in a clockwise direction we come to the

line ending in cursorial. This term refers to mammals, like horses and

antelopes, which have developed limbs suitable to rapid movement over

the surface of the ground. Part way along this line we should place ani-

mals with less strongly modified limbs, such as wolves, foxes, hyenas,

lions.

A line leading downward ends with the term fossorial, applying to bur-

rowing mammals. Some of these, like the moles, have modified their fore-

limbs 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 readily on the surface.

Finally, a line leads to the term aquatic. 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 retaining 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 radiate

out in various 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. Furthermore, limbs of animals on one radiat-

ing branch of the diagram are not analogous to limbs of animals on other
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radiating branches. Tiius the legs of antelopes and horses are not analo-

gous to the legs of moles.

What does the diagram of adaptive radiation indicate as to 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 in-

cluded 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 verte-

brates 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 possession of the

pentadactyl pattern indicates that they are distantly related, but does their

position together on one of these lines indicate that they are closely re-

lated? The answer will be 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 in-

dicative 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, posses-

sion of analogous similarities does not indicate relationship. Both ante-

lopes and horses are believed to have evolved from ancestors having short,

pentadactyl limbs ("terrestrial," Fig. 3.4); both have achieved elongated,

slender limbs adapted for rapid running. But the antelopes have de-

veloped two toes on each foot (after the manner of the sheep shown in

Fig. 3.2), while the horses have developed but one toe (Fig. 3.2). Both

have achieved the same goal but have done so separately and in differing

ways. Thus the horse and antelope form an example of what is termed

parallel evolution—two forms independently undergoing similar changes

in the courses of theTr'~respective evolutionary histories. Another example

of parallel evolution is afforded by the flipperlike forelimbs of seals and

those of manatees and sea cows. Seals and sea cows are not closely related,

but through parallel evolution they have developed similar forelimbs.

If forms which have independently developed similar adaptations are

far removed from each other in the scale of relationship, their evolution

toward the common adaptation is frequently termed convergent evolu-
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tion, rather than parallel evolution. Thus the whales and their relatives

and an extinct reptile, Ichthyosaurus, became extremely fishlike in gen-

eral body form (Fig. 3.5). This attainment of similar form by animals as

distantly related as are a reptile and a mammal forms an example of

FIG. 3.5. Convergent evolution exhibited by a fish (shark), a rep-

tile {Ichthyosaurus), and a mammal (dolphin), all strongly adopted

for aquatic life. (From Lull, The Ways of Life, Harper & Brothers,

1947, p. 47.)

convergent evolution. The wings of bee, bird, and bat afford another ex-

ample of convergence.

In summary we may point out that parallel and convergent evolution

lead to production of analogous similarities. On the other hand, homolo-

gous similarities are indications of the persistence of ancestral structure

throughout all the vicissitudes of evolutionary change.

Homology in Skull Structure

Use of forelimbs for illustrative purposes in the preceding discussion was

dictated by the clarity with which the several points could be shown and

by the relative ease with which the structures could be understood by read-
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ers unacquainted with details of vertebrate anatomy. Actually, however,

our illustrative material might have been drawn from any portion of the

body. All systems and parts of the bodies of vertebrates exhibit the funda-

mental similarities which we have designated as homologous. Thus, the

skulls of vertebrates have received exhaustive investigation. Studies re-

veal that "from fish to man" a common pattern of bone arrangement is

premaxilloiry.

maxillary

acrimod

orbiH

squotmosod

MAMMALIA

AMPHIBIA
bones not found in

moimmalian skull

FIG. 3.6. Basic structural plan of the roof bones of the skull in amphibians, reptiles, and
mammals. Bones present in mammals are named, others are shown in solid black. (After

Zangerl, "The methods of comparative anatomy and its contribution to the study of

evolution," Evolution, Vol. 2, 1948.)

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. Fig. 3.6 illustrates the point that the skulls

of amphibians, reptiles, and mammals are based upon this common pat-

tern. The figure also demonstrates progressive reduction in number of

bones and the corresponding increase in importance of such bones as the

frontals and parietals as the brain underlying them increases in size. Why
do skulls of such diverse animals give evidence of having been constructed

on a common pattern? Because, if the evolutionary interpretation is cor-

rect, the diverse animals all inherited that pattern from a common an-

cestor.
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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 to a considerable extent typical of the anatomies

of all mammals, including man. By study of one 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. Fig. 3.7

olfoictory

lobe

cerebrum.

opHc

lobe

cerebellum.

medulloi

oblongatoi

umm^M

MAMMAL

AMPHIBIAN

FISH

FIG. 3.7. Comparison of the brains of a series of vertebrates. Dorsal view. (After Guyer,

Animal Biology, Harper & Brothers, 1948.)

illustrates the point that the "soft parts" of the body present common pat-

terning as well as do the "hard parts." It will be evident from the figure

that brains of vertebrates, ranging from fishes to mammals, are constructed

of similar series of parts : olfactory lobes, cerebral hemispheres, optic lobes,

cerebellum, medulla, and other less prominent divisions and subdi-

visions. As we progress through the series some lobes become more promi-

nent than others. In particular the cerebral hemispheres, much smaller
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than the optic lobes in fishes (Fig. 3.7), become in mammals the domi-

nant portion of the brain, hiding the remains of the optic lobes beneath

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 func-

tions, however, the common pattern of brain structure is clearly evident.

The reader can now readily form his own conclusion as to the reason for

this fact.

Homology in Invertebrates

Homology is by no means the exclusive attribute of vertebrates. Our con-

centration of attention upon vertebrates has been due to the fact that the

structure of vertebrates is better known to the average reader than is the

structure of invertebrates. The latter, however, also show common pat-

terns of structure upon which are superimposed modifications connected

with differing functions. One of the most instructive examples of this

phenomenon is derived from the mouth parts 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 mandi-

bles which act like jaws in cutting and biting. They move in a horizontal

plane, in contrast to the vertical movement of the lower jaw of verte-

brates. In the mouth there is a tonguelike structure called the hypophar-

ynx. Accessory to the mandibles are two pairs of mouth parts unlike any-

thing possessed by vertebrates. These are called, respectively, the 1st and

2nd maxillae; they aid in the process of conveying food into the mouth.

They are provided with short, "feeler"-like processes called palps. In the

grasshopper the pair of 2nd maxillae enter into the formation of a labium

or "lower lip." There is present also a labrum or "upper lip."

Starting with the cutting or mandibulate pattern of mouth parts just

described we can trace an adaptive radiation comparable to the one illus-

trated by vertebrate forelimbs. For example, the honeybee has adapted

the mouth parts for its particular means of food gathering (Fig. 3.8). The

mandibles continue to function as jaws but are used principally, not for

cutting food, but for "working" the beeswax until it is pliable and in condi-

tion to be utilized in construction of honeycomb. Food consists of the nec-

tar 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
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FIG. 3.8. Mouth parts of grasshopper and honeybee. Upper sketches show mouth parts

in place in the head, lateral view. Lower sketches show mouth parts removed, front view.

but is improvised by bringing together the pair of 1st 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 flow-

ers 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 1st maxillae
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FIG. 3.9. Mouth parts of bug, house fly, and butterfly. Upper drawing of the bug shows

the beak attached to the head, with only the tips of the piercing bristles showing. Lower

drawing shows a portion of the beak cut away to reveal the cross section, with on en-

larged cross section of the bristles at the right. Mandibular bristles shown in diagonal

shading; 1st maxillary bristles, solid block; 2nd maxillae, forming the beak, unshaded.

elongated, hollowed out on their adjoining surfaces, and held together by

interlockino grooves and ridges. Mandibles and 2nd maxillae are rudimen-

tary, except in one family of moths which have retained biting mouth

parts, thereby adding evidence in support of the view that sucking mouth
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parts, 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 Hemiptera).

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 hypo-

dermic 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

1st 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 outward into the puncture wound through the

smaller, ventral tube (Fig. 3.9). On either side of the 1st 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 be-

ing the more active in the process. This hypodermic arrangement is en-

cased for a portion of its length in a rostrum or beak formed of the 2nd

maxillae (Fig. 3.9).

The two-winged flies, the housefly being the most familiar example,

have a proboscis formed from labrum, hypopharynx, and labium (2nd

maxillae) (Fig. 3.9). In some flies the proboscis terminates in a pair of

broad, soft pads (labefla) pierced by many pores which function in

"sponging up" liquids; in biting flies the proboscis is modified for piercing.

We see, then, how a set of "standard parts" (labrum, mandibles, hypo-

pharynx, 1st and 2nd maxillae) have been modified to serve such diverse

food habits as cutting and shredding plant tissues, sucking nectar from

flowers (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 under-

lying pattern? Evidently the basic pattern of mouth-part structure was in-

herited from an ancestor shared by all these modern insects. As noted

above, the mandibulate or cutting mouth parts represent the type from

which afl 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
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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 com-

pared. Fundamental similarity of structure between one part of an animal

and another part of the same animal is called serial homology.

An example of serial homology is seen in the arm and leg of man. The

segment of each which is attached to the trunk has a single bone as skele-

tal support; in the arm this bone is called the humerus (Fig. 3.2); in the

leg it is called the femur. In the succeeding segment of the arm and leg

there are two bones, called radius and ulna in the arm, tibia and fibula in

the leg. Then come a group of wrist and ankle bones, respectively, called

carpals in the arm, tarsals in the leg. Next are the bones of the palm of

the hand and the sole of the foot, metacarpals and metatarsals, respec-

tively. Finally, the bones of fingers and toes are called phalanges in both

cases. Evidently, then, our fore and hind limbs are modifications of the

same fundamental pattern, modified for grasping and handling in the one

case, for locomotion in upright posture in the other.

Much more elaborate examples of serial homology are afforded by the

jointed appendages of invertebrates. Examination of the numerous ap-

pendages of a lobster or crayfish reveals that those in difl'erent parts of the

body have much resemblance despite the fact that they are modified for a

variety of functions (Figs. 3.10 and 3.11). The most conspicuous pair are

the "pinchers" or chelae, used by the animal in grasping food and in

fighting. Just behind the chelae are the four pairs of walking legs, 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

swimmerets (XIV and XVI in Fig. 3.1 1; not shown in Fig. 3.10). These

are small appendages; their name gives a false impression of their im-

portance in swimming. In females masses of eggs become attached to

them, hanging like tiny bunches of grapes while embryonic development

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 ex-

panded, somewhat paddlelike structure will be noted at the end of the

abdomen (Fig. 3.10). When the creature wishes to move rapidly it

flexes or bends its abdomen powerfully, this terminal structure off'ering re-

sistance to the water much as does an oar. As a result the body shoots

backward with great speed. The terminal structure employed in this

maneuver is composed of a flap (telson. Fig. 3.10) attached to the last

segment of the body, augmented by flattened appendages on either side,

the uropods (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, maxillipeds and maxillae (VII and
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V, Fig. 3.11), aid in grasping food and conveying it to the mouth. One

pair, the mandibles (III, Fig. 3.11), crush the food. Two other pairs, the

antennae and antennules (II and I, Fig. 3.11), form sensory "feelers."

The great variety of functions served by the appendages of the crayfish

will be evident from the foregoing summary. Careful study reveals that

Antenna

-Anfennule

CephalofhoraK

Uropool

Tclson

FIG. 3.10. Crayfish, dorsal view. (From Hagen, A^emo/rs f^^-

seum of Comparafive Zoology, Harvard University.)

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, as well as of those of all other members of Phylum

Arthropoda: crustaceans, spiders, insects, and their kin. This two-fingered

structure is called a biramous appendage and is well illustrated by the
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typical swimmeret of a crayfish (XVI, Fig. 3.11). The basal portion of

the appendage, protopodite, 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 "finger" nearest the midline of

the body is called the endopodite, the lateral one the exopodite. The la-

beling of Fig. 3.11 indicates clearly how, starting from this primitive ar-

rangement, appendages adapted for the wide variety of functions have

been derived by modification, and in some cases loss, of one or another of

the original parts.

XIY xyi XDC

^ '$ EGG

MATING CARRIAGE SWIMMING

FIG. 3.11. Crayfish appendages; pr, protopodite; en, endopodite; ex, exopodite; ep,

epipodite; g, gill. (By permission from Genera/ Zoology, by Storer, p. 442. Copyright,

1943. McGraw-Hill Book Company, Inc.)

What are the implications of serial homology for evolution? It will be

noted that arthropods, such as the crayfish, have bodies composed of a

series of metameres or somites (this segmentation is particularly clear in

the abdomen of the crayfish. 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 in-

herited the arrangement described must have had a body composed of a

series of metameres, somewhat hke the earthworm's, and had each meta-

mere equipped with a pair of biramous appendages in typical form. In

descendants from this ancestor some of the metameres became fused to-

gether, to form a cephalothorax as in the crayfish (Fig. 3.10), or to form

separate head and thorax as in an insect. At the same time appendages

attached to difi'erent metameres 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.
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We are now in position to understand more concerning the significance

of the arrangement of insect mouth parts discussed previously (pp. 33-36).

It will now be evident, for example, that the mandibles and 1st and 2nd

maxillae are paired appendages, modified biramous appendages. In the

grasshopper one pair, provided by one metamere of the body, have be-

come cutting mandibles. Since a pair of appendages consists of a right-

hand appendage and a left-hand one, we can understand why it is that an

insect has a right mandible or jaw and a left mandible instead of having

an upper jaw and a lower jaw as we have.

A peculiarity of the sucking tubes or proboscises of such insects as bees

and butterflies may have seemed odd to the reader—the fact that they

are not tubes having solid and continuous walls but are composed of right

and left components held together firmly enough to form a more or less

watertight tube. The reason for this type of construction is evident if we

conceive that ancestral insects were under the necessity of utilizing the

raw materials at hand in evolving these tubes. The raw materials con-

sisted of paired, biramous appendages which had already been modified

as mouth parts for use with a diet of solid food. These paired elements

then received additional modification to form tubes through which liquids

could be drawn into the mouth. The resulting "peculiar" tube construc-

tions are thus readily understandable upon a basis of descent with modifi-

cation, whereas it would be difficult to form a rational explanation for

them upon a basis of special creation.

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 rem-

nants of structures or organs which are large and functional in some other

animals.

The most familiar rudimentary organ in man is the yermiform appen-

dix (Fig. 3.12). "Vermiform" suggests its wormlike appearance. The ap-

pendix attaches to a short section of the large intestine called the caecum,

and the latter is located at the point where the large intestine 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 lower animals we discover that car-

nivorous (flesh-eating) mammals have the caecum reduced to a short,

blind pouch much like our own. Cats, for example, have a short caecum,
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vermiform appendix
in embryo jn adult
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FIG. 3.12. Caecum and vermiform appendix in rabbit, in human embryo, and in adult

man. (Rabbit, after Bensley, Praciical Anaiomy of fhe Rabbif, 7th ed.. The Blakiston

Company, 1945. Man, after Walter, Biology of the Verfebrafes, The Macmillan Com-

pany, 1939.)

with no appendix at all. On the other hand, if we study herbivorous

(plant-eating) 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 mam-

mals 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 inches (Fig. 3.12). For the first 12 inches or so it

is a broad, thin-walled pouch containing a spiral fold or valve which in-

creases the internal surface. The terminal 5 or 6 inches of it has thicker

walls and no spiral valve and corresponds to our appendix.

The large caeca of herbivorous mammals form storage compartments in

which partly digested food remains while bacterial action takes place upon

it. One of the most abundant constituents of plant tissue is cellulose. The

digestive fluids of mammals contain no enzymes that digest this substance.

For this reason man, for example, could derive no appreciable nourish-

ment from a diet of paper, a product consisting largely of cellulose. Cer-

tain bacteria, however, can break down cellulose into chemical compounds

which the body can utilize. In the caeca of herbivorous mammals such

bacteria have time to act on the cellulose, thereby retrieving for the ani-

mal a portion of its diet which would otherwise be wasted. Accordingly

the caecum is a valuable organ for herbivorous animals lacking the com-

plicated stomachs of ruminants (e.g., cattle).

How do we happen to have a caecum and associated appendix? Our
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diet consists of both plant and animal material, but in the preparation of

plant material for human consumption we eliminate most of the cellulose

(in the "woody" portions). We do not use our caecum 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 which necessitated such

adjuncts to the digestive system. When the descendants of this ancestor

eventually changed their food habits the caecum and appendix, no longer

useful, decreased in size until they became mere remnants of the func-

tional organs they once had been.

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 plan-

ning or construction. Accordingly, opponents of the idea of evolution

nicti tenting membrane semilunar fold

mi0^
OWL

FIG. 3.13. Nictitating membrane (third eyelid) of owl and horse, and vestigial semilunar

fold of man. (Mainly after Romanes, Darwin and After Darwin, 3rd. ed.. Open Court

Publishing Company, 1901.)

commonly maintain that organs like the appendix are not useless at all,

that they have functions which 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 outweigh 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 semilunar

fold (plica semilunaris) (Fig. 3.13). This corresponds to a structure

which in many lower animals is a movable third eyelid, the nictitating

membrane, lying under the other eyelids and sweeping across the eye

from the inner angle outward. In many animals, as 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
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eyelids. In horses the membrane is well developed, containing cartilage.

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.

The tails commonly possessed by both wild and domestic mammals are

familiar to everyone. A chain of vertebrae continuous with those compris-

ing 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 forward, instead of

extending out into an external tail. This structure, called the coccyx, is

clearly homologous to a group of reduced tail vertebrae (Fig. 11.5, p.

230).

Everyone who has watched a horse on days when biting flies were both-

ersome is familiar with the way in which this animal can twitch certain

areas of the skin. All observers of horses will recall also the manner in

which the animal can move and turn its ears the better to hear sounds

coming from difi'erent directions. Although we do not have these capabili-

ties we commonly have rudimentary muscles connected with skin and ears.

Generally these organs do not function, though some individuals can

demonstrate 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 speciahzed

animal retains some rudimentary structures in its anatomy. Snakes, for ex-

ample, 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 repre-

sent 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 which seem to represent rudiments of pelvic

girdle and hind limbs (Fig. 3.3).

Vestigial structures in the leg of the horse have already been mentioned

(p. 23): the splint bones representing the rudimentary metacarpals of

digits II and IV. These vestiges are slender bones of variable development

partly fused to the cannon bone (metacarpal of digit III) 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 flighdess. 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 rudimentary wings from view.
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How are we to explain the presence of useless structures such as those

described above? Are we to suppose that creatures were "deliberately"

made with structures which would never be of use to them? Or does it

seem more reasonable to conclude that the kiwi, for example, inherited its

wings from an ancestor which was a flying bird and hence had use for

wings?

As already mentioned, occasional biologists doubt that structures usu-

ally classed as rudimentary are in fact without function. It has been main-

tained, for example, that the small bones we have spoken of as rudimen-

tary hind limbs in whales are not such at all, but are bones having the

function of 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 rudimentary,

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. Descend-

ants having use for the organ in question retained it as a functional or-

gan; in descendants having no use for it the organ became reduced in size.

The culmination of this trend would be complete loss of the organ. Ap-

parently some extinct flightless birds, such as the giant moa of Madagas-

car, attained this extreme. Possession of rudimentary organs may be re-

garded as a way station on the road to elimination of those organs.
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CHAPTER

EVOLUTION AS SEEN IN

EMBRYONIC DEVELOPMENT

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 em-

bryos.

It is a striking fact that there are not only many evidences of common

patterns in the adult structures of diverse animals but evidences of com-

mon patterns in embryonic development. Indeed, the two phenomena are

related, since embryonic development is the process by which adult struc-

ture is attained. We might anticipate, therefore, that similar final results

would usually be achieved by similar developmental processes.

Some of these embryonic similarities are displayed in Fig. 4.1, which

represents six stages in the embryonic development of six diff"erent

animals, ranging from fish to man. Each sequence begins with a single cell,

the fertilized egg or ovum, shown at the bottom of each of the six verti-

cal columns. To facilitate comparison the ova are all drawn about the

same size, although there are actually large size dift'erences. Thus, the hu-

man ovum measures only about 1/250 of an inch in diameter while the

ovum of a shark measures in the neighborhood of 2 inches. Each is a sin-

gle cell, however, containing genetic contributions from both mother and

father. Size dift'erences depend mainly upon the amounts of food mate-

rial—yolk—present. In the fish egg enough yolk must be provided to

nourish the embryo until it is sufficiently developed to begin actively secur-
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Gill slits and fore limbs formed

Beginning of somites (body segments)

Late cleavages

Fertilized eggs

FIG. 4.1. Comparative embryology from fish to man. (Modified from Gregory and

Roigneau, Introducfion to Human Anatomy, 1934, p. 42, American Museum of

Natural History.)



EVOLUTION AS SEEN IN EMBRYONIC DEVELOPMENT 47

ing food for itself, whereas the mammalian embryo is nourished from the

blood of the mother almost from the outset of development.

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 hori-

zontal 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 salamander have acquired more identifying character-

istics, 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 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 development?

This is the same question asked in the preceding chapter 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. Explanations not involving common an-

cestry may take two forms. It may be maintained that the Creator created

each species separately but saw fit to confer on diff"erent species similar

processes of embryonic development. Or it may be maintained that me-

chanical and physiological necessities operating in development bring

about the similarities—that there is, in elTect, no other road which an

ovum could follow in its development to the adult state. An apparent in-

stance of this is discussed below (p. 68). Similar physical forces un-

doubtedly have similar efi'ects in producing basic similarities among em-

bryos. Yet detailed similarities in development, like those to be considered

presently, seem not to be completely explained as the result of such

similar forces.

Homology in Early Development

The earliest stages of embryonic development, even in much more di-

verse forms than those included in Fig. 4.1, which after all are all verte-

brates, are remarkably similar—so much so that it is possible to design a

"typical" diagram of early stages in development. Fig. 4.2 shows typical

development of an ovum containing little yolk, as for example starfish
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and sea urchin eggs among invertebrates, or amphioxus eggs in Phylum

Chordata. In its essential features, however, the sequence of changes

shown characterizes all animals. Fig. 4.2 is related to Fig. 4.1 in the fol-

lowing manner. Stage a of Fig. 4.2 represents a fertilized ovum like those

shown in the bottom row of Fig. 4.1. Stages / and g represent the stage

shown in the second horizontal row of Fig. 4.1. Thus stages b through e

Animal pole

Vegetal pole

Animal pole Ectoderm

Cleavage Vegetal
cavity pole

'Cleavage
cavity

Endodefm y

Cleavage m
cavity lJ

Archenteron

FIG. 4.2. Typical early embryonic development; g, h, and i are shown

cut in half. (From Guyer, Animal Biology, Harper & Brothers, 1948,

p. 476.)

Stand in between the bottom and the second rows of Fig. 4.1, and stages

h and / are slightly later stages than the stage shown in the second row of

that figure.

Fig. 4.2 demonstrates that the fertilized ovum undergoes a series of cell

divisions. The original single cell divides into two (b), then each of these

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 sixteen-celled stage (e), a thirty-two-celled stage, and so on. As
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the process continues there comes into existence a ball of cells, more or

less hollow in the center, called a blastula; 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 gastrula (/). Gastrula formation occurs in

a variety of ways, various expedients being resorted to if the presence of

yolk impedes the process. Fig. 4.2 shows the relatively simple process

possible when the cleavage cavity is not obstructed with yolk. One side of

the blastula swings inward (/?); this in-bending, accompanied by con-

tinued cell division, suffices to produce the condition shown at /.

With attainment of the gastrula stage an embryo shows forecasts of

things to come. The cells remaining on the outside constitute a layer called

the ectoderm, obviously in position to form the outer surface of the body.

The cells which fold inward form a layer called the endoderm lining

the newly formed cavity, the archenteron. The latter is the beginning of the

digestive tract. The archenteron has but one opening to the exterior, the

blastopore. In many invertebrates the blastopore becomes 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 open-

ing of the digestive tract, the anus.

Almost at once a third layer, the mesoderm, 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 outside and the endoderm

on the inside.

The ectoderm gives rise to the external surface of the body, including

such things as skin, scales, feathers, hair, and to the nervous system and

the sensory membranes of the sense organs. The endoderm hnes the diges-

tive tract and gives rise to glands associated with digestion, such as liver

and pancreas. The lungs of land-dwelling vertebrates also arise 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 consist of

the following sequence: (1) single cell; (2) successive cell divisions to

form clusters of two, four, eight, sixteen, 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 throughout the

animal kingdom, from worms to man, is remarkable.

At least two factors must be operative in production of this uniformity.
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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 (p. 47). Such neces-

sities would operate to produce similarities in the broad outlines of devel-

opment. Similarities in details of development, on the other hand, are

more likely to have resulted from a second factor: inheritance from com-

mon ancestry.

Theory of Recapitulation or Paleogenesis

In its modern form this is the theory that the embryos of animals repeat

some of the developmental stages passed through by embryos of their

ancestors.

The recapitulation theory has had a stormy history. The fundamental

idea stems from von Baer, whom we have already quoted. His theory

had substantially the form we have stated: "The young stages in the de-

velopment 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). Subsequently Ernst Haeckel formulated

the theory to mean that the embryos of higher animals repeat the adult

stages of their ancestors. This form of the theory was called the Biogenetic

Law, and was summarized by the statement: "Ontogeny recapitulates

phylogeny." 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 hu-

man embryo strongly resembles a fish embryo. Haeckel would not have

been satisfied with such a statement; he would have insisted that the hu-

man embryo at that stage resembles an adult fish. The recapitulation

theory was a great stimulus to research in embryology, but as investiga-

tion led to more complete knowledge of the subject it became evident that

Haeckel was wrong and that von Baer had been right. Embryos of higher

animals repeat embryonic stages of their ancestors, not adult stages. The

pros and cons of this intellectual conflict are ably set forth in de Beer's

Embryos and Ancestors (1958).

Insofar as the recapitulation theory forms valid interpretation of facts,

we may look to embryonic development for clues as to the course taken by
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evolutionary development. We may expect, for example, that two animals

derived from a common ancestor will both retain some of the features of

embryonic development occurring in the life history (ontogeny) of that

ancestor. Furthermore, as noted in our discussion of Fig. 4.1, the more

closely related two animals are, the greater will be the proportion 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).

De Beer (1958) states: "Similarity in ontogeny between any animals is

a proof of their affinity, and no evidence as to the adult structure of the

ancestor." The latter portion of the statement is intended as rebuttal of

Haeckel's version of the recapitulation theory but is a bit extreme since

after all embryos frequently do present some indication of the nature of

adult structure toward which they are developing. We can learn from em-

bryos something of the nature of the common ancestor in question. This

matter will become clearer as we consider some examples from human

embryonic development.

Recapitulation in Human Embryos

We turn now to some of the salient features of human embryonic de-

velopment, emphasizing those which give evidence of recapitulation.

Each human being begins hfe 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 size of the fertilized ovum is near the

limit of vision with the unaided eye. 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 tp 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 trophoblast, and an inner cell mass can be distinguished. At about this

stage the embryo "burrows" into (really 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 trophoblast forms the means of contact between the

embryo and the maternal blood stream and contributes to the formation

of the embryonic membrane known as the chorion. The embryo itself de-

velops in the inner cell mass.

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 cav-
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ity is called the amnion, the lower one the yolk 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 cor-

responds to the gastrula stage of typical development (Fig. 4.2), although

it differs from the typical form in appearance and in method of formation.

embryonic

ectoderm

endoderm

piV— ^olk sac

trophoblast

chorionic villi

extra embryonic

coelom

FIG. 4.3. Human embryonic development during the first week following fertilization,

(C, after Patten, Human Embryology, The Blakiston Company, 1946.)

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 eggs (reptiles, birds) than they are like the

processes in small-yolked ones (e.g., Fig. 4.2). This is true despite the

absence of yolk. Why? (See discussion of the yolk sac, pp. 168-169.)

During the first few days the embryo grows with great rapidity (Fig.

4,4). In the figure most of the trophoblast has been removed, only the
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p\acen^o

yolk soic

oilloini"ois

hind gui

FIG. 4.4. Human embryonic development during the third week. Longitudinal sec-

tions through the embryo and membranes. Only half of the embryo is shown. Ectoderm

indicated with solid black, endoderm with cross lines, mesoderm with fine dots. (After

Arey, Developmental Anatomy, W. B. Saunders Co., 1 947.)

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

embryonic disc forms the beginning of the central nervous system. Two
parallel neural folds are thrust up into the overlying amniotic cavity

(Fig. 4.4 and Fig. 4.5A and B). If we think of the neural plate (that por-

tion of the embryonic disc which does this) as a flat plain, the neural folds

are like two parallel mountain ranges elevated above the surrounding

country. If, now, we can imagine such mountain ranges as growing higher
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and higher, and then bending toward each other until their summits touch

and fuse together, we have a metaphor for the process by which the

neural folds form into a neural tube. As shown in Fig. 4.5C, fusion of the

folds occurs first in the middle of the "back" of 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 in other regions of the body;

this anterior portion will form the brain, the more posterior portions the

spinal cord.

neural plate

primitive

streoik

FIG. 4.5. Human embryonic development during the third and fourth weeks. Dorsal

view, showing the "back" of the embryo. (After Arey, Developmental Anatomy, W. B.

Saunders Co., 1947.)

From Fig. 4.4C, it will be noted that while the beginnings of the central

nervous system are being thrust up into the amniotic cavity the under sur-

face of the embryo is also changing. The upper part of the cavity which

we have referred to as the yolk sac becomes partially separated from the

lower portion. The upper part is the beginning of the digestive tract and

corresponds to the archenteron of a typical gastrula; the anterior portion

of the tract is the foregut, the posterior portion the hind gut (Fig. 4.4C).

The Human Yolk Sac

The lower portion of the cavity beneath the embryonic disc remains as

the yolk sac. This is an appropriate time to inquire into its significance.

Since there is no yolk to be contained, how do we happen to have it?
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In examining the eggs of reptiles and birds we note that they are en-

closed within leathery or brittle shells. Within these shells must be stored

enough food, yolk, to nourish the embryo until it is ready to hatch and

begin actively foraging for its food. Everyone is familiar with the large,

yellow, globular yolk mass in a hen's egg, for example. The embryo de-

velops on top of this mass, and early in its development encloses the yolk

in a large yolk sac (Fig. 8.24, p. 169). All birds and reptiles do the same.

Although mammalian embryos obtain their nourishment in an entirely dif-

ferent manner, nevertheless they develop yolk sacs connected to the di-

gestive tract just as do reptile and bird embryos (Figs. 4.4, 4.9). Why? As

in the cases of rudimentary or vestigial organs possessed by adults (pp.

40-44), the most reasonable explanation seems to be that mammals in-

herited these useless sacs from ancestors for which yolk sacs were func->

tional organs. To be specific, it is believed that mammals inherited theii

yolk sacs from reptiles, since there are many reasons for regarding reptiles

as ancestral to mammals. We may note in passing that mammals also in-

herited in greatly reduced form another embryonic structure of great

value to reptile and bird embryos, the allantois (see pp. 169-170).

Somites in Human Embryos

On both sides of the neural tube somites develop (Fig. 4.5C and D).

These are more or less cubical blocks of mesodermal tissue forming be-

tween the ectoderm and the endoderm; the ectoderm is molded over them

so that their outlines are visible externally. The first ones form just pos-

terior to what will be the head. Subsequently the number is increased by

formation of somites posterior to these first ones (Fig. 4.5). Thus a row

of somites arises on each side of the central nervous system.

Somites form, among other things, the beginning of the muscular sys-

tem. Most of the muscles which later attach to the skeleton and make pos-

sible movements under conscious control (voluntary, striated muscles) de-

velop from these somites, directly or indirectly. The adult muscles have

the greatest diversity of size and shape, and utter lack of resemblance to

the rows of blocklike somites from which they came. Such disparity be-

tween embryonic beginnings and adult structure clearly calls for explana-

tion.

Since the muscular systems of all vertebrate embryos agree in beginning

as rows of somites, this pattern is evidently an ancient one. The most

primitive vertebrates, and those which we learn from the fossil record

were first to appear, are the fishes. Fish embryos, like embryos of other

vertebrates, develop rows of somites. Subsequently these somites develop
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into segmentally arranged muscles of the body wall, the myotomes (Fig.

4.6). Although the myotomes of fishes take the form of nested F's or W's,

it will be evident that the change from the segmental blocks of the embryo

is much less drastic than is the change by which rows of blocks are trans-

formed into the muscles of the back and limbs of higher vertebrates, in-

cluding man. Rows of segmental somites form a "reasonable" beginning

for a muscular system which is to consist mainly of muscles divided into

successive segments, as in fishes.

myotomes

column

FIG. 4.6. Locomotor apparatus of a typical fish. (After Gregory and Roigneau, Intro-

duction to Human Anatomy, American Museum of Natural History, 1934.)

At this point we may inquire into the utility to a fish of having muscles

arranged as shown in Fig. 4.6. Fishes are propelled forward in the water

mainly by undulations of the body which confer upon the large tail fin a

sculling motion. Other highly aquatic animals are also propelled forward

by undulations of the body. The most complete analysis of the mechanism

involved was made by Coghill ( 1 929 ) on the water-dwelling larvae of

Amblystoma, a genus of tailed amphibians. Since these aquatic larvae also

have muscular systems arranged in segments, they afi'ord quite as good

information on the advantages of that arrangement as would fishes.

Fig. 4.7 presents diagrams of the essential mechanism of swimming in

Amblystoma larvae. The myotomes (somites) will be noted in parallel

rows on both sides of the spinal cord. Each segment is separated from its

neighbors before and behind by membranous partitions, the muscle fibers

themselves attaching to these membranes. Thus when the muscle fibers in

one myotome contract, the width of the myotome, i.e., the distance be-

tween anterior and posterior partitions, decreases. In the middle dia-

gram of Fig. 4.7 the first six myotomes on the left side are represented as
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contracted. Since the contraction shortens them, the result is necessarily

the bending of the head to one side, as shown. Now this "first flexure"

starts to move posteriorly down the row of segments, by successive con-

traction of one somite after another down the length of the animal. At the

same time myotomes between the flexure and the head of the animal relax

in corresponding sequence. Thus the flexure "travels" down the length of

the animal. When the first flexure nears the tail a second flexure forms on

the right side just behind the head (Fig. 4.7, third diagram). Then this

exure

secon
flexure

first flexure

FIG. 4.7. Action of segmental body muscles in producing swimming movements. (After

Coghill, Anofomy and fhe Problem of Behaviour, Cambridge University Press, 1929.)

second flexure "travels"" down the length of the body. The combination of

the two flexures throws the body into an S curve, as shown. The bends of

the body travel backward, pressing against the surrounding water and

sending the body forward. The result is comparable to that obtained from

the thrust of a propeller blade. In rapid locomotion the successive right

and left flexures follow each other with great rapidity.
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Evidently a segmental arrangement of body-wall musculature is an

efficient mechanism for rapid swimming. Fish embryos in process of de-

veloping such a mechanism start with rows of somites. But why do all

other vertebrate embryos also follow this pattern regardless of whether or

not the adults into which they develop are ever going near the water? The

^olk SOIG
amnion

brain

FIG. 4.8. Human embryo of about twenty days. Amnion partially cut away to

reveal embryo. (After Corner, in Contributions to Embryology, Carnegie Institution

of Washington, Vol. 20, 1 929.)

most reasonable answer seems to be that this is an embryonic pattern in-

herited from aquatic ancestors, i.e., from fishes. We shall see that this is

only one of many reasons for thinking that fishes are the ancestors, near

or remote, of all vertebrates living on land.

While the neural tube and rows of somites have been forming in the hu-

man embryo (Fig. 4.8) other changes have also been occurring. The heart

has started to form, for example (Fig. 4.9). As the body increases in size

the embryo "bulges up" more and more into the cavity above the em-

bryonic disc—the amniotic cavity. Soon this cavity would be filled but for

the fact that it increases in size with enlargement of the embryo. The cav-

ity contains a fluid, the amniotic fluid, surrounding the embryo and pro-

tecting it from injury (Fig. 9.12, p. 191). Soon the embryo is free from
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underlying tissues, remaining attaclied to the wall of the uterus by the

stalklike umbilical cord (Fig. 4.10; and Fig. 9.12, p. 191). The umbilical

cord ends in the placenta, the beginning of which was noted above. The

cord contains blood vessels carrying the embryo's blood to and from the

placenta, where it comes in close contact with the mother's blood, though

branchioil grooves.

somites

^olk sac

FIG. 4.9. Human embryo of the fourth week (3.9 mm. long). (Mainly after Patten, Hu-

man Embryology, The Blakiston Company, 1946.)

the two bloods are separated by thin membranes. "Buds" representing the

beginnings of arms and legs have appeared, as have, also, the eyes

(Fig. 4.10).

"Gill Slits" in Human Embryos

Figs. 4.9 and 4.10 give evidence of another new development, some-

times called "gill shts," although branchial grooves is a better term for

them, since most of them do not form actual slits in the human embryo.

They constitute a series of grooves in the lower head and neck region. On
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broinchioil grooves

heoirt

oirm

iver

umbilical

cord

chorionic villi

placenta

FIG. 4.10. Human enbryo at the end of the first month (7 mm.). (Mainly after Gilbert,

Biography of the Unborn, The V/illiams & Wilkins Co., 1939.)

the inside of the body, in the wall of the digestive tract in the region called

the pharynx, a corresponding series of pharyngeal or gill pouches de-

velops. In fish embryos the grooves on the outside finally meet the cor-

responding pouches from the inside. A perforation then forms, convert-

ing the grooves into slits or clefts—openings directly from the pharynx to

the exterior of the body. Typically five such gill clefts develop on each

side of the head of fishes.

What is the function of the gill clefts in fishes? Fig. 4.11 presents dia-

grams of the head of a shark with portions of the surface cut away so that

mouth, pharynx, and connected structures may be seen. As the fish swims,

water is taken into the mouth and passes to the exterior through the gill

clefts (note the arrows). As it passes through the clefts the water bathes

the gills lining the walls of the clefts. The gills are soft fleshy structures

with surfaces richly supplied with capillaries of the blood system. Since the

blood in the capillaries is separated from the water passing through the

clefts by only a thin membrane, means is provided for the taking on by

the blood of oxygen from the water, and for the giving up to the water of
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external gill sli+v

gil

internal gill slit

external

gill slit

heart

ventroil aorta
gill cleft

FIG. 4.11. Respiratory mechanism (upper diagram), and heart and aortic

arches (lower diagram) of a fish (shark). A "window" has been cut into the

pharynx. In upper diagram arrows indicate paths of water currents. In lower

diagram arrows indicate direction of blood flow.

carbon dioxide carried by the blood. This is the mechanism by which the

fish breathes; in other words, gill slits or clefts are part of the respiratory

mechanism of fishes.

Why do the embryos of other vertebrates, such as reptiles, birds, and



62 INTRODUCTION TO EVOLUTION

mammals, which never breathe by means of gills, start the process of de-

veloping a series of gill slits? As with the somites mentioned above, this

seems another instance of inheritance of embryonic structure from

aquatic ancestors, another indication that land-dwelling vertebrates are the

descendants of fishes.

It is noteworthy that in the human embryo one of the gill pouches does

become perforated, forming a passageway from the pharynx to the outside

of the head. This passageway is divided into two portions, the external ear

canal, leading from the outside of the head to the middle ear, and the

Eustachian tube, leading from the middle ear to the throat (pharynx).

The eardrum in the middle ear forms a thin partition between the two

portions of a passageway which otherwise would directly connect the

pharynx and the exterior as does a gill slit of a fish.

Aortic Arches

Mention was made above of the gills lining the walls of the gill clefts in

fishes and affording the means by which blood is brought in close contact

with the water passing through the clefts. Since gills have this function, ob-

viously blood vessels must be provided for transporting blood to and from

them. The arteries providing this transportation occur in characteristic ar-

rangement (Figs. 4.11; 4.13B). The heart of a fish has one auricle, which

receives blood from the veins. The auricle transmits the blood to the sin-

gle ventricle, a muscular chamber that propels the blood forward through

the ventral aorta. From the latter several branches pass the blood to the

gills fining the gill clefts. These branches are called aflFerent branchial

arteries; in the tissue of the gills they subdivide into a network of count-

less tiny capillaries. As noted above, it is while the blood is in these capil-

laries that it exchanges its carbon dioxide for oxygen from the water pass-

ing over the gills. The blood passes out of the capillaries into a series of

efferent branchial arteries, all of which connect to the dorsal aorta. The

latter has numerous branches conveying blood to aU parts and organs of

the body. From these parts and organs blood is returned to the auricle of

the heart by the veins, thus starting the cycle anew. It wiU be noted that

there are as many pairs of afferent and efferent branchial arteries as there

are gill clefts. One afferent artery plus its corresponding efferent artery

constitutes one aortic arch. Thus in Fig. 4.11 five aortic arches are shown.

We have noted that in the human embryo a series of gill or pharyngeal

pouches forms although most of them do not perforate to form actual

clefts (Fig. 4.12). Needless to say, also, actual gifis never develop in the

walls of these pouches. Nevertheless, it is a surprising fact that the embryo
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forms an arrangement of arteries as though it were getting ready to sup-

ply blood to such a series of gills. At this stage in its development the hu-

man heart has one auricle and one ventricle, as does the heart of a fish

embryo or adult. Running forward from the ventricle is a single ventral

aorta (Figs. 4.12; 4.13A); this gives rise to several aortic arches which

brain

notochord

ear

aortic arches

\/olk sac

umbilical cord

pharyngeal

pouches

ventrofl aorta

ung bud

dorsal aorta

spinal cord

stomach

hind gut

allantois

FIG. 4.12. Human embryo of 4 mm. dissected to show digestive tract and aortic arches.

(After Arey, Developmental Anatomy, W. B. Saunders Co., 1 947.)

pass between the successive pharyngeal pouches. The aortic arches are

continuous vessels, not interrupted by series of capillaries as they would be

if gills actually appeared. As in the fishes, the dorsal ends of the aortic

arches connect to the dorsal aorta. Fig. 4.I3A shows a human heart of

this stage removed from the body, together with the accompanying ventral

aorta and the bases of some of the aortic arches. Six pairs of aortic arches

appear, although not all are fully developed at any one time.

The fidelity with which the human embryo, in common with embryos of

other mammals, and of birds, reptiles, and amphibians, repeats the fish-
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embryo stage of heart structure and arterial arrangement is amazing, af-

fording one of the most beautiful examples of embryonic recapitulation.

In the fish most of the aortic arches persist to provide blood circulation

through the gills, as previously noted; the heart remains permanently in

oiorfic arches

Venfroil

Aor+d

auricle

sinus venosus

veins

ventricle

afferent branchial

arteries

auricle

nus venosus

Ventral Aorta

ventricle

B
FIG. 4.13. Heart and aortic arches of. A, early human embryo (cf. Fig. 4.12) and, B,

fish {cf. Fig. 4.1 1). Arrows indicate direction of blood flow.

the single-auricle, single-ventricle state. The heart of the human embryo

soon develops two auricles and two ventricles, the extra one of each being

connected with a secondary circuit of circulation for the lungs. In the hu-

man embryo the six pairs of aortic arches have a varied fate. Three of

them disappear. Of the other three, one persists in connection with the



FIG. 4.14. Human embryos and fetuses. A, fifth week (10 mm.). B, sixth week
(13 mm.). C, seventh week (15 mm.). D, seventh week (17 mm.). E, eighth week
(23 mm.). (After Gilbert, Biography of fhe Unborn, The Williams & Wilkins Co.,

1939; after His.)
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system of arteries supplying blood to the head, another persists on the left

side as the connection between the heart and the dorsal aorta, and the

third forms the pulmonary arteries conveying blood to the lungs. Thus we

see how arteries "designed" for one purpose are made over to serve

other functions when the original function is discarded or becomes ob-

solete.

Our account of human embryology has brought us through only the first

of the 9 months of prenatal development (Fig. 4.10). As we might antici-

pate, however, it is during this early period that the human embryo ex-

hibits the greatest number of characteristics comparable to those of

embryos of lower animals. Many more such examples of recapitulation

might be included in our account, involving such diverse organs as kid-

neys; brains; the skeletal bars, which in fishes support the gills and in the

embryos of higher animals appear only to be made over to serve a variety

of other functions; and so on. We shall content ourselves with but one addi-

tional example: the tail, clearly shown in Fig. 4.10. At this stage the

embryo seems prepared to provide us with as adequate a tail as that pos-

sessed by any lower mammal—our cat and dog companions, for exam-

ple. The tail reaches its maximum length when the embryo is about 6

weeks old; at that time its length may be about one-sixth that of the em-

bryo. Subsequently the tail shortens, except in rare cases (p. 76). Soon it

is lost to view externally, persisting as the vestigial coccyx mentioned

earlier (p. 43).

At the end of the first month of life the human embryo is only about a

fourth of an inch long. It continues to grow and develop rapidly. By the

end of the second month the developing individual has distinctly human

appearance and arrangement of organs (Fig. 4.14). It is then no longer

called an embryo; it has become a human fetus. For the many fascinating

details of human development which could not receive attention in this

brief account the interested reader is referred to textbooks of human em-

bryology, especially to the highly readable Biography of the Unborn by

Margaret Shea Gilbert.

Interferences with Recapitulation

In the foregoing pages we have described a few examples of ways in

which embryos of higher animals resemble the embryos of lower animals,

resemblances involving surprising detail in many instances. Nevertheless,

a word of caution is in order about expecting too much of recapitulation.

In the first flush of enthusiasm following enunciation of Haeckel's version
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of the recapitulation theory (p. 50) some biologists hailed the new idea as

a means of solving all enigmas of animal relationships and evolutionary

history (phylogeny). It was thought that if one studied the embryonic

development of a given species intensively enough one could trace step by

step the entire evolutionary history of that species. Hopes of doing this

dwindled when it was finally realized that adult ancestral stages are not

repeated by embryos, that the latter repeat embryonic conditions of their

ancestors only. Despite this restriction, however, recapitulation has much

to contribute to the study of evolution.

Why does not an embryo repeat all the embryonic stages possessed by

its ancestors? The first answer is: lack of time. We have noted that most

of the recapitulation by the human embryo is confined to the first month,

practically all of it to the first two months, of life. How would it be pos-

sible in this brief span for the human embryo to retrace all the steps of

human evolution, involving many millions of years?

Again, we must remember that the main "object" of an embryo is to be-

come an adult as expeditiously as possible. Retracing ancestral history is

purely secondary, of interest to inquiring biologists but not to the embryo

itself. Accordingly we may expect that whenever ancestral stages can be

condensed or entirely omitted by embryos such omissions and condensa-

tions will occur. The success of a species is dependent in part upon the

efficiency with which its embryos can become adults, without waste of time

or food supply. Inclusion of unnecessary embryonic stages would be waste-

ful in both respects and consequently a handicap to the species in life's

competition. Thus we may look upon the examples of recapitulation re-

maining to us as the irreducible minimum of ancestral stages which na-

ture has never found a way of eliminating or circumventing. It might

seem, for example, to increase embryonic efficiency if the muscles of the

human embryo could be formed in the first place as tiny miniatures of the

adult muscles, the somite stage described above being circumvented en-

tirely. But apparently this has not been possible or feasible. We may be

reasonably certain that if it had been possible to omit somite formation we

should not find the latter as a constant feature of embryonic development

in amphibians, reptiles, birds, and mammals. But many other features of

embryos of ancestral forms must have been lost to us because it was pos-

sible for the embryos of their descendants to omit them.

Why do embryos of higher animals ever find it necessary to retain struc-

tures characteristic of the embryos of their ancestors? The more we learn

of forces operative in embryonic development the more we realize that

the whole process is like a chain reaction, starting before fertilization of
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the ovum and proceeding in orderly sequence to the adult condition. One

event initiates another; the latter initiates a third, and so on. We have ex-

perimental proof, for example, that the neural tube (p. 54) will not

form unless the particular region of ectoderm from which it is to form has

underlying it a notochord. The notochord is an unsegmented rod lying in

the position which the backbone will eventually occupy (Fig. 4.12). The

notochord appears very early in embryonic development and serves as an

organizer, inducing formation of a neural plate and tube in the ectoderm

lying over it. Experiments on embryos of lower animals indicate that if the

notochord is removed no neural tube will develop. Now a notochord is

found in all members of Phylum Chordata. In a few members of the

phylum (e.g., Amphioxus, Fig. 5.5, p. 101) it persists throughout life,

forming an elastic, stiffening rod down the back. In most members of the

phylum, i.e., in vertebrates, it is eventually replaced by a vertebral col-

umn, a bony backbone. Thus the presence of a notochord in the embryos

of higher vertebrates is an example of recapitulation of a structure present

in the embryos of ancestors. Why does the notochord still continue to ap-

pear in embryos of these higher vertebrates? Probably because it is needed

as an organizer to induce formation of the neural tube. Neural tube

formation in the first ancestral chordates probably occurred under the in-

fluence of the notochord, and the connection of the latter with neural tube

formation was so vital that embryos ever afterward must have noto-

chords to induce formation of their neural tubes. The notochord also

forms an axis around which the segmental bones comprising the vertebral

column develop. It seems likely that the presence of the notochord is also

essential to this process of backbone formation, though experimental evi-

dence on the point is lacking.

Again, three kidneys are found in Phylum Chordata. The hagfish (Class

Cyclostomata) has the kidney called the pronephros. Other fishes, and

the amphibians, have as their kidney the mesonephros. But their em-

bryos all develop a pronephros first; then the mesonephros develops and

the pronephros disappears. Why does the pronephros develop at all? Al-

though we have no direct experimental evidence upon which to base an

answer, it seems probable that the pronephros serves as an organizer in-

ducing subsequent formation of the mesonephros. One evident contribu-

tion is made by the pronephros to the mesonephros: the duct leading from

the pronephros to the exterior is taken over by the mesonephros for the

conveying of its waste products. In reptiles, birds, and mammals the kid-

ney is the metanephros. But again the embryos faithfully recapitulate an-

cestral embryonic history, developing first a pronephros (which never
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functions as a kidney), then a mesonephros (which functions as a kidney

for a time in the embryo), and finally a metanephros. Why is all this past

history repeated? Why not develop the metanephros at once and have

done with it? Probably we see here evidence of a chain reaction of the

type mentioned above. It may well be that each kidney serves in turn as

an organizer, inducing formation of structures which follow it in time of

development.

In conclusion, we see that ancestral embryonic structures are retained

when their retention serves some useful function in promoting embryonic

development. This function is frequently that of organizers, making pos-

sible the forging of successive links in the chain reaction which consti-

tutes embryonic development.

Another confusing aspect of embryonic development is the fact that the

time sequence of stages is frequently modified or even reversed. The

mammalian placenta, for example, is a relatively recent development in

evolutionary history—the invertebrate, fish, amphibian, and reptilian

ancestors of mammals all lacked it. Not until the mammalian status was

reached, necessitating nourishment of the embryo within the uterus of the

mother, did a placenta (Fig. 4.10) develop. We might expect, therefore,

that the placenta would develop late in the embryonic life of mammals.

But if that were the case how would the mammalian embryo obtain food

during its earlier development? Since the mammalian ovum has no yolk,

connection with the mother's blood stream must be made almost at once.

Hence, as already noted, the placenta is one of the first features of a

mammalian embryo to appear, despite its arising late in evolutionary his-

tory. This phenomenon illustrates the fact that an embryo must at all times

be adapted to its embryonic environment and to the requirements im-

posed upon it of securing the necessities of life. Attainment of such adapta-

tion has frequently destroyed recapitulation of ancestral embryonic stages

or distorted the sequence in which the stages occur. In some cases the

differing adaptations of embryos or larvae of two related forms may re-

sult in these young stages being more unlike than the adults are. This gives

rise to exceptions to von Baer's principle (p. 50).

Recapitulation and the Origin of the Metazoa

In the examples of recapitulation by the human embryo we have seen

that the repetition of stages confirms the idea that remote ancestors of man

(and other mammals) were fishes, and that subsequently reptiles occupied

a place in the lineage leading from fishes to mammals. It is noteworthy
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that this conclusion concerning the ancestry of mammals would have been

reached even though mammalian embryos had not resembled fish embryos

and reptilian embryos. Studies of anatomy and of the fossil record would

by themselves have led to the conclusion; embryonic recapitulation adds

welcome confirmatory evidence. In this and in many other instances

embryology confirms conclusions based on other lines of evidence. When

other lines of evidence are lacking, or contradictory, to what extent is it

safe to draw conclusions as to ancestry from embryology alone? With due

recognition of factors noted above that modify recapitulation, can we

nevertheless use the embryonic record as a means of reaching conclusions

concerning the nature of ancestors that are otherwise unknown?

One case in which such conclusions have been generally drawn, al-

though not without dissent, is that of the origin of many-celled animals,

the metazoa. Most biologists are agreed that the first animals were single-

celled organisms, protozoa, and that many-celled animals evolved from

these single-celled ones (see Boyden, 1953, for a dissenting view, how-

ever). But if so, what were the transitional stages in this evolution? Many,

probably most, biologists conclude that embryonic development gives us

clues to the answer.

Earlier in the chapter we noted that early embryonic developments of

widely diverse organisms are homologous, that is, are so similar that a

typical sequence of stages can be drawn (Fig. 4.2). Do these stages repre-

sent a case of recapitulation; do they give us clues as to the stages the

metazoa passed through in their evolution from the protozoa? Striking

parallels can be drawn between these stages and simple organisms living

at the present time. In Fig. 4.15 the first vertical column represents the

stages in typical embryonic development; the second column contains rep-

resentative modern organisms that show comparable structures. In the top

squares of each column are single cells, the ovum on the one hand, typi-

cal protozoa on the other. If this is a case of recapitulation, we have in the

fact that all organisms begin life as a single cell (the fertilized ovum) con-

firmatory evidence that metazoa evolved from protozoa.

In the second squares of both columns of Fig. 4.15 we have small ag-

gregates of cells: cleavage stages of embryonic development on the left,

simple colonial organisms on the right. Gonium and Pandorina are rep-

resentative organisms that consist of colonies of cells. They are frequently

called colonial protozoa but since they possess chlorophyll they may be

classed as plants. Perhaps they are best classified as Protista without as-

signing them to either the plant or the animal kingdom. At any rate it is

the general level of organization rather than exact relationships that con-
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cems us. In these colonial forms each colony consists of four or more cells

each of which is independent of the others except in locomotion; the

colony moves as a unit. The species of Gonium shown, for example, con-

sists of a colony of four cells bound together by a jellylike substance.

When reproduction occurs each cell divides into two, and each of these

daughter cells, in turn, divides into two. Thus four daughter colonies of

four cells each arise; they are released from the surrounding jelly and take

up independent existences. Pandorina and other colonial forms consist of

larger numbers of cells— 16, 32, 64, 128, and more. Like Gonium each of

these larger colonies begins life as a single cell which divides and sub-

divides, stopping when the cell number appropriate to the species has been

reached.

The third squares in both columns of Fig. 4.15 contain spherical ag-

gregates of cells, the blastula of embryonic development on the left, a

colonial organism called Volvox on the right. Volvox consists of thousands

of cells bound together in a spherical colony. Like the blastula in em-

bryonic development of higher animals it is a one-layered organism. The

bottom squares of both columns (Fig. 4.15) contain two-layered or-

ganisms, the gastrula of embryonic development on the left, Hydra, rep-

resenting Phylum Coelenterata (jellyfishes, sea anemones, corals, and

their kin), on the right. Hydra is a simple fresh-water jellyfish consisting

mainly of two layers of cells (ectoderm and endoderm); it is essentially a

gastrula with tentacles. Like a gastrula it has a simple digestive cavity

with but one opening to the exterior. This pattern is common to the

coelenterates, though some differ from Hydra in appearance owing to the

presence of great amounts of "jelly" between ectoderm and endoderm.

This jelly (mesoglea) does in fact contain cells.

In the embryonic development of higher animals a third layer, the

mesoderm, appears soon after the two-layered stage is attained. In paral-

lel manner mesoderm is found in the phylum of animals usually placed

next after Phylum Coelenterata in the classification: Phylum Platyhelmin-

thes (flatworms), and in all subsequent phyla.

If the parallelism we have just traced represents a case of recapitula-

tion the sequence of stages in the evolution of the metazoa was as follows:

(1) single cells; (2) groups of cells aggregated into colonies; (3) spheri-

cal, one-layered colonies; (4) two-layered organisms (Phylum Coelenter-

ata); (5) three-layered organisms (Phylum Platyhelminthes and higher

ones). In other words, the protozoa were ancestral to the coelenterates,

which in turn were ancestral to flatworms and higher phyla. Is such an

interpretation correct? Since the writings of Haeckel most biologists have
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agreed that it is. But the long and careful studies of Hadzi (1953) have

thrown doubt on its correctness. Despite the striking parallels noted, we

may not have here a case of recapitulation at all. The metazoa may have

evolved by an entirely different process. Hadzi presents reasons for con-

cluding that protozoa of the type known as Infusoria (cilia-covered or-

ganisms like Paramecium) gave rise to very simple members of Phylum

Platyhelminthes, the Acoela of Class Turbellaria. These minute worms

have no digestive cavities and are provided with ciha. Some of the In-

fusoria have many nuclei in the single large cell. If a bit of cytoplasm

around each nucleus became enclosed by a cell membrane a many-celled

organism would result. Hadzi visualizes the Acoela as arising from the

Infursoria by such a process of cellularization (see de Beer, 1954). Ac-

cording to this view coelenterates are somewhat simplified descendants of

flatworms (Platyhelminthes), not their ancestors. The simplification has

been connected with adoption by coelenterates of an attached or sessile

mode of existence.

Since there are no known fossils of the first metazoan animals, we have

no direct evidence as to whether metazoa arose by aggregation of cells

as seen today in colonial protozoans (Haeckel's view; reaffirmed by Mar-

cus, 1958) or by cellularization of cilia-bearing protozoans (infusorians)

as postulated by Hadzi (1953). The embryonic development of higher

animals seems to indicate that Haeckel was correct; yet in the absence of

other evidence it is dangerous to conclude that the early stages of em-

bryonic development necessarily represent recapitulation of what hap-

pened when the protozoa gave rise to the metazoa many millions of years

ago.

Recapitulation Aids in Classification

Recapitulation is sometimes of aid in informing us of the relationships of

animals when the adult structure leaves us in doubt. A case in point is pre-

sented by the tunicates. Members of the genus Molgula (Fig. 4.16) are

small, soft-bodied, "spineless" creatures living in the sea. Their outer sur-

face is a tunic (hence the name "tunicate") of cellulose. They live at-

tached to rocks, the pilings of wharves, and the like. The tunic is pierced

by two openings corresponding to the incurrent siphon ("mouth" in Fig.

4.16) and the excurrent siphon ("opening of atrium") of a clam or oyster.

Sea water is sucked in through the incurrent siphon, is passed into a

pharynx the walls of which are constructed to strain out tiny animals and

plants suitable for food, and, after passing through the "pharyngeal gill
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opening of atrium

anus

mouth

pharyngeal gill silts

tunic

heart

FIG. 4.16. Internal anatomy of an adult tunicate (Molgula). Diagrammatic.

(From Buchsbaum, Animals Without Backbones, 2nd ed., University of Chi-

cago Press, 1948, p. 316.)

slits," is ejected into the sea again through the excurrent siphon. This

method of feeding is much like that of such molluscs as clams and oysters.

Accordingly tunicates were at one time considered molluscs or close

relatives of molluscs.

Later the young or larval stages of tunicates were discovered. Unlike the

adult, the larva of Molgula (Fig. 4.17) is a free-swimming, tadpolelike

creature. Its swimming tail is stiffened by a notochord; it has a pharynx

pierced with gill slits; and it has a small brain and spinal cord dorsal in

position. These are the most distinctive characteristics of Phylum Chordata

(the phylum to which all vertebrates belong) and are most unlike struc-

tures possessed by members of Phylum Mollusca. Evidently, therefore,

tunicates belong in Phylum Chordata. The larval condition appears to in-

dicate that their ancestors were free-swimming chordates. The present

mode of life of adult members of Molgula, unmoving, with a mollusclike

method of feeding, must represent a specialized condition adopted by the
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dorsal tubular nerve cord
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pharyngeal gill slits

FIG. 4.17. Internal anatomy of a larval tunicate {Molgula). Diagrammatic. (From Buchs-

baum. Animals Without Backbones, 2nd ed., University of Chicago Press, 1948, p. 318.)

creature relatively late in its evolutionary history. The mode of life is an

adaptation enabling it to occupy a particular niche in the economy of

marine life. Adult Molgula is sometimes referred to as "degenerate." Since

it seems, however, to be a successful animal, adequate to the require-

ments of life as it finds them, such anthropocentric aspersions are of doubt-

ful wisdom.

Embryonic Vestiges

In the preceding chapter we called attention to rudimentary or vestigial

structures (pp. 40-44). We found their presence in adult animals most

reasonably explained as due to retention of reduced remnants of organs

functional in ancestors. Embryos frequently commence the development of

organs which will not appear in the adult. Such abortive beginnings may

be thought of as embryonic rudiments or vestiges.

The tail of the human embryo mentioned above (p. 65) clearly falls in

this category. Whalebone whales (Fig. 3.3, p. 24) do not have teeth in

their jaws, yet in some species the tooth germs appear in the embryo, only

to disappear. Insects never have paired appendages (pp. 37-39) at-

tached to the body segments comprising the abdomen. Yet in the em-

bryos of some beetles the beginnings of such appendages appear, to disap-

pear later. The forelimbs of whales have been developed into flippers,

while the hind limbs have been lost (except for vestiges of bone buried in

the flesh. Fig. 3.3). Yet whale embryos develop fore- and hind-limb buds,

as does the human embryo (Fig. 4.10); the hind-limb buds later degen-

erate. Sheep, in common with cows, deer, antelopes, and their kin, have no

clavicle or "coflarbone." Yet the beginnings of a clavicle appear in the

sheep embryo and disappear later. Other examples might be given. The

occurrence of such embryonic rudiments seems most reasonably explained

as resulting from recapitulation of ancestral characteristics.
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In addition to the normally occurring embryonic rudiments embryos oc-

casionally develop abnormal structures reminiscent of normal structures

possessed by other, usually "lower," animals. Such abnormal structures are

called reversions or atavisms. Occasionally, for example, a human baby

is born with a short, fleshy tail protruding from the base of the spine. Since

the vertebral column does not extend into the atavistic tail it is easily re-

moved by a surgeon. Tails as long as 8 inches have been recorded.

We have mentioned the pharyngeal pouches, together with the fact that

only one of them actually perforates to

form an opening from the pharynx to the

exterior (Eustachian tube plus external

^ 1^^ /-(«^^^^cM^ ^^^ canal, pp. 61-62). Occasionally

^
' ' '

^'

an additional one of these pouches will

form an opening to the exterior. The re-

sult is a cervical fistula, an opening from

the nasal cavity or throat to the surface

of the head below the ear or to the surface

of the neck, the exact position depending

upon which of the pouches forms the

fistula (Fig. 4.18). It will be recalled that

in fishes all of the pouches open to the

exterior in this manner to form the gill

slits through which water passes in the

process of respiration (Fig. 4.11). A
cervical fistula, then, results from return

by one pharyngeal pouch to embryonic

procedures normal in a fish embryo.

Human beings, in common with other primates, are provided with one

pair of mammary glands located in a pectoral position (on the chest).

Many lower mammals, pigs and dogs being familiar examples, have a row

of mammary glands extending along both sides of the chest and abdomen.

Occasionally human beings are born with extra mammary glands or extra

nipples, reminiscent of the condition normal in lower mammals.

One most interesting example of reversion is found in the horse. In a

later chapter we shall note that some of the prehistoric horses regarded as

ancestral to the modern horse had three toes on each foot (Fig. 10.5,

p. 202). The third digit was enlarged to form a hoof but the second and

fourth digits were also present, though of smaller size. We have already re-

FIG. 4.18. Cervical fistula originat-

ing from the second pharyngeal

pouch. (From Arey, Developmental

Anafomy, W. B. Saunders Co.,

1947, p. 179.)
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marked (pp. 23 and 43) that the second and fourth digits of the mod-

ern horse have disappeared except for their metacarpals, which are pres-

ent as the rudimentary sphnt bones. It will be recalled that the metacarpal

of the third digit forms the large cannon bone, to which the phalanges of

that digit articulate. Occasionally a horse is born with one of the splint

bones also bearing phalanges. These phalanges are small but sometimes

the terminal one bears a greatly re-

duced hoof (Fig. 4.19). The author's

introduction to this phenomenon oc-

curred when as a boy he was enticed

by a lurid poster into a side show at a

county fair to see an "eight-footed

horse." Once inside he beheld a

healthy horse quietly eating hay. The

horse had the usual four hooves, but

beside each one there dangled a tiny

extra hoof, just as illustrated in the

figure. The similarity of this abnormal

structure to the structure normal for

the foot of such a prehistoric horse as

Merychippus (Fig. 10.5, p. 202) is

evident.

-IV

\-iii

k>
Conclusion

FIG. 4.19. Forefoot (a) and hindfoot

(b) of a multitoed modern horse. (From

Lull, "The evolution of the horse family,

as illustrated in the Yale collections,"

American Journal of Science, Vol. 23,

1907, p. 166.)

In this chapter similarities of embry-

onic development have been stressed.

We have noted that all animals above

single-celled protozoa are similar in

the early stages of development, and

that in general there is direct relation-

ship between similarity of adult structure and the proportion of embryonic

development which is similar in different animals. Thus, dissimilar animals

are found to follow like paths of development for a time and then to di-

verge, each going its own way. The more dissimilar the animals the shorter

the period of embryonic development which they share in common. Why
do dissimilar animals share any similarity of embryonic development at

all? The most reasonable explanation seems to be inheritance from com-

mon ancestry. In accordance with this view we may picture two species

descended from a common ancestor. That ancestor had a certain pattern
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of embryonic development. Both species inherited the pattern. But each

species proceeded to evolve in its own way; thus eventually each came to

differ from the ancestor and from the other species. Consequently the later

portions of the embryonic developments of the two species differ, even

while both retain certain features of the pattern of early embryonic devel-

opment inherited from the common ancestor. Evidently, then, recapitula-

tion will occur in only those portions of embryonic development which two

species share in common. The human embryo, for example, is never a fish

or a fish embryo, yet it follows a course of development similar to that of

a fish embryo up to a point representing the stage at which the line leading

eventually to man diverged from the line leading eventually to modern

fishes.

Embryonic rudiments and reversions add confirmatory evidence of inher-

itance of embryonic patterns from common ancestry.
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CHAPTER 5

EVOLUTION AS SEEN IN

CHEMICAL STRUCTU RE

AND IN METABOLISM

Fundamental Unity of All Living Things

In the preceding chapters we have discussed examples

of fundamental similarities of structure (homologies) in the gross anato-

mies of animals and in their embryonic developments. Homology ooes

much deeper than this, however. The most truly fundamental of all simi-

larities are similarities of chemical structure and function (metabolism).

Chemists recognize the existence of slightly more than a hundred

chemical elements. All things, animate and inanimate, are composed of

one or more of these elements, combined together in varying ways and

proportions. Of these one hundred elements, living things are constructed

mainly of jour. These four, carbon, hydrogen, oxygen, nitrogen, constitute

about 99 percent of all living matter—plant, amoeba, or man. Here is fun-

damental similarity indeed!

Of the remaining elements, sulfur and potassium are always found in liv-

ing organisms and hence, with the "big four" mentioned above, are always

essential to life. Still other elements are essential to most, if not all, living

things: copper, iron, cobalt, zinc, magnesium, manganese, calcium, sodium,

and chlorine. Traces of other elements are found with variable frequency

in the plant and animal kingdoms. These "trace elements" are frequently

important despite their presence in but small quantity. They often con-

tribute to such quantitatively small but nevertheless vital constituents as

79
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vitamins. But we note that living things are mainly composed of less than a

fifth of the elements available in nature, and that of this small group four

only are especially prominent. It may well be that this fundamental simi-

larity of chemical structure running through the plant and animal kingdoms

is basic to all other similarities.

There is interest in the fact that the chemical elements found in living

things are among the most abundant of the elements found in nature. This

would be expected if living matter originated from nonliving matter. In

living things some elements, especially carbon and nitrogen, are present in

greater abundance than they are in the nonliving world, while other ele-

ments, e.g., silicon, are present in much less abundance.

What do these chemical elements form in living organisms? The most

plentiful compound is wafer, composed of hydrogen and oxygen in the pro-

portion of two atoms of hydrogen to one of oxygen: H:.0. Water comprises

from 70 to 90 percent or more, by weight, of living things. It is a most es-

sential constituent, taking part in all life processes. Without it life could

not exist. Dissolved in the water are various inorganic salts, such as so-

dium chloride ("table salt").

In addition to water and inorganic salts, the chemical elements found in

largest amount in living things form three classes of organic compounds:

carbohydrates, fats, and proteins. Carbohydrates (e.g., starches, sugars,

and cellulose, the stiffening, fibrous material in plants) are composed of

carbon, hydrogen, and oxygen, the latter two elements being present in the

same proportions as they are in water. Fats are also composed of carbon,

hydrogen, and oxygen, but the oxygen constitutes a smaller proportion of

a fat molecule than it does of a carbohydrate molecule. Other elements,

such as nitrogen and phosphorus, may also be present in fats. Proteins, fa-

miliar to us in "lean meat" (muscle), are the most complex substances

known. They always contain carbon, hydrogen, oxygen, nitrogen, and sul-

fur. Phosphorus is also a frequent constituent, having a special duty to per-

form, as we shall see shortly. Other elements may be present.

Again we note the fundamental similarity of all living things, expressed

in this case by the fact that they are all composed of proteins, carbohy-

drates, and fats, which combine to form the complex substance termed by

Huxley "the physical basis of life": protoplasm. Protoplasm, "the living

stuff," is observable with the microscope and is found to have many of the

same physical and chemical properties in all living things. Actually, there

are differences. The protoplasms of plant, amoeba, and man are not identi-

cal. But the similarities overshadow the differences, indicating again that

all life is one.
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Thus we see that the elements carbon, hydrogen, oxygen, nitrogen, and

a few others combine to form proteins, carbohydrates, and fats. Proteins,

carbohydrates, and fats combine to form protoplasm. What does proto-

plasm form? In almost all living things protoplasm is built into structural

units called celJs (Fig. 5.1 ). These are usually of microscopic size; they are

vacuole

nucleus

CELL
V^ V

PROTOPLASM

r
CARBOHYDRATES

cell

membrane

centrosome

chromatin

y

A

FIG. 5.1. Diagram of the manner in which carbon, hydrogen, oxygen, and nitrogen

enter into formation of carbohydrates, fats, and proteins, and the latter in turn combine

to form protoplasm, which is aggregated into cells.

the "building blocks" of which the tissues of plants and animals are con-

structed. An organism may consist of one cell (see Chap. 4), of several or

many cells, or of millions of cells. In the latter instance the body is com-

posed of specialized tissues, some serving purposes of digestion, some of

secretion, some of sensory perception, some of conduction of nervous im-

pulses, some of locomotion, and so on. But all of these specialized tissues

are composed of cells. The cells vary in shape and other properties, but

they are all so similar in fundamental plan that we can draw a diagram

of a "typical" cell (Fig. 5.1) stressing the points shared in common. In
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1838 and 1839 Schleiden and Schwann firmly established the truth that all

plants and animals are composed of cells, plus structures, such as shell and

bone, produced by cells. Organization of protoplasm into cells, then, is

another fundamental similarity possessed by all, or almost all, living things

(the question of whether or not the noncellular viruses are Uving is not

of particular concern to our present discussion )

.

So far, we have been dealing with similarities of structure: chemical

structure, submicroscopic and microscopic structure. Similarities of struc-

ture frequently entail similarities of function, similarities of the processes

participated in by the similar structures—in other words: similarities of

physiology. Since cells have the same fundamental structure throughout the

plant and animal kingdoms we should not be surprised by the fact that

the process of cell division (mitosis) is essentially similar throughout these

kingdoms. Although there are many variations in detail, the fundamentals

of the process can be incorporated into one diagram of "typical" mitosis

(Fig. 5.2). Reduced to its essentials mitosis is a process by which the

chromosomes of the nucleus are precisely duplicated so that each of the

two daughter cells has chromosomes exactly like the other and exactly

like those possessed by the cell which divided. Other constituents of the

cell are divided with approximate equality, but the process has as its main

"objective" exact duplication and distribution of the chromosomes. Why
are the chromosomes so important? They contain the genes, already men-

tioned as the units of heredity (p. 10). Evidently precise distribution of

such units of heredity is of first importance.

Though genes have never been seen with a microscope, much has been

learned about them by indirect methods and by study of what they do

and how they do it. They exercise control over processes going on within

the cells. Since the body is composed of cells, all of which were derived

from a single cell (fertilized ovum) by repeated cell divisions, this control

is especially important in determining the nature of the individual. Both

heredity (genes) and environment are important in determining this. Of

the two, the genes are the continuing element; passed on from generation

to generation they form the continuity between parents and ofl'spring. As

noted in Chapter 2, genes sometimes undergo change, called mutation, the

altered gene having a different effect on the organism from that of the un-

altered gene. Since the origin of change is one of the fundamental prob-

lems of evolution, we shall have much to say about mutations in our dis-

cussion of the principles of evolutionary change (Chaps. 15-21).

In a very real sense genes are the most fundamental units of living

things. They form the principal connection between one generation and

the next, and they are of prime importance in determining the nature of
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FIG. 5.2. Diagram of typical mitosis (cell division). Note

the elaborate mechanisms insuring exact duplication of

each chromosome, and exact distribution of the "daughter

chromosomes" so that each cell receives one of each kind

and thus has exactly the some number and kinds as the

original cell had. In the first diagram (upper left) each

chromosome is shown as having duplicated itself (indicated

by the double lines showing parallel threads). Each chro-

mosome shortens, by coiling, and secretes a matrix about

itself prior to the actual separation of the daughter chro-

mosomes (formed by the earlier duplication) in anaphase

and later stages.
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the organism in which they are found. Perhaps the first living things were

essentially genelike in nature. While we may never know what form life

first took, the viruses offer a possible clue, since they have some of the

attributes we associate with living things (e.g., reproduction) combined

with attributes more characteristic of nonliving material (e.g., the fact that

some of them, at least, can be crystallized). It is suggestive that viruses

and genes have many points in common: the chemical constituents are

similar, nucleic acids playing an essential role; both are capable of repro-

duction (self-duplication); both influence the life processes of cells in

which they are found; both undergo chemical change (mutation). But

whatever may have been the nature of the first living entity, we see in

genes the most fundamental units of life—the units basic to homologies of

morphology (Chap. 3), of embryology (Chap. 4), of serology (Chap. 6),

and of physiology.

Similarities and Dissimilarities in Metabolism

The processes of living, such as digestion and assimilation of food, respi-

ration, production of energy, excretion, and so on, are included under the

general term metabolism. Since plants and animals share so many similari-

ties of chemical and physical structure we should expect to find similarities

in the living processes in which these like structures participate. The expec-

tation is justified, but added to the similarities we find differences no less

interesting.

Turning first to the matter of nutrition we ask: How do living things ob-

tain the carbon, hydrogen, oxygen, nitrogen, and so on, to build into pro-

teins, carbohydrates, and fats? In the first place, some living things can

make use of these elements as they occur in inanimate nature. These are

the green plants. If a green plant has available a supply of water (contain-

ing hydrogen and oxygen in the same proportions found in carbohydrates),

carbon dioxide (in the air), a variety of inorganic salts, and a source of

nitrogen such as ammonia or nitrate, it can manufacture its own proteins,

carbohydrates, and fats, including all needed vitamins. The wonderful syn-

thetic ability of the green substance, chlorophyll, makes this process possi-

ble, utilizing energy from the sun. Living things which can thus derive all

needed supplies from the inorganic world are called autotrophic. Auto-

trophic organisms are absolutely essential to the survival of organisms

which lack the ability to manufacture some or all of their proteins, car-

bohydrates, and fats from inorganic ingredients. Such dependent organ-

isms are called heterotrophic.
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Heterotrophic organisms vary in their dependence upon other organisms

for food. Many of them can manufacture all needed proteins, fats, vitamins,

and so on, if they are provided with a source of carbon other than the car-

bon dioxide of the air. That is, they do not possess the green plant's ability

to build carbohydrates from carbon dioxide and water but must obtain the

needed carbon from carbohydrates (sugars, starches) manufactured by

green plants. Most fungi are in this category. Given a source of carbon in

the decomposition of organic matter, fungi can manufacture for themselves

everything else they need. Thus the bread mold, Neurospora, can do this,

except that it cannot manufacture its own biotin, one of the B group of vita-

mins. Neurospora must obtain its biotin already formed.

Animals are heterotrophic. With few exceptions they cannot manufac-

ture from carbon dioxide and water any considerable proportion of the

carbohydrates they need. Thus animals are "energy spenders" (Blum,

1 955 ) , obtaining their energy from carbon compounds built up, synthesized,

by green plants. Animals vary in ability to manufacture other necessary

materials, given a suitable source of carbon (in compounds furnished by

plants). Most mammals, for example, can manufacture their own vitamin

C (ascorbic acid), but the guinea pigs and the primates (monkeys, apes,

and man) cannot.

Proteins are built up of organic compounds called amino acids. Amino

acids, in turn, are manufactured from carbohydrates and some source of ni-

trogen, such as ammonia. Given these ingredients animals can manufacture

some of the necessary amino acids and synthesize them into proteins. Green

plants can synthesize all their proteins in this way. Animals vary in their

ability to do so. There are about nineteen amino acids generally involved

in the synthesis of one or another of the animal proteins. Of these nine-

teen, man, for example, can manufacture eleven for himself in quantities

sufficient for his needs. The others must ordinarily be included, already

formed, in his diet. White rats, the lower mammals whose dietary require-

ments have been most intensively studied, cannot manufacture two amino

acids which man can manufacture. Despite differences, however, there is

surprising similarity among animals, even among such unlike forms as in-

sects, birds, and mammals, in the amino acids which can, and those which

cannot, be synthesized by the animal itself. Or looking at the matter the

other way around, there is surprising similarity among animals in dietary

requirements—in the nature of materials which must be supplied already

formed. Here again we see fundamental similarities indicating that all life

is one.

But along with the resemblances we have noted differences. These ex-
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press themselves in decreased ability to manufacture needed organic ma-

terials from inorganic sources. Apparently abilities possessed by ancestors

have been lost by descendants in many cases. If green plants are abundant

in the environment, why should an animal manufacture its own carbohy-

drates from carbon dioxide and water? The same question might be asked

for any other ingredient in the diet. Evidently, then, unneeded capabilities

have been lost by organisms. Such a loss would be favored by natural se-

lection (Chap. 2), since wasted energy is always disadvantageous. In other

words, the losses of synthesizing capability are examples of the trend to-

ward specialization which we shall find appearing time after time in our

study of evolution.

How do animals utilize proteins, carbohydrates, and fats contained in

their food? Proteins are used in the body to form new tissue, both to in-

crease the amount of tissue when the body is growing and to replace worn-

out tissue. We obtain proteins from meat, eggs, cereals, and many other

foods, but these proteins are not in a form to be used directly by our bodies.

They must first be broken down into their constituent amino acids. Then

these amino acids are synthesized into the precise proteins needed by the

body for growth and repair. The breaking down of proteins into amino

acids is one part of the process of digestion occurring in our stomach and

small intestine. The process is made possible by the presence in these parts

of the digestive tract of substances called enzymes, which act as catalysts.

Proteins, being extremely complex chemical substances, are not split into

amino acids at one step; a series of changes is involved. Each change in the

process is made possible by presence of the appropriate enzyme. The point

we wish to make here is that there is great similarity throughout the ani-

mal kingdom in these protein-splitting enzymes.

Carbohydrates and fats are used by the body as fuel, to provide energy

for all phases of metabolism, energy for movement and activity, energy in

the form of heat (especially in birds and mammals). Some carbohydrates,

such as the "simple sugar," glucose, are comprised of small enough mole-

cules so that they can pass unaltered through the membrane lining the

digestive tract. They are then carried by the blood to the tissues of the

body where fuel is needed. But starches, and many sugars, consist of larger

molecules which must first be split into "simple sugars" before they can

pass through the membrane. As in the case of proteins, this splitting of

larger molecules into smaller ones is accomplished by enzyme action. And
again there is great similarity throughout the animal kingdom in the en-

zymes concerned. The enzymes possessed by an individual species are

closely correlated with the food habits of the species. Carnivores (flesh
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eaters) have mainly protein-splitting enzymes; herbivores (plant eaters)

have mainly carbohydrate-splitting ones; omnivorous feeders like ourselves

are well supplied with all kinds. In other words, the differences which ex-

ist are connected with the adaptation of animals for different diets.

We have mentioned that proteins are utilized for growth and repair of

tissues. Suppose an animal eats more protein than is needed for growth

and repair; what happens to the excess? We recall that the protein is split

into amino acids. Amino acids not needed for synthesis of new proteins

are broken down still further, in higher vertebrates mainly by the liver.

The products formed are carbohydrates (simple sugars) and ammonia.

This is just the reverse of the process mentioned on page 85 by which

amino acids are manufactured in the first place. The carbohydrates de-

rived from this process are used as fuel, just as any other carbohydrates

are. The ammonia formed is a waste product, and being toxic (poisonous)

it must be eliminated from the body as efficiently as possible (see below).

Fuel for Life's Fires

Every process connected with the business of living requires the ex-

penditure of energy, whether in locomotion of the body as a whole, in

the use of muscles in work and play, or in the less obvious activities such

as the secretion of glands, the activity of the nervous system, and all the

other processes involved in metabolism: digestion, respiration, excretion,

and so on. No cell of the body can carry on its activities without using

energy. Thus it becomes important to inquire into the means by which the

cells obtain the needed energy.

The sun is the ultimate source of energy for life on this earth. We have

seen that green plants are capable, through photosynthesis, of combining

carbon dioxide and water to form carbohydrates. The simplest chemical

formulation we can write for this reaction is the following:

6 COo + 6 HoO ^ CeHi.Oe -h 6 Oo

(For the benefit of readers unfamiliar with even elementary chemistry we
translate as follows: "Six molecules of carbon dioxide combine with six

molecules of water to form one molecule of glucose plus six molecules of

oxygen.*') The oxygen is liberated into the atmosphere; the carbohydrate

(glucose) is the product in which we are interested at present. It may be

stored in the plant tissues, or, more commonly, molecules of this "simple

sugar" may be combined to form more complex sugars or starches or

may enter into the formation of amino acids and hence of proteins.
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We should note particularly that this reaction occurs only under very

special conditions. If we mix carbon dioxide and water in a test tube they

do not combine to form glucose. Why not? The fundamental reason is

that the combining of carbon dioxide and water to form a carbohydrate

requires appropriate application of energy. The forming of carbohydrate

is an "uphill reaction," and energy is required to drive anything uphill, as

everyone knows. Where can the needed energy be obtained and how can

it be applied? Green plants have the ability to harness energy from the

sun's radiations for this particular synthesis. Actually, then, a molecule

of glucose contains not merely carbon, hydrogen, and oxygen; it also con-

tains a certain amount of energy which was not present in the carbon

dioxide and water from which it was formed. In carbon dioxide and wa-

ter molecules the atoms are bound together by electrical forces of rela-

tively little energy. In glucose, however, the atoms are bound together in

a more complex manner. The accompanying diagram shows the arrange-

ment of atoms in a molecule of one form of glucose. The five carbon

CHoOH

HO OH

atoms and one oxygen atom are joined together in a hexagonal ring. The

connecting lines of the ring represent bonds holding the atoms together.

These are called covalent bonds. They result from the pairing of an

electron from one atom with an electron from its neighbor in the ring. In

a sense the atoms "hold hands" by means of their electrons. Energy is

expended in building this chemical structure, and this energy must be ob-

tained from a source, the sun, outside the plant itself. The "locked-up"

energy contained in such molecules is of paramount importance for

animals.

As we have seen, animals are ultimately dependent upon plants for

food. Animals eat plants, and the carbohydrates manufactured by the lat-

ter are digested and transported to the cells of the body. In this way ani-

mal cells are supplied with fuel. In the animal cells the chemical reac-

tion given above is reversed:

CeHioOe + 6 Oo ^ 6 CO2 + 6 H2O
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One molecule of glucose combines with six molecules of oxygen (obtained

from the air through respiration). The products obtained are six molecules

of carbon dioxide, six molecules of water, and the energy "locked up" in

the process of building the glucose molecule in the first place. Since energy

was required to build this molecule, energy is released when the mole-

cule is finally broken down. Part of the free energy can then be used by

the animal cells for carrying on their life processes. Thus in a round-

about way each cell of the animal body receives energy from the sun.

Our account of the transfer of energy from sun to animal cell is greatly

oversimplified. Every stage of the process is enormously complex. The

manufacture of glucose by green plants involves many steps, including in-

termediate products having complex chemical composition. The 6 CO2 +
6 H:.0 forms the beginning of a series of substances; C;H]._.0,; is the cul-

mination of this series. Included in the series are substances which do not

appear in the final product. Of these we may mention particularly enzymes

and coenzymes (see below), without which the synthesis could not be

accomplished. Formation of energy-rich carbohydrate from energy-poor

carbon dioxide and water is complex and difficult business.

Complexity also characterizes the release in animal cells of energy stored

in the carbohydrate molecules. The simple formula given above conveys

the impression that the process is much like burning coal in a steam

engine. In the engine coal unites with oxygen (burns), with resuhant pro-

duction of heat (energy). Similarly, our formula shows glucose uniting

with oxygen, with release of energy. While this is true, it is again an over-

simplification. Between the glucose-plus-oxygen on the one hand and the

carbon dioxide-plus-water on the other at least twenty-five intermediate

steps occur. In a muscle cell, for example, free energy is transferred

from the glucose to complex organic constituents of the muscle cell it-

self. Many intermediate products are involved in the chemical transforma-

tions by which, in a series of steps, free energy from the glucose is trans-

mitted to the contractile mechanism of the muscle cell, making possible

contraction of the latter. It is important to note that each of the steps in-

volves the action of an enzyme. Previously we noted enzymes concerned

with the digestion of food. But enzyme action is of much more general oc-

currence. So far as we can tell, every chemical change in metabolism is

activated—catalyzed—by an enzyme. Enzymes are usually, if not always,

protein in nature and hence in themselves extremely complex substances.

Not only is an enzyme needed for each chemical transformation, but fre-

quently one or more complex substances necessary for the activity of an

enzyme must also be present. These are called coenzymes.
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Thus by a series of steps involving enzymes and coenzymes are accom-

plished chemical transformations making possible transfer of free energy

from glucose to cell mechanisms. The sequence of chemical events is ex-

tremely complicated. Prominent among the intermediate substances in-

volved are phosphorus-containing derivatives of adenylic acid. The ele-

ment phosphorus plays a particularly important role in the mobilization

and transport of the free energy required for cellular activity. Readers with

some knowledge of organic chemistry will find in textbooks of biochemis-

try and physiology (e.g., Harrow and Mazur, 1958) details of the process.

Here we wish to emphasize one point. Insofar as our knowledge enables

us to reach a conclusion, these complex metabolic processes, with their

enzymes and coenzymes, are fundamentally similar in all animals. Indeed,

we may extend this statement to plants since, aside from their unique ca-

pability of photosynthesis, plants are much like animals in metabolic proc-

esses. There are many variations on the theme, but the theme itself under-

lies all variations. No more convincing evidence of the fundamental unity

of all life could be found.

The Origin of Life

Our brief discussion of the building of energy-rich compounds (e.g.,

glucose) from energy-poor ones (e.g., carbon dioxide and water) raises an

interesting question concerning the origin of life on earth. We noted that

enzymes are necessary in the manufacture of carbohydrates by green

plants. We also noted that enzymes are proteins, and proteins have much

more complex chemical structure than do carbohydrates. Now, proteins

are built of amino acids, and the latter in turn are formed in part of car-

bohydrates. Yet in photosynthesis carbohydrates cannot be formed un-

less proteins are already present to serve as enzymes! Here we seem in

danger of becoming involved in a vicious circle of the "which came first,

the hen or the egg" variety. What we really wish to know is this: Back

in the beginning when there were no proteins to serve as enzymes how

were the first energy-rich compounds manufactured from energy-poor

ones?

Undoubtedly the appearance of the first life on this planet was preceded

by a long period of chemical evolution, a period during which chemical

compounds were being formed and rebuilt under the influence of radia-

tions from the sun, of temperatures then prevailing, and of other condi-

tions found at the time. We may feel sure that carbon-containing com-

pounds were among those formed in this way. They would have been
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relatively simple, energy-poor carbon compounds. How could free energy

be applied to them to build them into carbohydrates and proteins? Blum

(1955) has suggested that the origin of life may have been a very gradual

process, so that it might be difficult to draw a precise line between non-

living and living. This author suggests the possibility that adenylic acid

compounds containing phosphorus may have made possible a first step in

this gradual process. We recall that such compounds are essential for the

transport of free energy in living cells. These compounds incorporate in

their structure "energy-rich phosphate bonds"; when the bonds are bro-

ken energy is released to be utilized by the cell. Perhaps such adenylic

acid compounds, formed in the days of inanimate chemical evolution,

provided the free energy needed for the first step in transforming energy-

poor carbon compounds into energy-rich ones. We may imagine that, fol-

lowing such a beginning, the process of developing compounds increas-

ingly rich in energy progressed step by step until eventually the first

proteins appeared. With the appearance of proteins the way would have

been open for the gradual development of increased complexities of struc-

ture and function. Especially important would be the development of

some form of photochemical reaction by which the sun's radiations could

be harnessed to provide energy for building energy-rich compounds in

quantity needed if life was to progress beyond the first simple beginnings.

The photochemical reaction eventually evolved was, as we have seen, the

photosynthesis carried on by green plants. It is significant that blue-green

algae, single-celled plants capable of this synthesis, are among the first liv-

ing things of which we have fossil evidence (p. 138).

The mystery of the origin of life has such appeal that many scientists

have theorized about it. We have touched on the matter only as it in-

volved the initial mobilization of free energy in days before the advent

of photosynthesis. Readers are referred to Blum (1955), Oparin (1957),

and Wald (1954) for further discussion of this fundamental problem and

for references to other writings on the origin of life.

Disposal of Nitrogenous Wastes

Ammonia is a nitrogenous waste product continually formed in all ani-

mals. It is derived not only from the splitting of excess proteins taken in as

food but also from the breaking down of proteins from worn-out tissues of

the body. The problem of ridding the body of this toxic waste product is

faced by all animals.

It is relatively simple for aquatic animals. Ammonia is highly soluble in
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water, so animals living in water readily lose their ammonia to it. Hence,

a large proportion of the nitrogenous wastes of aquatic animals is excreted

as ammonia. Among vertebrates this is true of most fishes, which excrete

ammonia mainly through their gills.

The land dwellers cannot rid themselves of ammonia so easily. Accord-

ingly we find that the amphibians have a different method of dealing with

the problem. They convert the ammonia into urea (by combining it with

carbon dioxide). Urea is readily soluble in water and differs from ammonia

in being relatively nontoxic. Thus it can be stored in the body and even-

tually excreted by the kidney in the urine.

It will be recalled that typical amphibians, such as frogs, have a life his-

tory which includes a tadpole stage. The tadpole is a larva living in the

water, using gills for respiration, and in general leading a fishlike exist-

ence. Interestingly enough, frog tadpoles also resemble fishes in excreting

most of their nitrogenous wastes in the form of ammonia. Then, upon

metamorphosis into the adult form, the change to the urea-forming mode

of excretion is made. Here evidently is an example of recapitulation (see

Chap. 4), in this case biochemical recapitulation.

A slightly more complex situation is presented by the vermillion-spotted

newt (Triturus). Nash and Fankhauser (1959) found that young larvae,

living in the water, excrete most of their nitrogen as ammonia but that the

proportion so excreted decreases as time for metamorphosis approaches.

By the time of metamorphosis about 80 percent of the nitrogen is excreted

as urea, and the proportion increases to 87 percent during terrestrial life

(the "red eft" stage). Eventually the newts return to the water to live as

adults. In these aquatic adults partial return to the larval pattern of ex-

cretion occurs: 26 percent of the nitrogen is excreted as ammonia, 74 per-

cent as urea.

Passing on to more completely terrestrial vertebrates, we find reptiles,

birds, and mammals faced with the problem of conserving the body's wa-

ter supply. How can the body be rid of nitrogenous waste products with-

out undue loss of water in the process? There are two general solutions

to the problem. Most mammals have retained the process of converting

ammonia into urea, which is conveyed by the blood to the kidney. The

tubules of the mammalian kidney have developed a special portion

(Henle's loop) which serves the purpose of removing water from the

urine, leaving the latter highly concentrated. Mammalian urine, then, con-

tains a maximum of waste carried by a minimum of water.

Birds and most reptiles solve the problem somewhat differently. They

convert ammonia into uric acid, an almost insoluble compound. The urine
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is added to the feces, and the water is reabsorbed into the body in the

posterior portion of the digestive tract. In many Hzards, snakes, and birds

the urine is a semisoHd mass of uric acid crystals, excreted with almost no

loss of water.

It is interesting that some turtles have been found to excrete nitrogenous

wastes both in the form of urea and in the form of uric acid. Since tur-

tles are a very ancient group of reptiles (see Fig. 9.3, p. 177) this fact

may indicate that early reptiles could accomplish both types of excretion.

At any rate, the urea-forming system was doubtless inherited from am-

phibian ancestors. The latter also doubtless passed on the same method of

excretion to the reptiles that were the ancestors of mammals (Fig. 9.3).

Apparently the uric acid system was the "new development" which even-

tually came to characterize more highly specialized reptiles (e.g., lizards

and snakes) and birds.

Needham has stressed the importance of embryonic needs in the devel-

opment of the two systems of nitrogen excretion. From our discussion of

the human embryo and its contact with the mother's blood stream we ap-

preciate that urea formed in the embryo is readily transferred to the moth-

er's blood and excreted by her kidneys. Things are quite otherwise for

reptile and bird embryos. Locked away in their eggshells (Fig. 8.24,

p. 169) these embryos must "live with" their waste products until hatch-

ing time. Tissues of most animals cannot thrive in a high concentration

of urea. Nitrogenous wastes in bird embryos are converted into insoluble

uric acid and then stored in the embryonic sac known as the allantois.

In this manner the tissues are freed of soluble nitrogenous wastes that

might interfere with normal metabolism—clearly an adaptation to the

needs of life within an eggshell. How the turtles with their urea excretion

fit into this picture is not clear. Some turtle eggs are laid in moist sand;

possibly urea in solution can be passed out through the eggshell under such

conditions. The matter merits further investigation.

At this point mention is appropriate of a sequence of events in the chick

embryo that has frequently been cited as an example of biochemical re-

capitulation. Needham (1931) pointed out that in this embryo the total

amount of ammonia relative to dry weight of the embryo reaches a peak

on about the fourth day, that the relative concentration of urea is highest

on about the ninth day, following which the concentration of uric acid be-

comes maximal. These facts have been interpreted to indicate that the

chick embryo exhibits biochemical recapitulation: first excreting am-

monia like a fish, later excreting urea like an amphibian, and then attain-

ing the uric acid excretion which will characterize it as an adult. Reinves-
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ligation of the problem by Fisher and Eakin (1957) has cast doubt on the

correctness of this interpretation. These investigators found that at no time

does the chick embryo actively excrete ammonia, though a low and fairly

constant concentration of it is present in both embryonic tissues and yolk.

They also found that the urea arises entirely from the amino acid arginine,

and that in urea excretion the liver and kidney do not function in the man-

ner characteristic of amphibians and mammals. Furthermore they found

that as soon as the kidney starts functioning (at about the fifth day), the

excretory product is uric acid as in adult birds. Evidently, then, the chick

embryo does not recapitulate ancestral modes of excretion.

Turning to the invertebrates for a moment, we note that insects dif-

fer from most other invertebrates in the high proportion of nitrogenous

waste excreted as uric acid. Like terrestrial vertebrates, most insects are

faced with the problem of conserving the body's supply of water.

The Internal Environment

We have noted a variety of fundamental similarities (homologies) in

chemical structure and in metabolism. Perhaps no similarity is more strik-

ing than the similarity in composition of the blood plasmas of varied ani-

mals. The plasma is the fluid portion of blood. It contains proteins in

solution; the similarities and dissimilarities of some of these form the ba-

sis of the serological tests to be discussed in the next chapter. But aside

from its proteins, plasma is essentially a salt solution. Salts of sodium,

potassium, calcium, and magnesium are predominant. Of these salts our

friend of the dining table, sodium chloride, occurs in greatest abundance.

At this time we are particularly interested in the fact that the relative

proportions of these various salts are strikingly similar in the blood plasmas

of most animals, not only vertebrates but also most invertebrates, insofar

as the latter contain body fluids correctly described as blood. Here is an-

other of those fundamental similarities running through the animal

kingdom.

An additional point of interest is the fact that the relative proportions of

the various salts in blood plasma resemble the proportions with which these

salts occur in sea water. This similarity may be of significance. There are

various reasons for believing that life began in the sea—that the first or-

ganisms developed in the environment formed by a dilute salt solution,

which is what sea water is. Even today marine protozoa live completely

immersed in such a salt solution, and in such simply constructed crea-

tures as sponges and jellyfishes (Porifera and Coelenterata) all tissues,
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internal as well as external, are bathed by sea water. These animals have

no blood of their own, but sea water serves the same purpose, conveying

to the cells such needed materials as oxygen and carrying away waste

products of cell metabolism. As we intimated earlier, the "living stuff,"

protoplasm itself, has as its basis a salt solution. Apparently protoplasm

originated in an environment of salt water. And apparently, also, pro-

toplasm can exist only in an environment of salt water. Furthermore,

the salt concentration and the proportions in which the various salts occur

can seemingly vary only within fairly narrow limits if protoplasm is to

survive.

We may picture, then, what probably occurred when in the course of

their evolution animals became so complex in structure that some parts

were no longer bathed directly by sea water. These parts would need a

carrying agent to bring such essentials as oxygen and digested foodstuffs

to them and to remove waste products. So some of the sea water was

"bottled up" within the organism and became the blood. Mechanisms for

propelling the blood throughout the body developed. In this way even the

cells of innermost tissues of the body continued to live in an environment

like that of the sea water in which life began.

If our interpretation is correct, animal bloods are similar in salt composi-

tion and concentration because life originated in an environment of salt

water having about this composition and concentration and can continue

to exist only in such an environment. The blood provides the cells with

an "internal environment" reminiscent of the external environment pre-

vailing when life began. Although some cells have become adapted for

life in fluids of quite diff'erent concentrations, it is still true on the whole

that "la fixite du milieu interieur est la condition de la vie libre" (Claude

Bernard). Constancy of internal environment is a necessary condition for

life. This fact is reflected in another of the fundamental similarities unit-

ing varied members of the animal kingdom.

Osmotic Regulation

The necessity for maintaining a relatively constant internal environ-

ment has presented organisms with serious problems as they have invaded

difl'ering external environments. A major factor is the phenomenon of

osmosis. Some membranes, including the living membranes of plants and

animals, are said to be difl"erentially permeable; some substances pass

through them more readily than do others. If, for example, a differentially

permeable membrane has salt solution on one side of it and pure water
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FIG. 5.3. Effects of osmotic pressure on two closed bags composed of difFerentially

permeable membrane: left, a bag containing salt water, immersed in fresh water; right,

a bag containing fresh water, immersed in salt water.

on the other, the pure water will pass through the membrane more read-

ily than will the salt solution. Suppose we take a bag of differentially per-

meable membrane, fill it with salt solution, close it tightly, and then im-

merse it in pure water. We shall find that water passes into the bag through

the membrane more rapidly than salt solution passes out of the bag

through the membrane. The net result will be an increase in volume of

the solution in the bag. If, as we have stipulated, the bag is tightly closed,

an increase in volume of its contents will result in its becoming distended

(Fig. 5.3). In other words, a pressure will develop inside the bag. This

is known as osmotic pressure, and under some circumstances it may de-

velop considerable strength—sufficient to burst our bag, perhaps. If we re-

verse our experiment, placing pure water in the bag and immersing the

bag in salt solution, we shall find the greater movement of material in

the opposite direction: the contents of the bag will become less and less,

as it loses its water to the outer salt solution (Fig. 5.3). Note that in

both cases water passes through the membrane ]rom a region in which

there is much water but little or no salt to a region in which there is less

water in proportion to the concentration of salt. In other words, the water
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moves from a region in whicii it is present in relatively higher concentra-

tion to a region in which it is present in relatively lower concentration.

An organism such as a fish is in a real sense a salt solution enclosed

within a bag of differentially permeable membrane. So long as the salt

concentration on the outside is the same as the salt concentration on the

inside there will be no osmotic effect of the kind just discussed. But sup-

pose the fish lives in fresh water; then we have the situation described

above of a differentially permeable membrane enclosing salt solution and

immersed in water (Fig. 5.3). The result will be movement of water into

the fish through its exposed membranes. If this movement were unopposed,

the fish would become distended and water-logged, and might even burst,

like our hypothetical bag. Obviously, what is needed is a means of rid-

ding the animal of excess water—a means of ''bailing out." The kidneys

of fishes provide such a means. The kidneys of fresh-water fishes extract

fluid from the blood, passing to the exterior quantities of dilute (hypo-

tonic) urine (Fig. 5.4A).

We usually think of the kidney as an organ for ridding the body of ni-

trogenous wastes (see above) since that is its primary function in man

and other mammals, but this is not true of fishes; in them the kidney func-

tions little, if at all, in excretion of such waste products. We recall from

our preceding discussion that nitrogenous wastes of aquatic animals are

largely in the form of ammonia, and that this is passed from the blood to

the surrounding water, primarily through the gills in the case of fishes.

Fresh-water fishes are faced with still another problem, that of conserva-

tion of the salts of blood and protoplasm (see above). The urine contains

salts. How can a fresh-water fish excrete quantities of urine without seri-

ously depleting the body's supply of salts? The problem is partially solved

by the fact that the tubules of the kidney have developed sections where

salts are reabsorbed from the urine back into the blood. Thus the urine

reaching the exterior has a lower salt concentration than does the blood

(that is what we mean when we say that the urine is "hypotonic"). But

some salts are lost; the loss is made up by salts contained in food eaten

by the fish, and by special secretory cells located on the gills (Fig. 5.4).

These cells have the power to extract salts from the surrounding water

and pass them into the blood; even "fresh" water contains some salts,

though they are in low concentration.

The osmotic problem faced by fishes living in the ocean differs from that

faced by fresh-water fishes. The salt concentration of the blood plasma of

bony fishes is only about one quarter to one third that of sea water (Rob-

ertson, 1957). This fact may be taken to indicate that ancestors of marine
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bony fishes lived in fresh water, where a salt concentration less than that

of sea water (in which, as we have seen, life began) was acquired. When
some of the descendants of these ancestral fresh-water fishes returned to

the ocean they were faced with the problem of living in a medium hav-

ing greater salt concentration than did their own body fluids. They were

in the position of bags of difl'erentially permeable membrane enclosing a

dilute salt solution and immersed in a more concentrated salt solution

(Fig. 5.3). The contents of such a bag would decrease as water passed out-

Salts
Water

Salts
Water

Copious hypotonic

urine

water

Scant and slightly

hypotonic urine B

FIG. 5.4. Diagram of osmotic regulation in bony (teleost) fishes. A,

fresh-water species. B, marine species. (After Baldwin; from Florkin and

Morgulis, Biochemical Evolution, Academic Press, Inc., p. 84.)

ward through the membrane. In other words, strange as it may seem, ma-

rine fishes have to fight desiccation or drying out, owing to loss of water

through exposed membranes.

How could marine descendants of fresh-water fishes meet the problem?

From their fresh-water ancestors they inherited kidneys which excreted

quantities of water. But marine fishes need to conserve water! Such kid-

neys would prove a liability. So we find that in marine bony fishes the

kidneys are greatly reduced in structure and excrete but small amounts of

urine. But since even that amount of water loss must be compensated for,
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marine fishes swallow ("drink") sea water, and the latter is absorbed,

salts and all, into the blood (Fig. 5.4B). That practice restores the needed

water, but it also gives the body a greater quantity of salts than is needed.

Thus there is the further problem of ridding the body of excess salts. The

kidney is of little help here, since its function has been much reduced in

the interest of water conservation. The problem is solved by secretory cells

in the sills which have the function of passing salts from the blood into

the surrounding water (Fig. 5.4). Note that they function in just the op-

posite way from the secretory cells in the gills of fresh-water fishes.

The method described above of solving the osmotic problems of ma-

rine life is that of bony (teleost) fishes. For cartilaginous fishes (sharks,

dogfishes, etc.) the problem was solved in an entirely diff"erent manner.

Their internal concentration was raised to meet the concentration of the

surrounding sea water and thus prevent unfavorable osmotic eff"ects. This

change was brought about in a most curious way. The salt concentration

was not substantially increased; rather the urea concentration was in-

creased. Whereas most fishes excrete their nitrogenous wastes as ammo-

nia, sharks and their allies convert the ammonia to urea and then retain

a high concentration of the latter within the body. This is a unique means

of protecting these fishes from the desiccating eff'ect of water loss to the

surrounding sea water through exposed membranes.

Fresh-water fishes also gave rise to amphibians, the first terrestrial verte-

brates, ancestors of reptiles, birds, and mammals. Earlier in the chapter

we noted that water conservation is a primary problem of land dwellers.

This being true, a kidney excreting large quantities of dilute urine would

be as much a detriment to land dwellers as it is to marine teleost fishes.

Accordingly, the amphibian kidney has some ability to absorb water from

the urine back into the blood. Some of the salt supply is also salvaged in

this way. In addition salt is obtained in the food. But amphibians are only

incompletely terrestrial animals; many of them live their lives in fresh wa-

ter and are much like fresh-water fishes in matters of osmotic regulation.

Other amphibians must stay in a moist environment, never having evolved

skin coverings efl'ective against desiccation. As noted previously, however,

these amphibians no longer excrete most of their nitrogenous wastes as am-

monia, as did their fresh-water fish ancestors. They convert the ammonia

to urea and use the kidney as the principal means of ridding the body

of the urea.

What was the original function of the vertebrate kidney? We have two

opposite points of view; at the present time we can not decide which is

correct.
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1. Romer (1959) has concluded that geological and other evidence in-

dicates that the first vertebrates (jawless fishes called ostracoderms, Fig.

8.14, p. 159) lived in fresh water. If so the vertebrate kidney functioned

first as an organ for ridding the body of excess water, and only later took

on functions of excretion.

2. Robertson (1957) has concluded that the geological and other evi-

dence indicates that the first vertebrates were marine, and that the kidney

was primarily an excretory organ. Its microscopic structure resembles that

of excretory tubules found in some invertebrates, in fact. According to this

point of view the ridding of the body of excess water came as a later

function of the organ. Robertson's opinion is that some marine verte-

brates, notably cyclostomes (lamprey, hagfish) and cartilaginous fishes

such as sharks did not have fresh-water ancestors; yet all have well de-

veloped kidneys.

Both authors quoted agree, however, that evidence supports the view

that bony fishes and amphibians had fresh-water fishes in their ancestry.

Hence an organ that functioned in connection with osmotic regulation in

ancestors assumed (or resumed?) the function of excretion in descendants.

The excretory function of the kidney, once inaugurated, or resumed,

became its main function. Reptiles, birds, and mammals develop horny

scales, feathers, hair, etc., with the result that water loss through the skin

is minimal. And water loss through the kidneys in birds and mammals is

reduced by development of a special section of the kidney tubules (loop

of Henle) which reabsorbs back into the blood much of the water in the

urine. Salts are also salvaged by regions of the tubules. Thus these truly

terrestrial animals excrete a concentrated (hypertonic) urine, ridding the

body of a maximum amount of waste dissolved in a relatively small

amount of water. As already mentioned, reptiles and birds which convert

nitrogenous wastes into relatively insoluble uric acid attain the peak of

water conservation in the excretory process (pp. 92-93).

The solutions of problems of osmotic regulation afford striking examples

of adaptation to environmental requirements, as well as an example of

evolution of function in an organ of the body, the kidney. Structural

changes in the kidney accompany the functional changes, but the details

are beyond the scope of the present brief discussion.

Biochemical Evidence of Vertebrate- invertebrate Relationships

Phylum Chordata includes all vertebrates, possessing a vertebral column

("backbone") as adults, and a few animals that lack a vertebral column
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but do possess a notochord in some stage of development (the protochor-

dates). Of this latter group the tunicates were mentioned in the preced-

ing chapter (pp. 73-75). Also included among the protochordates are the

lancelet, Amphioxiis, and the somewhat wormlike group typified by

Balanoglossus (Fig. 5.5). Each of these three groups has at one time or

cilicil'ed boinol

BALANOGLOSSUS- TORNARl A LARVA

BALANOGLOSSUS

AMPHIOXUS

FIG. 5.5. Two protochordates: Amph'ioxus end Balanoglossus, together with the tornario

larva of the latter.

another been proposed as possible ancestors of vertebrates. But if one of

them is ancestral, from what group of invertebrates did it arise in its

turn? Phylum Chordata is singularly isolated among the phyla; none of

the other phyla possess structural features which approach those of chor-

dates at all closely. Consequently, the evolutionary origin of vertebrates

is a much debated point. One clue is furnished by the fact that Balanoglos-

sus passes through a most unchordatelike larval stage (Fig. 5.5). Its larva

resembles nothing encountered elsewhere in Phylum Chordata, but it does
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resemble the larvae of members of Phylum Echinodermata. This phylum

includes starfishes, brittle stars, sea urchins, and their spiny allies. There

is little about the adults to suggest relationship to, and possible ancestry

of, vertebrates. Yet because of the striking larval similarities, especially in

the mode of development of the coelom (body cavity), the most widely

accepted theory of vertebrate origin is that some echinoderms, or a group

ancestral to echinoderms, gave rise to the group of protochordates of which

Balanoglossus is a survivor, and that this group gave rise to vertebrates.

Amphioxus is more like vertebrates than are the other protochordates; it

may be a survivor of a group in the ancestral line or allied to it.

Within the last few years unexpected corroboration of this theory has

come from the field of biochemistry. A complicated series of chemical reac-

tions is involved when muscles contract. Involved in one step of the proc-

ess are chemical compounds known as phosphagens (recall the impor-

tance of phosphorus in transport of free energy in muscle cells, p. 90).

In the muscles of vertebrates the phosphagen present has in its composi-

tion the substance called creatine, the compound being known as creatine

phosphoric acid, or phosphocreatine, or, for brevity, PC. On the other

hand, the muscles of most invertebrates have a phosphagen containing the

substance called arginine, the resulting compound being known as arginine

phosphoric acid, or phosphoarginine, or PA.

Here we have a clear-cut chemical distinction: vertebrates all have PC;

most invertebrates have PA. How do the protochordates fit into the pic-

ture? Amphioxus resembles vertebrates in having PC only. Some species

of tunicates appear to have PA only, others PC only (Morrison, Griffiths,

and Ennor, 1956). Balanoglossus possesses both PA and PC. Thus these

protochordates, taken collectively, seem to link vertebrates with inverte-

brates. Turning to the latter we ask: Is PC possessed by any groups of in-

vertebrates? Some echinoderms possess PC, and some segmented worms

(Phylum Annelida) have a substance which is similar and may be the

same. Some echinoderms possess PA only, at least one possesses PC only,

others possess both PA and PC, as does Balanoglossus. These facts

strengthen the idea that the group represented by Balanoglossus is the con-

necting link between invertebrates and vertebrates. There is also the pos-

sibility that, as suggested by Prosser (1960), PC has arisen more than once,

by parallel evolution in independent evolutionary lines (see below). Yet

the distribution of PA and PC, particularly when taken together with

similarity of larvae, suggests that echinoderms are at least closely related

to the ancestors from which the chordates arose. It is entirely possible,

of course, that both echinoderms and chordates arose from a common
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ancestral group no longer existing. Parenthetically it is interesting to note

that precipitin tests (Chap. 6) also indicate that echinoderms are the in-

vertebrates most closely allied to Phylum Chordata (Wilhelmi, 1942).

Chemical Mutations

Florkin and Morgulis (1949) have called attention to the fact that phos-

phoarginine and phosphocreatine have similar chemical structures. One

could give rise to the other by chemical changes of no great magnitude.

Such changes could arise in evolutionary history through one or more

gene mutations. The sequence would be: (1) change in gene, with (2) re-

sulting change in the chemical compound whose nature was determined

by that gene. Such mutations evidently occurred in the line leading to

vertebrates, changing some, and eventually all, of the PA production to

PC production. These mutations may also have occurred in other lines,

as, for example, in the ancestry of the few annelid worms mentioned

above as possessors of PC or a closely allied compound.

Another example of chemical mutation cited by Florkin and Morgulis is

that of a peculiar respiratory pigment found in the blood of certain fam-

ilies of annelid worms. The respiratory pigment in our own blood is hemo-

globin, the red substance in our red blood cells. Hemoglobin consists of

an iron-containing compound (heme) combined with a protein (globin).

Hemoglobin carries oxygen from the lungs to cells in need of it. All verte-

brates possess hemoglobin, as do a large number of invertebrates. In-

cluded in this group are many annelid worms, such as the common earth-

worm. But three families of annelid worms have a blood pigment which

is green, rather than red. It is called chlorocruorin. A member (Serpula)

of one of these three families possesses both chlorocruorin and hemoglo-

bin. Although the two substances have contrasting colors, the chemical

differences between the iron-containing portions of them are of a minor

nature. There are also differences in the amino acids comprising the pro-

tein portion. But so far as the iron-containing component is concerned, a

relatively small genetic change, perhaps even a single mutation, could have

produced the observed chemical alteration.

Actually, all mutations (except chromosomal aberrations—see p. 396)

are "chemical mutations'" in the sense that they are chemical changes in

genes, resulting in chemical changes in bodily materials and processes con-

trolled by those genes. Even mutations having structural changes as their

most conspicuous effects are chemical mutations in this sense. The struc-

tural change has as its basis some change in chemical metabolism opera-
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tive during embryonic development, and this change in turn is preceded

by chemical change in a gene. This fact suggests the question: How do

chemical changes in genes cause changes in bodily processes? There is

evidence that genes control the nature of enzymes, those catalystlike sub-

stances essential to all living processes. When a gene changes, the enzyme

it conditions is modified accordingly, and hence the bodily process con-

trolled by the enzyme is altered.

While all mutations are chemical mutations in the sense just stated, the

chemical mutations we stress at this point are those having as their princi-

pal effect an observable change in the chemistry of the body. Many addi-

tional examples are known. A change in a gene which conditions the

production of pigment material, melanin, results in the gene's failing in its

function. Presumably the changed gene fails to produce an essential en-

zyme. Consequently, if an individual inherits such a changed gene from

both parents, he will have no pigment, i.e., he will be an albino. Research

with the bread mold, Neiirospora, mentioned previously, has brought to

light mutations which cause failure in the synthesis of one or another of

the amino acids, vitamins, and other organic substances which normal

Neurospora can manufacture for itself (see Beadle, 1946). These are all

mutations having as their outward manifestations changes in the chemis-

try of the organism.

Retinal Pigments, an Evolutionary Enigma

The retinas of our eyes contain two kinds of light-sensitive cells, the

rods and the cones. The rods function in dim light, the cones in bright

light. The rods contain a sensitive pigment commonly called "visual pur-

ple" but better termed rhodopsin. It is rose-colored, rather than purple,

and it bleaches rapidly when exposed to light. Its properties are impor-

tant in the visual process.

Rhodopsin is found in the eyes of marine fishes, frogs, turtles, birds, and

mammals. Evidence, direct and indirect, also indicates its presence in eyes

of invertebrates. In fresh-water fishes, however, it is replaced by a differ-

ent substance, one actually purple in color, called porphyropsin. Both

rhodopsin and porphyropsin are formed in part from vitamin A, different

forms of the latter being involved in the two instances. Vitamin A belongs

to the class of compounds known as carotenoids, a group of fat-soluble

pigments varying from yellow to red and occurring widely in both plant

and animal tissues. The principal pigment in carrots is one of them. Wald

(1946) has presented evidence that response to light throughout both plant
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and animal kingdoms depends upon one compound or another in this

group. Apparently we have here another example of far-reaching chemical

homology uniting widely diverse living things.

Aside from this broad homology, however, is the interesting question of

why fresh-water fisjies have a different carotenoid, porphyropsin, than do

otli£r_veirtebrates. Added significance is given the question by the fact,

mentioned earlier, that fresh-water fishes are believed to have been an-

cestral to both_marine bony fishes and lancd jvertebjates. This being the

case, and assuming that ancestral fresh-water fishes resembled modern

ones in this respect, both the line leading to marine bony fishes and the

line leading to land vertebrates (amphibians and their descendants) ap-

parently underwent an evolutionary change (chemical mutation or muta-

tions) from porphyropsin to rhod_flpsia. This would afford another exam-

ple of parallel evolution. It is interesting that the chemical difference

between the two types of visual pigment is small. The molecule of rhodop-

sin incorporates one more atom of hydrogen than does the molecule of

porphyropsin, or, to put it differently, the ring structure of the porphy-

ropsin molecuIeTias one more double bond than does that of rhodopsin

(Waia; I958T
'

We may well ask: why did the chemical change in visual pigment occur

at all? Perhaps the porphyropsin system may be, in some way still unex-

plained, an adaptation for life in fresh water. Evidence comes from inves-

tigation of various animals. For example, the sea lamprey (a cyclostome)

spends most of its adult life in the ocean but spawns, and undergoes early

development, in fresh water. Wald (1958) reported that young lampreys

on their way downstream to the ocean have rhodopsin in their retinas,

while older lampreys on their way upstream to spawn have porphyropsin.

It is as though the pigment had changed in anticipation of the environ-

ment to which the lamprey was going. Wald has regarded this change as

biochemical metamorphosis.

As we noted previously (p. 92), the newt Thturus spends its larval pe-

riod in the water and then emerges on land for a sort of adolescent

period (the "red eft" stage); after two or three years it returns to the wa-

ter to live as an adult. During the red eft stage it not only excretes most

of its nitrogenous wastes in the form of urea (Nash and Fankhauser,

1959) as other land-dwelling amphibians do, but it also possesses a pre-

ponderance of rhodopsin in its retina, although porphyropsin is also pres-

ent (Wald, 1958). When the newt has undergone a sort of second meta-

morphosis and returned to the aquatic environment for its adult life,

porphyropsin is found to be the only visual pigment in its eyes (and the
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proportion of nitrogenous wastes excreted as ammonia has increased, as

noted previously). The changes in both visual pigments and nitrogen ex-

cretion may be adaptations to the resumed aquatic life.

In some cases the environment in which the animal was spawned seems

to determine which substance shall be present or predominate. Thus

fresh-water eels spend most of their lives in fresh water but migrate into

the sea to spawn. They have both substances but the rhodopsin predomi-

nates. At the time of migration from fresh water to the sea, in fact, all

detectable pigment may be rhodopsin. Salmon also possess both sub-

stances, but in their case the porphyropsin predominates. They spend most

of their lives in the sea but spawn in fresh water.

Bullfrogs were found by Wald to exhibit an interesting recapitulation of

the change from porphyropsin in fresh-water fishes to rhodopsin in their

descendants, the amphibians. Bullfrog tadpoles possess the porphyropsin

system, with only a trace of rhodopsin. Thus, living in fresh water, they

resemble fresh-water fishes. At the time of metamorphosis from tadpole

to adult the eyes develop the rhodopsin characteristic of land vertebrates.

Here we have another instance of biochemical recapitulation, although

there may be nothing mysterious about it beyond the mystery of why por-

phyropsin should be adaptive for life in fresh water, rhodopsin for life

in the air. Still other cases were given by Wald (1958) who stressed the

point that the change in visual pigment is only one of several biochemical

changes undergone during metamorphosis. Further research may reveal

that the chemical change in visual pigment is only a more or less inci-

dental accompaniment of more profound biochemical changes under-

gone by animals as they adapt to fife in fresh water, on the one hand, or

to life in the ocean or on land, on the other. (Yet there are a few

wholly marine fishes that have porphyropsin!) Obviously we must await

the results of further research before making any sweeping generalizations

about the adaptive significance of these substances.

Conclusion

In this chapter we have discussed some of the fundamental similarities

(homologies) exhibited in the chemical structure and metabolic processes

of living things. We have also considered some of the evolutionary

changes which have modified basic patterns as organisms have become

adapted to diff'ering environments. We see that adults and embryos have

changed during their evolutionary histories not only in morphology but

also in physiology. The fact that our knowledge of the morphological
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changes is more complete than our knowledge of the physiological and

biochemical changes merely reflects the present stage in the history of

science. Morphology and embryology are old branches of biology; physi-

ology and biochemistry are youngsters. As they "grow up," our knowl-

edge of biochemical evolution will increase vasdy.
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CHAPTER

EVOLUTION AS SEEN IN

SEROLOGICAL TESTS

The Precipitin Test

Serological tests depend upon the faculty possessed by

the body of protecting itself against foreign invaders. When bacteria and

viruses gain entrance into the body the latter responds with a defense

mechanism consisting of the formation of substances called antibodies.

When, for example, a person has smallpox his body forms antibodies

against smallpox virus. The antibodies react with the virus, aiding the

body to recover from the attack. If subsequently the virus again seeks to

enter his body it will be met by the antibodies already formed, ready to

neutralize or otherwise destroy it. We say that such a person has become

immune to smallpox.

As everyone knows, it is not necessary actually to contract smallpox to

become immune to it. By the process of vaccination a little of the virus,

so treated that it has lost its virulence and cannot cause the disease, is

introduced into a person's blood stream. The body reacts against the virus,

forming antibodies which will later prove of protective value if an active

virus is encountered.

The protective mechanism just mentioned is called into action not only

by harmful organisms but also by any foreign substance of a protein na-

ture. A substance which will induce the formation of antibodies is called

an antigen. If, for example, serum (the fluid portion) of the blood of a

horse is inoculated into a rabbit, the latter's defense mechanism will be

called into play, resuUing in the formation of antibodies against horse

serum. The antibodies are themselves protein substances, and many of

109
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them are found in the blood serum of the animal which produced them.

Such an antibody-containing serum is called an antiserum. Thus, if some

of the blood serum from a rabbit inoculated as described above is removed

and mixed with horse serum, the antibodies will react with the horse se-

rum to form a white precipitate. Hence antibodies of this kind are called

precipitins, and the serological test making use of them is called the

precipitin test.

In most of the precipitin tests of interest to the study of evolution, do-

mestic rabbits have been used as antibody producers, partly as a matter of

convenience, partly because rabbits produce antibodies more readily

than do some other laboratory animals.

Homology of Serum Proteins

As an example of the application of the precipitin test we may consider

the results of tests performed with antibodies formed by rabbits inocu-

lated with human serum (Fig. 6.1). If the inoculation is properly done the

rabbit will form antibodies against the human serum. Blood is then with-

drawn from the rabbit and the serum is removed from the blood cells.

The antiserum so obtained will be found to contain antibodies specific for

human serum. As shown in the figure, if a little of the antiserum is mixed

in a test tube with human serum a white precipitate will form and will

settle to the bottom of the tube.

The test is continued by mixing in another test tube some of the anti-

serum, containing antibodies against human serum, with some chimpanzee

serum. Will antibodies formed against human serum react with chimpan-

zee serum? Reaction will depend upon whether or not the proteins of

chimpanzee serum are sufficiently similar in chemical structure to those of

human serum so that antibodies formed against the one will react with the

other. As the diagram shows, most tests performed as indicated, without

additional refinements, fail to distinguish chimpanzee serum from human

serum, the same amount of precipitate being formed in both tubes. In

other words, chimpanzee serum and human serum seem almost exactly

ahke in chemical structure.

The test shown in the diagram continues by the mixing of a third sample

of rabbit antiserum, containing antibodies against human serum, with ba-

boon serum. Will reaction occur in this tube? Again the answer will de-

pend upon whether or not baboon serum is sufficiently similar to human

serum so that antibodies formed against the latter will react with the for-

mer. In agreement with tests which have been performed, the figure indi-
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cates that a smaller amount of precipitate is formed in this tube than was

formed in the other two. Evidently, then, baboon serum contains some pro-

teins similar to those in human serum; presumably, however, the greater

proportion of the baboon's serum proteins are unlike those found in man.

HUMAN
SERUM

HUMAN
SERUM

CHIMPANZEE
SERUM

BABOON
SERUM

DOG
SERUM

RABBIT SERUM
ANTISERUM CONTAINING
ANTIBODIES AGAINST
^ HUMAN SERUM
^ PLACED

IN
EACH
TUBE

I

I

J
FIG. 6.1. Principle of the precipitin test applied to Investigation of animal

relationships.

The diagram includes an additional test tube—one in which antiserum,

containing antibodies against human serum, is mixed with dog serum. No
precipitate is shown. The proteins of dog serum are so unlike those of

human serum that antibodies formed against the latter usually fail to react
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with the former. Sometimes if an antiserum is very potent a small reac-

tion occurs. It may well be that all mammals have some small amount of

chemical similarity in their serum proteins.

The results just described are typical of tests employing antibodies

against human serum. Many other species might be and have been in-

cluded, but the principles involved are well exemplified by the test as de-

scribed.

We have seen that chimpanzee serum is so like human serum as to be

nearly or quite indistinguishable from it (without introducing special re-

finements into the test), while baboon serum is less like human serum than

chimpanzee serum is. How is the similarity between human serum and

chimpanzee serum to be explained? As with morphological similarities

(Chap. 3) there are two possible explanations. We may hold that the simi-

larity is more or less a coincidence, or occurred because a common chemi-

cal pattern for blood proteins was followed in creation. But according to

the explanation most satisfactory to modern biologists the similarity is the

result of inheritance from common ancestry. Both man and chimpanzee

inherited their serum proteins from a form ancestral to both of them, and

the proteins have behaved as conservative characteristics, becoming but

little altered in the subsequent evolutionary history of man, on the one

hand, and of the chimpanzee, on the other.

The evolutionary explanation for the origin of the similarity between

human serum and baboon serum follows similar lines. In the distant past

(probably as long ago as the Oligocene period—p. 137) the baboon, an

Old World monkey, and man shared a common ancestor. From that an-

cestor both inherited a certain pattern of serum structure. But in subse-

quent evolutionary history the pattern has been modified so that today

there is less similarity between baboon and human serum than between

chimpanzee and human serum. It may be that man and the chimpanzee

shared a common ancestor more recently than did man and baboon. This

possibility would accord well with one school of thought concerning human

evolution (Chap. 11). On the other hand, some students of the subject

maintain that man is not more closely related to the great apes (including

the chimpanzee) than he is to the lower monkeys. Do the serological find-

ings contradict this latter view? Such is the usual conclusion, but in all

fairness we should point out that it is not the only possible one. We
should remember that evolution does not occur at a constant rate in all

evolutionary lines. Perhaps for some reason the serum proteins in the line

of ancestry leading to the baboon have changed at a more rapid rate

than have the serum proteins in the lines leading to man and the great
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apes. Or possibly the changes in serum proteins in these latter two lines

have been of similar nature ahhough independent in occurrence, affording

an example of parallel evolution (see p. 29).

If the evolutionary explanation for the similarity in serum structure is

the correct one, serological tests form a means of measuring the degree

of relationship of animals to one another. The principle involved is that

the degree of chemical similarity is proportional to the degree of relation-

ship. Closely related forms will have serum proteins much alike; more dis-

tantly related forms will have serum proteins less alike. On the whole, tests

actually performed seem to support this principle, despite the possibility

that occasional similarity between sera may be due to convergent or paral-

lel evolution, as some similarities in morphology are (Chap. 3). Moreover,

it is to be noted in passing that parallel evolution may indicate relation-

ship of the forms concerned. Evidence shows that the nature of serum pro-

teins is controlled by the units of heredity, the genes. We have noted that

genes occasionally undergo chemical alteration (mutation). The variety of

mutations possible to any one kind of gene is limited. Thus if two forms

inherit a certain gene from a common ancestor that gene may later un-

dergo the same mutation in both forms, the resultant changes being similar

in nature though independent in occurrence. Thus parallel evolution may

indicate possession by the forms concerned of similar or identical genes,

inherited from a common ancestor. The importance of such independent

recurrence of mutations in different though related forms receives addi-

tional emphasis in our discussion of the cell proteins determining the blood

groups (pp. 121-125).

Measuring the Precipitin Test

If serological tests are to be utilized for measuring animal relation-

ships, some method of measuring the precipitate formation must be

adopted. Various methods have been employed. The volume of precipitate

settling to the bottom of the tube may be measured in a special calibrated

tube of small diameter. Or the Kjeldahl test may be employed to deter-

mine the amount of nitrogen present in the precipitate—the amount of

nitrogen being proportional to the amount of precipitate. The most widely

used method consists of making serial dilutions of the serum (antigen) to

be tested (Fig. 6.2). Our diagram is based on data obtained in a study of

the relationships of a number of mammals to the sheep. Inoculation of a

rabbit with sheep serum causes production of antibodies against sheep

serum. A small quantity of the rabbit serum containing antibodies against
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the end point of the reaction. In Fig. 6.2 the end point of the homologous

reaction (that with serum of the kind originally inoculated into the rabbit

—sheep serum in this instance ) is shown as being 1 : 25,600. Although this is

a hypothetical example, the results shown are in keeping with those of tests

actually performed.

The figure shows a similar ring test of the reaction of antibodies against

sheep serum when tested with goat serum. A series of dilutions of goat

serum is prepared and overlayered above the antiserum in a series of

tubes, as was done with the sheep serum in the preceding test. In this case

the highest dilution in which a ring forms is indicated as being 1:12,800.

The ratio of the two end points gives a quantitative statement of the

amount of similarity in serum proteins and hence of the degree of relation-

ship of the two species. By custom the homologous end point ( 1 : 25,600 in

this case) is regarded as 100 percent. The end point obtained with the goat

serum (1:12,800) can then be expressed as 50 percent, a value slightly

lower than that usually obtained in actual tests of sheep-goat relationships.

The test is repeated, using the same antiserum, with a series of dilutions

of beef serum. The end point with the latter is shown as being 1 :6400. This

corresponds to 25 percent of the homologous end point. Thus, insofar as

one can draw conclusions from a single series of tests, the goat is twice as

closely related to the sheep as is the beef animal.

Tests utihzing dilutions of dog serum are shown as yielding an end point

of 1 : 1600—6.25 percent of the homologous end point. This indicates that

the dog is much less closely related to the sheep than the beef animal is.

Serology Supplements Morphology

The order of relationship indicated in the test just described (Fig. 6.2) is

in accordance with expectation based on morphological studies of the ani-

mals mentioned. This fact is reflected in the classification of the latter. The

sheep, goat, and beef are included in one order, Order Artiodactyla—even-

toed hoofed mammals. The dog, on the other hand, is a member of Order

Carnivora, along with most other flesh-eating mammals.

Indeed, from the pioneer investigations of Nuttall ( 1904) to the present

most serological results have served to confirm the generally accepted

classification of animals based on morphology. This is what would be ex-

pected if both morphological and serological similarities are attributable

to inheritance from common ancestry. The fact that serological results con-

firm relationships as determined by morphology when these relationships
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are clear and firmly established gives confidence in the validity of serologi-

cal results in cases where morphology does not by itself afford clear and

unequivocal evidence as to relationships.

The whales afford a case in point. To which of the terrestrial mammals

are they most closely related? Simpson (1945) states concerning them,

"Because of their perfected adaptation to a completely aquatic life, with

all its attendant conditions of respiration, circulation, dentition, locomotion,

etc., the cetaceans are on the whole the most peculiar and aberrant of

mammals. Their place in the sequence of cohorts and orders is open to

question and is indeed quite impossible to determine in any purely objec-

tive way." Perhaps serological tests may afford the objective determination

sought. Nuttall inoculated a rabbit with whale serum and used the re-

sultant antiserum in tests with sera from a considerable array of mammals.

Strongest reactions were obtained with the sera of other whales. Some re-

actions of medium strength occurred with sera from representatives of Or-

der Artiodactyla—even-toed mammals. Sera of other mammals gave less

reaction or no reaction at all.

Tests by Boyden and Gemeroy (1950) strengthened the evidence of

serological relationship between whales and artiodactyls. These investiga-

tors employed a modification of the serial-dilution method described

above (Fig. 6.2). In each tube the antigen dilution was mixed with the

antiserum instead of being overlayered above it. The amount of turbidity

or cloudiness which developed in each tube in 20 minutes as a result of

antigen-antibody reaction was measured with a photoelectric instrument

called the Libby Photronreflectometer. Such turbidity formation precedes

the settling of precipitate to the bottom of the tube as shown in Fig. 6.1.

With the instrument mentioned it is possible to measure the amount of re-

action in all the tubes of the series of dilutions. The measurement used in

statement of relationships is, accordingly, based on the sum of the reac-

tions in all the tubes, instead of being based merely upon the magnitude of

the greatest dilution in which a reaction (ring) can be seen, as in the inter-

facial test (Fig. 6.2). Using antisera prepared against whale serum, and

checking the results with reciprocal tests employing antisera prepared

against beef serum, Boyden and Gemeroy found clear indication that

whales are more similar serologically to artiodactyls than they are to any

other order of mammals. This might mean that whales sprang from primi-

tive artiodactyl stock or that both arose from the same ancestral Condy-

larthra (pp. 195-196). We shall not know until the fossil record of whale

evolution becomes more complete than it is at present. At any rate,
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serological tests have here helped to fill a gap in our knowledge of relation-

ships.

Rabbits and Rodents

Similar uncertainty exists concerning the relationships of hares and rab-

bits to other mammals. These animals are like rodents (rats, mice, squir-

rels, beavers, woodchucks, etc. ) in possession of a gnawing arrangement

of the front or incisor teeth. Two upper incisors are greatly enlarged so

that they resemble small chisels. A similar pair of chisel-Hke lower incisors

meets the upper pair to make possible efficient gnawing. Because hares

and rabbits, on the one hand, and rodents, on the other, possess this ar-

rangement the two groups were for many years both included in Order

Rodentia. The practice widely adopted today, however, is to emphasize

the many morphological features by which rabbits differ from rodents, and

accordingly to place hares and rabbits in the separate Order Lagomorpha.

Even today, however, the separation of lagomorphs and rodents into sepa-

rate orders is not always followed, despite the fact that no forms inter-

mediate between lagomorphs and rodents are known from the fossil rec-

ord, and that representatives of both orders are known from as ancient

times as the Paleocene (p. 137), these ancient representatives being as dis-

tinctly rodents, on the one hand, and lagomorphs, on the other, as are

their modern descendants.

Among biologists who agree to the separation of Order Lagomorpha
from Order Rodentia there is disagreement as to whether or not lago-

morphs are more closely related to rodents than they are to some other or-

ders of mammals. For example, it has long been recognized that lago-

morphs resemble artiodactyls in some morphological features.

It occurred to the author that this was a question upon which serological

tests might shed light. Accordingly with his graduate students he carried

on an investigation employing both the ring tests and the turbidity (pho-

tronreflectometer) tests described above. Since the rabbit was to be one

of the subjects of investigation it could not also be employed as antibody

producer. Male domestic fowl were found to serve this purpose admirably.

Being birds, they may be considered equally removed from all mammals
and hence in a position to afford the proper "serological perspective."

An example of results obtained with the turbidity test is presented in

Fig. 6.3. The numbers along the base of the graph represent the tubes in

the series of dilutions. Tube 1 contained whole serum as antigen. Tube 2
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contained antigen (serum) diluted 1:1; tube 3 antigen diluted 1:2; tube 4

antigen diluted 1:4; and so on in doubling dilutions. The antiserum added

to each tube had been obtained by pooling antisera from four cocks all of

which had been inoculated with domestic rabbit serum. The numbers

along the left side of the graph represent the turbidity developed (in terms

of galvanometer readings of the photronreflectometer). The solid line of

DOMESTIC RABBIT
COTTONTAIL
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FIG. 6.3. Serological relationships of lagomorphs to sev-

eral other mammals. Turbidity (photronreflectometer) tests.

(From Moody, Cochran, and Drugg, "Serological evidence

on lagomorph relationships," Evolution, Vol. 3, 1949,

p. 28.)

the graph connects points representing the turbidity formed in each of the

tubes of the homologous series, i.e., the series containing successive dilu-

tions of domestic rabbit serum. It will be noted that this curve includes a

greater area than do any of the other curves. The curve representing the

reaction obtained with the other lagomorph included in the study, the cot-

tontail rabbit, is second in magnitude. The other curves subtend much
smaller areas. Of these the reaction with beef serum, representing Order

Artiodactyla, is greatest, the reactions with the sera of representatives of
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Order Rodentia (albino rat, guinea pig) and of the representative of Or-

der Primates (man) being of less magnitude.

The accompanying bar graph (Fig. 6.4) summarizes the results of the

test shown in Fig. 6.3 and of another test performed with antiserum ob-

tained at another time from the same four cocks. It is evident that the re-

sults to date confirm the wisdom of separating lagomorphs from rodents

DOMESTIC RABBIT
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pines appeared in the Old World and in South America in Oligocene times

but that none lived in North America until the Pliocene (p. 137). If the

porcupines had a common origin how did some of them reach South

America and others Africa without passing through North America? While

it is possible, as suggested by Darlington (1957), that both they and

monkeys may have passed through North America without leaving fossil

evidence as yet discovered, the question remains a troublesome one. Land

bridges from Africa to South America, rafting across the Atlantic Ocean,

and island-hopping via Antarctica have all been invoked in attempting to

explain this peculiar distribution.

But perhaps the African and American porcupines are not closely re-

lated at all. Perhaps they both evolved independently from rodents known

to be widely distributed before the first porcupines appeared (Wood,

1950). If so, we may expect that they would be quite unlike serologically.

Moody and Doniger (1956) investigated the question, using (1) antisera

formed against North American porcupine serum, and (2) antisera

formed against African porcupine serum. All tests agreed in indicating

that the porcupines are but distantly related to each other, as distantly as

either is to guinea pig and agouti, in fact. Apparently, then. New World

and Old World porcupines developed their quills independently by parallel

evolution. Quills are modified hairs; various other relatively unrelated

mammals have developed quills and spines from hair (e.g., the European

hedgehog, and the spiny anteater of Australia, Fig. 12.2, p. 262).

Musk Ox

The musk ox, shaggy denizen of Arctic regions, is obviously a member

of the family of artiodactyls to which cattle, bison, buffaloes, sheep, and

goats belong: Family Bovidae. But is it more closely related to cattle and

bison or to sheep and goats? On the one hand, it has sometimes been re-

garded as an arctic bison, and hence closely related to cattle. On the other

hand, fossil evidence seems to indicate that it is more closely related to

goats than to cattle and their allies. Serological tests (Moody, 1958) indi-

cate that its relationship is to sheep and goats rather than to cattle. Fig. 6.5

indicates this and also demonstrates the value of reciprocal tests in serologi-

cal studies. An antimusk-ox serum gave a large reaction with sheep and

goat sera, little with beef and bison sera. An antigoat serum gave large re-

action with musk-ox serum, thus confirming the test with antimusk-ox

serum. Finally, an antibeef serum gave small reaction with musk-ox serum,

thereby confirming the small reaction given by the antimusk-ox serum
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FIG. 6.5. Serological relationships of the musk ox to other members of Family Bovidae.

Turbidity (photronreflectometer) tests. Abscisscl scale is in percentage, the strength of

the homologous reaction with each antiserum being designated as 100 percent. (Drawn

by Melton M. Miller, Jr.; from Moody, "Serological evidence on the relationships of

the musk ox," Journal of Mammalogy, Vol. 39, 1958, p. 557.)

when tested with beef serum. Incidentally, the tests also indicated the

known close relationship to each other of sheep and goats, as well as that

of beef and bison.

Serology could make valuable contributions toward solving many other

enigmas of relationship. Serological investigation of the interrelationships

of marsupials (see pp. 261-264) has been made by Wemyss (1953), and of

flesh-eating mammals. Order Carnivora, by Leone and Wiens (1956) and

by Pauly and Wolfe (1957).

New techniques employing the separation of proteins migrating in an

electric field (electrophoresis) are being developed and will doubdess con-

tribute to future studies of animal relationships (Woods, et al., 1958; Sibley

and Johnsgard, 1959).

Blood Groups

Nearly everyone is acquainted with the fact that all human beings belong

to one or another of four blood groups. The latter are designated as group

A, group B, group AB, and group O. The group to which one belongs de-

pends upon the presence or absence in his red blood cells of two protein

substances (antigens) designated A and B. The presence of these anti-

gens can be detected by serological means. Persons who belong to group A
have substance A only in their cells. Persons belonging to group B have

substance B only. Both substances are present in the red blood cells of per-

sons belonging to group AB; neither substance is present in the cells of
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members of group O. Knowledge of these blood groups has contributed

greatly to the safety of blood transfusions, as well as to tests used in courts

of law in cases of disputed paternity of children.

From the standpoint of evolution antigens A and B are of interest be-

cause of their distribution. In the first place we note that no human racial

or ethnic group is characterized by the presence or absence of A or B. The

nearest approach to an exception to this statement is afforded by the

American Indians, some of whom show a high percentage (98 percent) of

group O (i.e., lack of both A and B). Antigens A and B do occur in a

small proportion of the Indian population, however (see p. 251 ), and evi-

dence from the mummies of the cliff-dwelling Indians of the Southwest

indicates that the antigens were present in Indians living in prehistoric

times.

While A and B are both present in members of all races, there are in-

teresting differences in their proportional distribution. For example, the

distribution of blood groups among white Americans or western Europeans

is approximately as follows: group O, 47 percent; group A, 43 percent;

group B, 7 percent; group AB, 3 percent. Proportions vary, since no sam-

ple of population tested is ever completely homogeneous, but the per-

centages given are sufficiently exact for our purpose. Thus, about 46 per-

cent of our population possesses A, alone or combined with B, while only

about 10 percent of our population possesses B, alone or combined with A.

Among Chinese the percentages are about as follows: group O, 30 percent;

group A, 25 percent; group B, 35 percent; group AB, 10 percent. In con-

trast to western Europeans, therefore, only about 35 percent of Chinese

possesses A, alone or combined with B, whereas about 45 percent possesses

B, alone or combined with A. Populations distributed between the two

geographic extremes on the continent of Eurasia show intermediate condi-

tions. The latter are distributed in such a way that a gradient is followed by

each antigen. Thus as one travels eastward across Eurasia the proportion

of substance A encountered in the populations decreases while the propor-

tion of B increases. The significance of this striking trend is in doubt, but

the trend is probably connected with the past migrations of peoples, what-

ever may have been the origin of the differences between the geographic

extremes.

Data concerning blood groups have been collected for great numbers of

ethnic and national groups (see pp. 25 1-252; also Wiener, 1943, and Boyd,

1950). In some cases the nature of the blood group proportions in a given

population has aided anthropologists in determining the relationships of

that population to others (see also discussion of human races, pp. 250-

255).
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Blood cell substances A and B are not confined to man. Among the

great apes, for example, the antigens are distributed as shown in Table 6.1.

Although the numbers tested are small, one contrast to the distribution in

man seems striking. Apparently species diflferences in possession of one or

another of the antigens occur among apes. Thus, chimpanzees seem never

to have developed substance B, and the two species of gorillas seem to dif-

fer in which of the antigens is present, although here the numbers are too

small to afford confidence in conclusions. It is interesting that group O, a

large group, frequently the predominant one, in human populations is so

poorly represented among the apes. Perhaps the presence of A or B or

both, not their absence, was the original condition among ancestral pri-

Table 6.1. Distribution of Blood Groups in

the Great Apes''
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some lower mammals (e.g., chimpanzee) are uniformly distributed. That

is, all men, and all chimpanzees, possess them. Although as noted above

antigens A and B seem to be distributed among apes in somewhat this

manner, among human beings they are so variably distributed that the

brothers and sisters in one family may differ in possession of them. This

does not mean that their distribution is a haphazard matter. Far from it.

Antigens A and B follow rigidly the rules of inheritance first discovered

by Mendel in his experiments with garden peas and subsequently named
"mendelian" inheritance. In other words, these antigens depend upon the

genes. As mentioned above, the genes occasionally change, undergoing

mutation. The distinctive properties of substances A and B probably origi-

nated as mutations, as did the absence of either which characterizes peo-

ple belonging to group O. From what we know of rates of mutation in

lower animals we surely need not assume that the mutation producing O,

for example, occurred just once in evolutionary history, and that all ani-

mals and human beings inherited the lack of antigens A and B from the

one ancestor or ancestral group. Such a view might lead to the absurd con-

clusion that people who belong to group O are more closely related to

chimpanzees than are people who belong to group B (Table 6.1)!

What, then, is the basic similarity between man and the other mammals

which is expressed in common possession of the blood group antigens? It

is a basic similarity of germ plasm, demonstrated by the fact that genes

possessed by man and at least his nearest relatives are so similar that

when they undergo mutation the products of the latter are identical or

closely similar. Here is another example of that parallel evolution al-

ready mentioned (p. 29). Doubtless such basic similarity of germ plasm

underlies all the morphological and serological similarities which we have

called homologies and interpreted as indicative of evolution. But in the

case of the blood groups the relationships between genes and their prod-

ucts (antigens A and B) are more direct and clearly evident than are rela-

tionships between genes and many of the other characteristics of animals.

Hence antigens A and B afford more distinct evidence of fundamental

similarities existing between germ plasms than is supplied by characteristics

whose genetic basis is not so thoroughly known.

Other Antigens in the Red Blood Cells

Antigens A and B are not the only antigens which have been identified

in red blood cells. Another pair of substances have been designated M and

N. These are similar to A and B in many ways although they are separate
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from the latter in inheritance. Like A and B they are also variably present

in other primates. Among the substances present in the red blood cells we

may mention the one termed "Rh." This has received much publicity be-

cause of its clinical importance in connection with certain diseases of the

newborn. The fact that it is shared by human beings with at least one

species of lower primate is reflected in its designation; "Rh" is derived from

"Rhesus," the name of the monkey commonly used in experimental labora-

tories.

Our knowledge of the distributions of antigens M, N, and Rh serves to

corroborate conclusions reached from study of substances A and B relative

to similarity of the germ plasms of diff"erent animals, including man. Such

similarities of cellular antigens we interrupt as being based on inheritance

from common ancestry. A like explanation seems to account for the simi-

larities of serum antigens discussed in earlier portions of this chapter.
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CHAPTER 7

EVOLUTION AS SEEN IN THE

GEOLOGIC RECORD: NATURE

OF TH E RECORD

In earlier chapters of this book we have seen evolution

manifested by similarities among living animals in chemical composition,

structure, metabolic processes, embryonic development, and serological

properties of the blood. If our conclusion based on what we might term

circumstantial evidence is correct, in times past animals must have existed

that were the common ancestors from which modern animals inherited the

similarities revealed by morphology, physiology, embryology, and serology.

Can we find positive evidence that such animals actually did exist? If so

our accumulated circumstantial evidence will be greatly strengthened by

what we may regard as direct evidence. This direct evidence is supplied

by the geologic record.

Fossils

The geologic record or "record of the rocks" resembles records written

by man in that it must be read. Before we can read a record we must

learn the language in which it is written. The geologic record is written in

the language of fossils. Any type of remains of a prehistoric animal may be

considered a fossil. Accordingly, fossils take many forms. The most usual

type consists of petrifactions of the harder parts of the animal's body

—

bones and teeth in the case of vertebrates, shells of molluscs, exoskeletons

127
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("shells") of arthropods (lobsters, crayfishes, spiders, insects, and their

relatives).

After an animal dies its flesh is destroyed by predatory animals, scaven-

gers, insect larvae, bacteria, and so on. These destructive forces also act

upon bones and shells, but more slowly. Occasionally such "hard parts" lie

in surroundings which protect them from complete destruction, particularly

if the animals lived in the water or, in the case of terrestrial animals, if the

bones or shells were swept into a body of water by a river at time of flood.

The organic matter in bone or shell gradually disintegrates, leaving the

structure somewhat porous. Water seeps into the interior of the bone, and

minerals dissolved in the water are slowly deposited there. Thus the porosi-

ties gradually become filled with deposits of such materials as lime and

silica. The portions of the original structure composed of inorganic mate-

rials frequently remain substantially as they were in life. In this way even

fine details of internal structure may be preserved.

At times the original material of the bone or shell is dissolved away en-

tirely and replaced by other materials. Thus the calcium carbonate compos-

ing a shell may in some cases be replaced by silica. The replacing material

may preserve the details of the original structure with great fidelity, or, on

the other hand, it may preserve only the general form of the original. An
example is afforded by the remarkably complete and uninjured inverte-

brate fossils now being recovered from limestone rock deposits in the Glass

Mountains of Texas. Advantage is taken of the fact that the original mate-

rials of shells and exoskeletons have been replaced by silica in the man-

ner just described. Pieces of limestone bearing the fossils are immersed in

large vats of muriatic acid. The limestone dissolves, in a reaction familiar

to every student of high school chemistry, freeing the silicified fossils,

intact and undamaged.

Under exceptionally favorable circumstances replacement of the type

under discussion may even result in preservation of some of the internal

organs ("soft parts") of an animal.

Natural preservatives have sometimes helped to save animal materials

from destruction. Thus the bones of animals which became mired in the

asphalt or tar pits at Rancho La Brea in California are in a fine state of

preservation owing to the preservative action of the crude asphaltic oil. In

Poland skeletons of the woolly rhinoceros, with some of the flesh and skin

preserved, have been found buried in oil-soaked ground.

Not infrequently the buried body and skeleton of an animal disintegrate

entirely. If the surrounding material is sufliciently firm a cavity may re-

main having the exact outlines of the structure which disappeared. Such a
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cavity is called a mold, it may be filled by natural deposits, forming a natu-

ral cast of the form of the original object. Or if a natural cast does not form,

the mold when discovered may be filled with plaster of Paris or some

plastic compound to produce an artificial cast. Perhaps the best-known

examples of the use of this technique are the casts produced of people who

perished in the eruption of Vesuvius which buried Pompeii under many

feet of volcanic ash in the year a.d. 79. Such molds and casts reveal the

shape but not the internal structure of the original object. Natural and arti-

ficial casts of the interior of the brain cavities of extinct animals form the

only material available for study of the brains of these animals. Casts of

such soft-bodied creatures as jellyfishes form almost our only source of

information concerning members of these groups. Molds and casts of the

burrows made by prehistoric animals frequently reveal something of the

nature of the latter.

Similar to molds are impressions sometimes left by vanished objects or

parts of the body upon the surrounding material. The impression is made

while the latter is soft—much as one leaves an impression on softened

sealing wax with a signet ring. Thanks to such impressions we know some-

thing of the shapes and venations of prehistoric leaves, of the feathers of

extinct birds, of the wing membranes of flying reptiles, of the skin surface

of dinosaurs, and so on. Footprints of extinct animals are also impressions

affording much valuable information about the animals which made them.

Occasionally the disintegrating soft parts of a body leave behind a thin

film of carbon. Because of this we know, for example, the exact body out-

lines of the extinct swimming reptile. Ichthyosaurus (Fig. 3.5, p. 30).

Among the most perfect fossils known are the insects preserved in

amber. When a biologist wishes to preserve an insect permanently in suita-

ble condition for detailed study with a microscope he embeds it in balsam

on a glass slide. Balsam is the pitch or resin from coniferous trees. Millions

of years ago insects became entangled and entombed in soft, sticky resin

exuding from pine trees, just as their modern descendants may be ob-

served to do today. The resin hardened and eventually changed to amber,

preserving the minutest details of structure of the contained insects.

A few extinct animals are known from frozen specimens in which the

flesh as well as the bones has been preserved in remarkably fresh condi-

tion for thousands of years. This type of specimen has occurred principally

in northern Siberia where the ground remains permanently frozen. The

woolly mammoth is the animal best known from such specimens.

There are other types of fossils but the ones mentioned are most com-

mon and most generally useful. Usually fossils are more or less distorted or
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destroyed by forces operating on the rocks in which they are embedded.

It will be evident that, even when fossils are in the most favorable condi-

tion possible, much experience and knowledge of anatomy, of both liv-

ing and extinct animals, are necessary to enable the investigator to inter-

pret correctly the portions of animals remaining for his study.

"Pages" in the Geologic Record

We have seen that reading the geologic record consists of placing correct

interpretation upon a variety of fossil remains of animals previously exist-

ing on the earth. But if the history of life on earth is to be understood, the

separate events comprising that history must be arranged in correct se-

quence and relationship. Printed records are firmly bound so that the

pages follow one another in correct sequence to provide the reader with a

coherent and connected account. But in the geologic record, how are we

to tell which is "page 1," which "page 2," which "page 3," and so on?

The "leaves" comprising the geologic record "book" are layers of rock,

called strata. A stratum consists of more or less sohdified material which

was originally deposited by a carrying agent such as water or air. By far

the larger proportion of the known strata was deposited on what was then

the floor of shallow extensions of the sea. In such shallow seas multitudes

of animals live, many of them species with calcareous shells or skeletons.

As generation follows generation the shells and skeletons settle to the bot-

tom to form a layer of ever increasing thickness. As time goes on the

deeper portions of this deposit are subjected to the pressure of overlying

portions, with the result that the deposit becomes more or less solidified

and consolidated into rock—limestone in the present example. If a river

empties into this region of the shallow sea, deposits of material transported

by the river mingle with the remains of marine animals. The river brings

the products of erosion of the neighboring land, such as silt and clay, and

mingled with them the remains of aquatic and terrestrial animals, par-

ticularly when the river is at flood stage. So through hundreds and thou-

sands of years the sediment accumulates and gradually becomes con-

solidated into sedimentary rock.

Geologic changes in that region of the earth may eventually result in a

change both in the animals inhabiting that section of shallow sea and in the

materials being brought down by the river. The deposit following such a

change will, naturally, be of somewhat different nature from the deposit

formed before the change. Such changes account in part for the stratified

or "layer-cake" appearance of deposits, so evident in such places as the
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walls of the Grand Canyon of the Colorado River. The many strata visible

there afford us information concerning successive changes in that region of

the earth for many millions of years.

How, then, do we tell which is "page 1
," which "page 2," and so on in our

geologic record "book"? As a general principle we may state that the oldest

strata are the deepest ones, and that as we proceed upward in such a series

of layers as that displayed in the walls of the Grand Canyon the strata are

successively younger and younger in age. TTiis time sequence follows natu-

rally from the manner in which the material is deposited, as just described.

Disturbance of the Record

Interpretation of the sequences of events in the geologic record would be

relatively simple if confusing and destructive forces were not at work. One

destructive force is erosion, which removes many "pages," entire "chap-

ters" even, from the record. For hundreds of thousands or millions of

years a certain region is covered by shallow sea and receives successive de-

posits. If the earth's crust is sinking slowly, as portions of the Atlantic

coastline of North America are known to be doing today, the deposits may

eventually total thousands of feet in thickness. Finally we may picture a

great upheaval occurring in that region, with formation of a mountain

range. In the process the deposits formed in the bottom of the sea are thrust

up into the air, thousands of feet up perhaps. This sort of thing has hap-

pened time and again in the history of the earth. Indeed, if it had not hap-

pened we should know relatively little of the past history of the earth, since

obviously deposits are almost inaccessible to human study as long as they

are buried under the sea. Yet as soon as the strata are exposed to the air

in this fashion the forces of erosion start to tear them down, and the rivers

to transport the products of their destruction to the neighboring sea,

thereby initiating the formation of new deposits in that sea. Thus the sub-

stances composing the earth's crust are being constantly "reworked"

—

portions exposed to the air being eroded away, the products of this erosion

going into the formation of new deposits which will eventually form new

sedimentary rocks.

As erosion continues on the newly formed mountain range entire strata

may be worn away, and eventually entire groups of strata. This process is

going on in our present mountain ranges; since it is slow geologists have

ample opportunity to study the strata before they disappear. But consider

all the strata which were destroyed before there were any geologists—or

any men at all, for that matter. We are told that at one time the Appalach-
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ian chain, including the Green Mountains of Vermont, the White Moun-

tains of New Hampshire, the Berkshires, the Alleghenies, the Blue Ridge,

and so on, was higher than the present Rocky Mountains. How many

"chapters" of the geologic record were destroyed as these mountains were

being worn down to their present height!

Fortunately strata lost by erosion in one part of the country may be pre-

served in another region. But it is not possible to fill in all the gaps in the

record by comparing different regions of the earth's surface. Gaps are fre-

quently left in the records of animal life, since a species of animal found in

one part of the country at a certain time might not have been an inhabitant

of another part of the country at that same time.

We may suppose that after millions of years of erosion our mountain

range is reduced to a row of low hills. Finally another change in the earth's

crust occurs and the region is dropped below sea level again, the hills be-

ing submerged. Then this newly formed sea floor will begin to collect de-

posits again, as did the floor of this region when we first began our story of

it. The new deposits will be laid down immediately on top of whatever

deposits were left by the preceding erosion. If eventually the region is

again lifted into the air where geologists can study it they will find the old

deposits, left from the preceding period of erosion, and immediately on top

of them the new deposits. No remains will be left of the, perhaps, thou-

sands of feet of deposits which were eroded away. The result is much like a

book which has Chapter 15 following immediately after Chapter 3. For-

tunately geologists are astute in detecting such unconformities in series of

strata, but detecting the presence of a gap does not necessarily enable one

to fill in the lost history.

Another source of difficulty in interpreting the geologic record lies in the

fact that at times older rocks may come to lie above younger ones. Fig. 7.1

demonstrates graphically one way in which this comes about. The upper

diagram shows a series of strata deposited smoothly, as described in our

hypothetical example. Obviously the older layers are at the bottom of the

series. Then a mountain range is formed by folding of the earth's crust.

The fold is accompanied by a strong thrust, from the west in the example

diagramed, which displaces a section of the crust toward the east, ac-

tually sliding it over the strata already present in that region, as shown in

diagram 4 (Fig. 7.1 ). Such an overthrust may extend for many miles. As a

result older strata are found to lie over younger ones. The land surface is

subsequently sculptured by erosion, many of the signs of the phenomena

which produced the observed sequence of strata being obliterated. Pro-

longed study involving large areas suffices to reveal the true explanation.



NATURE OF THE GEOLOGIC RECORD 133

FIG. 7.1. Folding followed by overthrust, one way in which

the time sequence of strata is disturbed. (By permission

from Historical Geology, by Hussey, p. 306. Copyright,

1947. McGraw-Hill Book Company, Inc.)

although the latter may not be evident if study is confined to a small area.

Over much of the earth—in fact all localities lacking high mountains or

deep canyons—the number of strata exposed on the surface in any one

locality is strictly limited. In more level regions one or a few strata will be
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found exposed for study. Younger strata are lacking because ( 1 ) none

were ever deposited in that particular region, or (2) they were formed but

were subsequently removed by erosion. Older strata may be buried from

view, if present at all. Because of the vagaries of the raising and lower-

ing of different portions of the earth's crust no one area has beneath it

strata representative of all past periods in geologic history.

The question may arise as to how geologists determine the age of, for ex-

ample, a single stratum found exposed in a given region when the strata

immediately older and younger are not available for study. To solve the

problem requires the most painstaking comparison of the rock in this local-

ity with rock in other localities where the relationships among neighboring

strata are more evident. The comparison involves details of the rock struc-

ture itself, as well as distribution of "key fossils" which serve to distinguish

rocks formed at one time from those formed at other times and charac-

terized by other key fossils. Always when possible reference is made to a

region where the stratum in question can be found in undisturbed position

relative to strata deposited before and after it.

Incompleteness of the Geologic Record

In the foregoing discussion we have attempted to gain some insight into

the manner in which the relative ages of rocks are determined, as well as

into the difficulties attendant upon the making of such determinations. We
may now inquire into the reasons for the incompleteness of the record of

past Ufe on the earth.

Of the animals living at any one time in the history of the earth how

many will be known to geologists a million or more years later? In the first

place we may subtract most of the animals having no "hard parts." This

will include most of the protozoa, though some of them, notably the fora-

miniferans, produce calcareous shells. These shells, though individually of

minute size, in the aggregate have produced thick deposits of limestone.

Most of the coelenterates and worms will also fail to leave fossil remains.

Among the coelenterates the corals are an exception to this statement since

their calcareous skeletal supports form another important source of lime-

stone.

Of the animals possessing hard parts, how many will be known to geolo-

gists a million or more years later? The chances of fossilization vary

greatly. Evidently, from the foregoing account, animals living in the

ocean have the best chance of being preserved as fossils. Animals inhabit-

ing fresh water have, perhaps, the next best chance, while terrestrial ani-



NATURE OF THE GEOLOGIC RECORD 135

mals have the least chance. In order to be preserved as a fossil the body of

a horse, for example, must be prevented from complete destruction. Not

only the softer portions of the body but also the skeleton will disintegrate in

a few years if exposed to action of predatory animals, scavengers, insect

larvae, bacteria, and the erosive forces of the weather. A dry climate fav-

ors preservation of bones, but even dry bones disintegrate in time. Hence it

is necessary that the bones be protected by being covered. Wind-blown soil,

such as that which produced the thick deposits of clay known as loess, may

provide the protective covering. Or if the animal becomes mired in a bog

or in quicksand the bones may gradually sink and be covered. The fossils

in the Rancho La Brea asphalt pits are a special case of this procedure. Or

if the bones happen to lie in the flood plain of a river they may be covered

by a deposit of soil left by the river when it overflows its banks in time of

flood. Or the river, in flood stage, may sweep the bones into a lake or into

the sea, where they will be mingled with the remains of aquatic animals.

Thus, one of the most productive sources of fossils of Tertiary mammals is

the White River Bad Lands of South Dakota and Nebraska. The material

of these beds was laid down as a delta by rivers flowing from the Black

Hills, mountains formerly much higher than they now are. Mammalian

remains were swept down by the rivers and became embedded in the

delta.

We see, then, that the chances are against an animal's hard parts' being

fossilized, particularly if the animal is a land dweller. Of the animals which

are fossilized, how many will be known to geologists a million or more

years later? A first hazard facing these fossils consists of the chemical and

geologic processes at work on the deposits in which the fossils are em-

bedded. We have seen (p. 128) that the original material of the fossil is

more or less completely replaced by minerals transported by water per-

meating the deposit. The deposition of minerals may follow faithfully the

original structure, or the process of replacement may more or less com-

pletely obliterate that structure. If later deposits are piled on the one in

question fossils in the latter are almost certain to be crushed and distorted.

The consummation of such destruction is reached if the deposit finally

comes to lie deep in the earth's crust with thousands of feet of other de-

posits above it. As a result of the tremendous pressure and accompanying

heat the deposit may be so altered that all fossils in it are destroyed. Later

the various minerals will recrystallize in the crystalline forms characteristic

of each. Rock that has undergone this process of internal alteration through

heat and pressure followed by recrystallization is called metamorphic rock.

We have mentioned limestone as a prominent sedimentary rock rich in
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fossils; when limestone is subjected to the process described the product is

marble. Metamorphism is a most efficient eraser of fossils.

Of the fossils which escape the destruction just described, how many will

be known to geologists a million years or more later? It is evident that de-

posits which remain deeply buried under younger strata or under the sea

will remain largely unknown. Some exception to this statement is afforded

by mines, in the walls of which fossils may be found. Our knowledge of

animals contemporaneous with the vegetation which entered into forma-

tion of coal depends to considerable extent upon fossils collected in con-

nection with the mining of coal. Borings for artesian wells and oil wells re-

veal something of fossils in the strata through which they pass. But on the

whole locating fossils depends largely upon their being exposed on the sur-

face of the earth. Erosion acts on fossil-bearing rocks, wearing away the

surrounding rock and exposing the fossil. If the latter happens to fall under

the eye of a geologist, well and good, but if not, erosion will eventually de-

stroy it along with the enclosing rock. Erosion is continually exposing fos-

sils in this way. Most of them are probably never seen by geologists. The

earth is a big place, and geologists are few in number and strictly budgeted

in time and funds. These same reasons explain why it is not feasible to start

digging more or less at random on the chance of uncovering fossils. In some

places where fossils are known to be particularly abundant such a process

may be practicable, as, for example, in the Rancho La Brea tar pits. But

generally, owing to the scattered distribution of fossils, it would be far too

costly of time and money.

While we have by no means enumerated all the reasons why our knowl-

edge of past life on the earth is incomplete, we have emphasized some of

the main forces operating to deprive us of such knowledge. The wonder is,

not that the geologic record is incomplete, but that it is as complete as it is.

The Geologic Time Scale

The "chapters" of the geologic record are arranged in chronological se-

quence, the result being the geologic time scale (Table 7.1). The time

scale is arranged to agree with the fact that, when undisturbed, older

strata lie beneath younger ones. Thus we begin to read the chart at the

bottom instead of at the top.

The total span of geologic time is divided into five large divisions, called

eras (first column of Table 7.1). The oldest era, Archeozoic, is placed at

the bottom of the chart. The boundaries of the successive eras are deter-



Table 7.1 Geologic Time Chart

[Quaternary]

[Tertiary

CENOZOIC

MESOZOIC

Pleistocene

Pliocene

Miocene

Oligocene

Eocene

Paleocene

Modern gen(!ia and s|)e(ies ol" animals. Domi-
nance of man.

Many larj^e nianii

Prehistoric men.
)!' types now extinct.

During: these periods mammals increased in

specialization, many j^roups attaining their

maxima.

In these periods ancestral representatives of
most modern orders of manunals appeared.
Archaic manunals attained their maximum
in Eocene; most became extinct at its close.

Cretaceous P'irst flowering plants (angiosperms) ; de-

ciduous trees first abimdant. Dominance of

dinosaurs. Marsupial and placental mam-
mals.

Jurassic Maximum of ammonites. Belemnites. Insects

al)undant, including social insects. Domi-
nance of dinosaurs. First birds: Archae-
opteryx. Early mammals; Pantotheria.

Triassic Maximum of labyrinthodont amphil)ians.

First dinosaurs. Manmial-iike reptiles:

Therapsida.

PALEOZOIC

Permian

Pennsylvanian

MississippiAN

Devonian

Silurian

Ordovician

Cambrian

Expansion of ammonites. Last of trilobites.

Expansion of reptiles: Cotylosauria, Therap-
sida.

Luxurious vegetation, forming coal. First

insect fossils. Many lal)yrinthodont am-
phibians. First reptiles.

Foraminiferans. spiny brachiopods, and
crinoids abimdant. Few corals and trilobites.

Many shell-crushing sharks. Amphibians.

Bracliiopods. corals, and crinoids aljundant.
Trilobites declining. First ammonites. Ter-
restrial plants and animals, spiders. Domi-
nance of fishes. First amphibians.

Corals, brachiopods, and crinoids abundant.
Triloliites beginning to decline. h]urypterids

prominent. Scorpions and millipedes. Os-
tracoderms and placoderms.

First corals, crinoids, nautiloid cephalopods,
ostracods. Graptolites, brachiopods. snails,

and triloiiites alnmdant. First vertebrates.

Dominance of trilobites. Brachiopods. Cal-
careous sponges. Many other invertebrates;

no vertebrates. Ceplialo[)o(ls appeared near
its close.

PROTEROZOIC Few fossils: annelid worm burrows, cal-

careous deposits by algae. Graphite.

ARCHEOZOIC Calcareous deposits by algae 2,600,000,000
years old; graphite.
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mined by occurrence of major geologic revolutions, such as extensive

mountain formation.

Most of the eras are subdivided into periods (second column), separated

from one another by geologic phenomena of less magnitude than those

which mark the ends of eras. The oldest period within an era is placed at

the bottom of the sequence of periods comprising the era.

Dating the Past

Table 7.1 contains no statement of lengths of time involved. A recent

estimate of the length of time which has elapsed between the present and

the beginning of each of the last three eras is as follows (Kulp, 1961 )

:

Beginning of Cenozoic Era 63 million years ago

Beginning of Mesozoic Era 230 million years ago

Beginning of Paleozoic Era 600 million years ago

We must recognize that these figures are rough approximations only.

The difficulties of estimating geologic time in terms of years are so great

that wide differences of opinion are inevitable. Yet within the last few

years more accurate and quantitative methods than any previously available

have been developed. These methods depend upon "clocks" which the

rocks themselves contain in the form of radioactive elements (isotopes).

One of the most important, and the first to be utilized, is uranium. At a

constant rate, uranium emits helium and is transformed into lead. The age

of some rocks can be determined by comparison of the proportions of un-

decayed uranium and of lead present in the rock. The method is applicable

only to rocks which contain uranium, of course; unfortunately the sedi-

mentary rocks richest in fossils usually do not contain this element. Ura-

nium tests indicate that the earth may be as old as 4500 million years

(Patterson, Tilton, and Inghram, 1955). The oldest known fossils are those

of algae found in rocks some 2600 million years old (Holmes, 1954).

Hence for nearly two billion years of its existence the earth was probably

not populated with living organisms. Recently other physicochemical meth-

ods of dating fossils and archeological discoveries have developed so rapidly

as to give great promise for the future of accurate dating of prehistoric

life. Of these the most accurate method depends upon the determination

of the rate at which radioactive "heavy carbon" atoms in a given sample

of material are losing their radioactivity. Heavy carbon has an atomic

weight of 14, instead of the "normal" 12. Atoms of carbon 14 are formed

in the earth's upper atmosphere by the action of cosmic rays on nitrogen
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atoms. These radioactive carbon atoms lose their radioactivity spontane-

ously by a sort of disintegration. As old ones are disintegrating new ones

are being formed by the cosmic rays. The result is an equilibrium in the

atmosphere. The equilibrium is at about one radiocarbon atom for a trillion

"normal" carbon atoms. These carbon atoms are found in the carbon

dioxide of the atmosphere. The equilibrium point represents a concentra-

tion at which radiocarbon in the carbon dioxide disintegrates at the same

rate that new radiocarbon atoms are being formed. As a result the concen-

tration of radiocarbon remains constant and has done so for a long period

of time.

As we have seen (Chap. 5), plants use carbon dioxide in the manufac-

ture of carbohydrates; animals obtain the latter by eating plants. Thus

during their lifetimes plants and animals are constantly acquiring radiocar-

bon atoms along with "normal" ones, and the relative numbers of the two

kinds are probably the same in the body as in the atmosphere. Radiocar-

bon atoms steadily lose their radioactivity in the body, as they do outside

of it. But since new radiocarbon atoms are constantly being taken in as

part of the food, the concentration of these "heavy carbon" atoms in the

body of plant or animal remains about constant as long as the plant or

animal lives. After death no more carbon enters the body, and the radio-

carbon already present steadily disintegrates. Hence the amount of radio-

carbon present diminishes steadily, a diminution accompanied by a

concomitant decrease in the rate of atom disintegration in the tissue. The

fewer the radiocarbon atoms present, the smaller the number of them

undergoing disintegration at any one time. Thus if we take a piece of

ancient wood or bone and measure the rate at which carbon 14 is now

disintegrating we can estimate the age of the material, since we know the

rate at which disintegration occurs in living wood or bone. When this

technique has been applied to materials of known age the demonstrated

accuracy has been such as to give confidence in determinations made

on materials of unknown age. (See Libby, 1956.)

The carbon 14 method is applicable only to organic materials still con-

taining carbon; it cannot be used on fossils in which all organic matter

has been replaced by minerals. Since the amount of radiocarbon present

decreases steadily with time, the method can probably never be used on

material older than about 70,000 years. Accurate dating within that time

span will prove most valuable, however. Among the early inhabitants of

North America, for example, were makers of a particular type of stone ar-

rowhead (probably used on darts rather than arrows), the so-called Fol-

som points. Pieces of burned bone found with some of these points give a
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carbon 14 date of 9,883 years, indicating that these early Americans lived

about 10,000 years ago (Sellards, 1952).

Other physicochemical methods will doubtless be developed to supple-

ment the carbon 14 method. One such method already being employed de-

pends upon the rate at which fluorine becomes incorporated into bones

during fossilization. Although variables in the process have yet to be ex-

plored, the test gives promise of usefulness. Utilization of this method con-

tributed significantly to proof that the "fossils" called "Piltdown man"

were a hoax (Weiner, Oakley, and LeGros Clark, 1953).

Visualizing Geologic Time

Unavoidably our ideas of time are conditioned by the length of the hu-

man life span and its subdivision into periods (infancy, youth, etc.) and

years. The term "one million years" is so far outside our experience as to

be meaningless to us. Multiples of a million years are, if anything, even

less meaningful. We may have the vague impression that a million years

is "a very long time," and that a thousand million years is "a very, very

long time." But in other connections a thousand years also seems "a very

long time." Indeed, all periods longer than a human lifetime or two have a

tendency to fade into "a-very-long-time" vagueness for us.

But we can grasp the meaning of the length of a year and of its subdivi-

sions into months, weeks, days, hours, minutes, and seconds. Consequently

James C. Rettie (1950) rendered a signal service by picturing geologic time

in subdivisions of a year. He imagined a moving picture taken of earth by

inhabitants of another planet, using a super-telephoto lens and a time-

lapse camera. This imaginary film was taken at the rate of one picture per

year for the last 757 million years. When it is run in a projector at normal

speed (twenty-four pictures per second), twenty-four years of earth his-

tory flashes by each second. Since the author has the film run continuously

twenty-four hours a day, about two miflion years of past history are shown

on the screen each day. To show the entire 757 million years requires run-

ning the film continuously for one full year. The author starts the show at

midnight of one New Year's Eve and runs it without interruption until mid-

night of the next New Year's Eve.

For many fascinating details of this movie readers are referred to the

original article or to the reprint of it in Coronet magazine (March, 1951 ).

We have space for but a few high spots.

Throughout January, February, and March the movie runs on without

showing any signs of life upon the earth. Single-celled organisms appear
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early in April, many-ceiled ones later in that month. Late in May come the

first vertebrates. It is the middle of July before the first land plants begin to

pave the way for animal life on land. Late August arrives before the first

land vertebrates, the amphibians, put in an appearance. The first reptiles

appear by the middle of September. Among these the dinosaurs dominate

the scene through the remainder of September, through October and much

of November, about seventy days. In the meantime the first birds and first

mammals appear. The raising of the Rocky Mountains near the end of

November signals the end of the great era of reptilian domination.

As the movie runs on into December we see the mammals dominant;

they undergo their great evolutionary developments. Christmas arrives:

the movie shows us the Colorado River beginning to cut its Grand Canyon.

We have the vaguely uneasy realization that the year is nearing its close,

yet we have seen no signs of man. Day follows day until we reach the last

day of the year. Suddenly about noon of December 31 the movie shows

us the first men. During the afternoon the glaciers push southward from

the polar regions, and then retreat, four successive times. By suppertime

man is still not much in evidence. By about 1 1 o'clock in the evening varied

"Old Stone Age" men become quite prominent in the picture, and by 1 1 :45

men who make more refined stone implements and cultivate the soil ap-

pear. Five or six minutes before the end of the picture we see the dawn of

civilization. One minute and seventeen seconds before the end the Chris-

tian era begins. Twenty seconds before the end Columbus discovers Amer-

ica. Seven seconds before the end the Declaration of Independence is

signed.

Many aspects of this wonderful imaginary movie are worth pondering.

Life has existed on earth for some eight months of the movie's year; man

has been here for about twelve hours of that year. The dinosaurs domi-

nated the movie for seventy days; man has dominated it for about half of

one day, so far. (Yet sometimes we look condescendingly upon the dino-

saurs as "unsuccessful" animals! If the movie continues into the future

will it show us here seventy days from now?) Man has been in existence

for about twelve hours of the movie, but for only about five or six minutes

has he had any civilization which we consider worthy the term. This is

sometimes a comforting thought when we become impatient with the

"slow" progress made by mankind in adopting various desirable reforms

—such as the abolition of war. In speaking of this progress as "slow" we

are using human lifetimes as our yardstick. Any progress made since the

dawn of civilization has been dazzlingly swift, measured in terms of man's

total existence on earth.
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CHAPTER 8

EVOLUTION AS SEEN IN THE

GEOLOGIC RECORD: PRE-CAM-

BRIAN AND PALEOZOIC ERAS

Since so little is known of Archeozoic and Proterozoic

life, it is sometimes convenient to refer to these eras collectively by the

term "Pre-Cambrian." Cambrian rocks are the earliest ones in which

abundant fossils are found (Table 7.1, p. 137).

Beginnings

In a sense the geologic time scale may be thought of as starting with the

beginning of the earth. How long ago did that event occur? The question

cannot be answered with exactness, though recent estimates indicate that

the earth may be in the vicinity of 4500 million years old (p. 138 ).

Although it is not within our province to discuss the various theories of

the earth's origin, we may state that at one time the planet was evidently

extremely hot, with temperatures above the melting point of rock. As the

earth cooled the molten materials solidified into the original igneous

rocks. During all this time conditions on the planet were unsuitable for life.

Accordingly a very long period must have elapsed between the beginning

of the earth and the beginning of life on the earth.

Conditions Necessary for Life

Both the time and the manner of the beginning of life are shrouded in

mystery. We may be reasonably sure that life did not originate until cli-

matic conditions arose bearing resemblance to those pertaining today.

143
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Suitable conditions for life are rather narrowly delimited. Extreme cold

and extreme heat render life impossible. Abundant water is necessary to

life. An abundant supply of carbon in usable form is also essential. As

noted previously (Chap. 5), carbon is the fundamental structural element

in all living things. Animals are dependent upon plants for their supply of

carbon. Plants are dependent upon the carbon dioxide in the atmosphere

for their carbon. Animals obtain their carbon by eating the plants, or by

eating other animals which have eaten plants. Thus life as we know it

would be impossible without carbon dioxide in the atmosphere, and with-

out sunlight.

With very few exceptions all living things depend upon oxygen in the

atmosphere, including atmosphere dissolved in the water of streams, lakes,

and oceans. The oxygen combines with (oxidizes) carbon-containing com-

pounds, a chemical reaction which releases heat and energy. An analogy is

the burning (oxidizing) of coal, relatively pure carbon, under the boiler

of a steam engine to produce heat and energy. Almost all of the processes

within the bodies of animals, as well as the outward activities of these

animals, are entirely dependent upon this source of energy. Without it they

would be as dead as a steam engine without a fire. Thus life would be im-

possible in the absence of an atmosphere containing oxygen.

Again, if pressure of the atmosphere and force of gravitation diverged

widely from those actually found to prevail on the earth, life as we know

it could not exist. Our discussion of the requirements for life might be

greatly expanded, but the points enumerated will suffice to demonstrate

that conditions on the earth must have approached those prevailing in mod-

ern oceans before life could have come into existence at all.

How did life originate on this planet? There is a certain fascination in

speculating on this perhaps forever unsolvable mystery. In Chapter 5 we

discussed attributes which first living things must have possessed, together

with some ideas concerning the form taken by these first possessors of life.

Whatever the sequence of events leading to its origin, life did originate;

that is evident. Hence its subsequent evolution may be traced, despite the

fact that the earliest chapters of the story are unknown and the later ones

are incomplete.

ARCHEOZOIC ERA

There are at least two reasons why the earliest chap-

ters of the history of life on this planet are unknown. In the first place, the

earliest forms of life probably lacked those "hard parts" which we have

seen to be most readily preserved as fossils (Chap. 7). Viruses, bacteria,
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most one-celled plants and animals, and most coelenterates (e.g., jelly-

fishes) are notably lacking in structures likely to be preserved as fossils.

Some or all of these are the forms we should expect to have been present in

the early days of life on the planet. In the second place, most of the

Archeozoic rocks were later subjected to metamorphism; hence most fos-

sils present were destroyed (p. 135). As noted previously, however, fossils

of algae have been found in rocks approximately 2600 million years old

(p. 138 ). Since these simple plants doubtless possessed the power of photo-

synthesis (p. 84), this method of capturing energy from the sun and utiliz-

ing it in synthesis of organic compounds has existed on the earth for over

two billion years (Briggs, 1959).

In addition to these fossils, indirect evidence that life was present in

Archeozoic oceans is furnished by deposits of graphite in rocks of this era.

Graphite, the "lead" of our pencils, is composed of carbon, as is coal. In

later periods of earth history deposits of carbon in the form of graphite and

coal represent the remains of vegetation. Accordingly we may reasonably

conclude that Archeozoic graphite was also derived from simple plant life,

probably in the main from algae.

The presence of iron ore in Archeozoic rocks is also sometimes considered

evidence of the existence of life, since iron ore frequently represents the

result of bacterial action. Since, however, iron ore may be deposited by

processes that do not involve the action of living things, the evidence here

is not so conclusive as it is in the case of graphite.

Limestone in deposits of this era may also have been derived from living

organisms. The fossils of algae, mentioned above, are of this nature. Some

of the limestone deposits from later periods represent the massed shells

of such protozoans as foraminiferans and the skeletons of such coelenter-

ates as corals. Yet some limestone is of inorganic origin and hence the

mere presence of limestone does not prove that life existed at the time the

deposit was formed.

PROTEROZOIC ERA

Like rocks of the preceding era, many Proterozoic rocks

were subjected to metamorphism, with consequent destruction of any fos-

sils they may have contained. Since there are, however, large deposits of

unmetamorphosed Proterozoic rocks, the scarcity of fossils in the latter is

somewhat surprising. The most abundant fossils from this era consist of

globular masses of limestone representing the remains of colonies of

algae. Many of these deposits are of large size, analogous in numerous

ways to the coral reefs in our present oceans.
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Animal fossils from this era are conspicuous by their rarity. Fossils of

radiolarians and foraminiferans (protozoans which secrete shells of silica

and calcium carbonate, respectively) have been reported, as have also

fossils of brachiopods (see p. 147), the spicules of sponges, and even the

impression of a jellyfish. While there is every reason to expect that such

animals would have been living in Proterozoic oceans, confirmation of the

reported fossils themselves seems to be lacking, in some cases at least.

The fossils most generally accepted as derived from a Proterozoic ani-

mal consist, not of the remains of the animals themselves, but of casts of

the homes of the animals. In the bottoms of shallow portions of modern

oceans annelid worms, marine relatives of our common earthworm, live in

burrows. These burrows are not temporary affairs like the tunnels of earth-

worms but have definite walls secreted by their inhabitants. Casts which

seem to have been formed in burrows of this type are found in Proterozoic

deposits.

If we are correct in interpreting the Proterozoic worm burrows as evi-

dence that annelid worms existed in this era, we must conclude that much

evolution had occurred prior to this time. Annelid worms are placed well

up in the scale of invertebrate animals. They have considerable complexity

of structure. Evidently, therefore, an extensive evolutionary history lead-

ing up to them must have taken place prior to and during the Proterozoic

era. Unfortunately a fossil record of that history was for the most part

never formed or has been irrecoverably lost. This statement applies equally

to the other phyla of invertebrates. Yet although fossil remains of them

are so scanty it is likely that most of the invertebrate phyla were repre-

sented in late Proterozoic seas. One reason for thinking so lies in the wealth

of invertebrate life found in the seas of the next era.

PALEOZOIC ERA

The beginning of the Paleozoic era is known to us from

the earliest deposits bearing abundant fossils. It will be noted (Table 7.1,

p. 137), that this era is much the longest of the ones following the Protero-

zoic, and that it is divided into seven periods, of which the Cambrian is

the first or oldest.

Cambrian Period

Between the rocks remaining to us from the Proterozoic era and the first

ones representing the Cambrian period occurs a gap in the geologic record
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representing in all probability a lapse of many millions of years. In view

of these lost chapters in the record we need not be surprised that the story

of animal evolution does not commence in the Cambrian where it left off

at the end of the Proterozoic era. In place of the paucity of fossils char-

acteristic of Proterozoic rocks we find in Cambrian deposits abundant fos-

sils, particularly in the later deposits of the period. Cambrian oceans

teemed with a wide variety of invertebrates.

One reason for the increase in completeness of record may lie in the fact

that in the interim between Protero-

zoic and Cambrian, animals possess-

ing hard parts (shells and exoskele-

tons) increased greatly in numbers.

Brachiopods constituted an impor-

tant portion of the Cambrian fauna.

These animals are enclosed within

shells consisting of two portions or

valves. Unlike the shells of bivalve

molluscs, such as clams, the two

valves are unequal in size (Fig. 8.1).

Molluscs themselves are represented

in Cambrian seas by a few snails and,

near the close of the period, rare

cephalopods (p. 151).

Worm burrows, recalling those of

the Proterozoic, are abundant in

some Cambrian deposits.

The dominant animals in the Cam-

brian seas were the trilobites, consti-

tuting some 60 percent of the known

inhabitants of those seas. They were small animals for the most part,

ranging between one and four inches in length, the giant among them being

18 inches long. The examples presented in Fig. 8.2 are typical. Fig. 8.3

shows a trilobite with such structures as antennae and appendages restored

to the appearance presented in life.

The first thing to note about trilobites is that they are members of Phylum

Arthropoda, to which such creatures as lobsters, crayfishes, spiders, and

insects also belong. The general similarity to a lobster, for instance, is evi-

dent in the shell-like exoskeleton, the segmented body, and the jointed ap-

pendages. Arthropods form the "highest" (most complex and specialized)

phylum of invertebrates. Thus in the first geologic period that we know

FIG. 8.1. Brachiopods, attached to

rocks by their pedicles. Note the larger

size and difPering shape of the half-

shell pierced by the pedicle. (Mainly

after Dunbar, Historical Geology, John

Wiley & Sons, Inc., 1949.)
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from adequate fossil material the highest invertebrate group of animals is

represented. This fact indicates that a great proportion of the evolution of

invertebrates had already occurred, although our records of its history

are almost entirely lacking. Since trilobites appeared on the scene with

such apparent abruptness their origin is uncertain. It seems reasonable to

believe that they evolved from annelid worms, the other great group of in-

vertebrates having segmented bodies. Evidence that annelid worms were

present in the Proterozoic will be recalled.

FIG. 8.2. Typical Cambrian trilobites. (Reprinted by permission from Textbook of

Geology, Part II, Historical Geology, by Louis V. Pirsson and Charles Schuchert, pub-

lished by John W\\ey & Sons, Inc., 1915, p. 595.)

Our knowledge of life in Cambrian seas would be confined almost ex-

clusively to shells and exoskeletons were it not for a most fortunate and

unusual fossil discovery in the Burgess shale of British Columbia. The fos-

sils consist of thin carbon films (see p. 129) showing in amazing detail the

structures of the animals from which they were formed. Both hard and soft

parts are shown by these carbonaceous films. Among the remains are trilo-

bites preserved with their limbs and antennae, dehcate arthropods Hke the

modern brine shrimp, annelid worms complete with setae (bristles) and

details of the internal organs, sponges, and such soft-bodied creatures as

jellyfish. One of the most interesting members of the assemblage is an

onychophoran. The onychophorans are peculiar, wormlike arthropods ex-

emphfied by the modern Peripatus (Fig. 8.4). Their particular interest
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oippendoige

FIG. 8.3. Trilobite anatomy. (After Beecher.)

lies in the fact that they combine characteristics of arthropods with those

of annehd worms. Thus they strengthen the evidence that arthropods

evolved from annelids. Hence the finding of onychophorans living as con-

temporaries of the first arthropods (trilobites) is of much interest.

Thanks to the rare fortune of the Burgess shale fossils we know that the

Cambrian seas supported a wealth of invertebrate life of kinds not ordi-

narily preserved as fossils. Perhaps we should have inferred that this world

of soft-bodied marine animals existed, but certainty is more satisfying than

inference.

In conclusion we note two general facts about Cambrian animals. They

all lived in the ocean; none were land dwellers. They were all inverte-

brates; no representatives of Phylum Chordata, comprised of the verte-

brates and their kin, were present at this stage in the world's history.

The Cambrian was a very long period, even for a geologic period. It is
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FIG. 8.4. Peripafus, an onychophoran.

variously estimated to have been of 60 to 100 million years in duration.

Comparison of earlier Cambrian fossils with later Cambrian fossils reveals

the fact that much evolutionary change occurred during the course of this

long period.

Ordovician Period

The oceans continued to support varied invertebrate life. Space will per-

mit us merely to note changes which occurred in that fauna as time

went by.

The first corals appeared among the coelenterates in the Ordovician pe-

riod. We noted above evidence that jellyfishes were present in the Cam-

brian period. Apparently, however, no coelenterates in that period de-

veloped the ability to secrete calcium carbonate, thereby forming what is

for the coral animal at once its skeleton, its apartment house, and its

memorial monument. Each of the pits or hollows on the surface of a piece

of coral represents the point of attachment of a tiny sea anemone-like coral

animal (Fig. 8.5). One generation builds upon the foundations laid down

by its predecessors. Hence coral rock, built up at times into great reefs in

the ocean, is the result of cooperative action of countless hordes of

coelenterates over great periods of time. Much limestone originated in this

way.

Colonial animals called graptolites were a most characteristic feature of

the oceans during this period (Fig. 8.6). Small forms without means of lo-

comotion, they achieved world-wide distribution through the action of

ocean currents, in which they floated. They are now regarded as Hemi-

chordates, members of the subphylum to which Balanoglossus belongs

(Fig. 5.5, p. 101). Hence they were among the first known representatives

of Phylum Chordata.

Phylum Echinodermata came into prominence at this time. This spiny-

skinned tribe was represented only by tiny cystoids in the Cambrian; in the

Ordovician crinoids and even a rare starfish appeared. Crinoids or sea
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FIG. 8.5. Coral. A, coral animals (polyps) seen from above, and, at left, the empty

cups remaining after their death. B, coral polyps of a species suggestive of Hydra, a

free-living coelenterate (Fig. 4.15, p. 71).

lilies look not unlike flowers growing in the ocean (Fig. 8.7). The stem or

stalk attaching the creature to the ocean floor is composed of piled rings

fastened together. These rings, freed by disintegration of crinoid stems, are

immensely abundant in many Ordovician rocks.

Brachiopods continued abundant throughout the Ordovician. Snails,

relatively rare in the Cambrian, became abundant in Ordovician oceans.

Among the molluscs the greatest prophecy of things to come was pre-

sented by the occurrence of cephalopods.

Cephalopods are the group of molluscs to which squids, octopi, and

nautili belong. The chambered nautilus (Fig. 8.8) of our modern oceans

presents a structure not unlike that of its Ordovician ancestors. The animal

itself is soft-bodied and unsegmented; it possesses a pair of eyes and a

cluster of extensible, sucker-bearing arms or tentacles around the mouth.

As shown in the figure, the animal lives in the outermost compartment of

its tapered shell. When it grows it moves outward, adding to its shell and

secreting behind it a wall or septum. Thus the shell eventually consists of a

series of chambers or compartments, evidence of successive stages in the

growth of the animal (Fig. 8.8). Where each septum joins the side wall of

the shell a line of attachment, called a suture, is formed. In the earliest
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FIG. 8.6. Graptolite colony. (After Bossier.)

cephalopods the suture lines were smooth curves (Fig. 8.8). In later pe-

riods cephalopods having suture lines following complex configurations

were found, as noted below. Cephalopods having smoothly curved suture

lines are called nautiloids. Interestingly enough, both our modern

nautili and these earliest cephalopods were of this type. The principal dif-

ference between the shells of Ordovician nautiloids and those of their

modern descendants relates to the coiling of the shell. Some of the Ordovi-

cian cephalopods had straight shells (Fig. 8.9), others were loosely coiled,

while still others were closely coiled like those of modern nautili. In Fig.

8.9 the smooth sutures are visible in places where the outer surface of the

shell has been chipped away. Cephalopods included the largest animals

living in Ordovician seas; some of the straight-shelled forms reached a

length of 15 feet.

Many other invertebrates were present in the Ordovician. Among them

were the bryozoans, lowly animals which have constituted an important

agent of limestone formation in oceans ever since their first appearance.

Among the other invertebrates we should not forget the trilobites, which

as in the Cambrian formed an important constituent of the fauna, the great

variety of forms suggesting adaptations to many conditions of aquatic life.
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Ostracods, tiny crustaceans enclosed in bivalved shells, first appeared in

this period.

The most portentous occurrence in the Ordovician was the appearance

of the first vertebrate members of Phylum Chordata. Bony scales have

been found in deposits of this period,

indicating the presence of armored

vertebrates. We have no further knowl-

edge concerning the possessors of these

scales but they may have been ancestral

to ostracoderms, jawless fishes, whose

remains are found in Silurian deposits.

Silurian Period

During the Silurian period some of

the invertebrate groups previously pres-

ent expanded greatly in numbers of

kinds and of individuals while other

groups declined. Of the groups which

expanded we may mention the corals,

the brachiopods, and the crinoids, all of

which were extremely abundant. Grap-

tolites, on the other hand, had declined

from their abundance in Ordovician

seas, and trilobites also were beginning

to decline. Some of the Silurian tri-

lobites developed quite bizarre shapes

and spines (Fig. 8.10). This type of

specialization is frequently ascribed to

racial "senescence" or "old age." Ap-

parently it forms one indication that a

group has become highly specialized for

a particular mode of life and has corre-

spondingly lost that plasticity which

would enable it to adapt to other modes of life should conditions change.

The spines in this instance may have served for protection from predators,

if there were any present capable of preying on trilobites.

The most characteristic invertebrates of Silurian times were the euryp-

terids or "sea scorpions" (Fig. 8.1 1 ) . They were a group of arthropods that

had made a small beginning in the Cambrian but did not constitute an im-

FIG. 8.7. A simple crinoid.
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suture
septum

FIG. 8.8. Pearly nautilus, with shell cut longitudinally to show internal chambers.

(After Hancock.)

portant feature of the fauna until the Silurian. These remarkable arthro-

pods were small for the most part, though one had a body length of 7 feet

and was probably the largest arthropod that ever lived.

Closely similar to eurypterids in many ways, and probably descended

from them, were scorpions not unlike those of the present day (Fig. 8.12).

These and millipedes existing at the time may have been terrestrial,

thereby earning the distinction of being the first known animals to live on

land. The evidence is inconclusive, however. Similarly, evidence is inde-

cisive as to whether or not terrestrial plants existed at this time, though

their occurrence seems not unlikely in view of the great numbers of them

found in the next period. From our earlier discussion of the dependence of

animal life upon plant life (p. 84) it will be evident that no considerable

development of terrestrial animals could be expected prior to development

of terrestrial plants.

Vertebrates are represented in Silurian deposits by remains of osfraco-

derms. These were little creatures with jawless mouths, their nearest mod-

ern relatives being lampreys and hagfishes. They became much more

abundant in the next period. Placoderms, the first fishes possessing jaws,

were probably also present at this time (see p. 156).
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Devonian Period
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As intimated above, terrestrial plants were abundant in the Devonian

period. Some of these displayed the interesting transitional stages by which

water-dwelling plants were

able to make the change to life

in the air. Forests of seed ferns

existed at this time, some of

the individual plants reaching

a height of over 40 feet and

having a trunk diameter of 3

feet.

Remains of terrestrial ani-

mals are relatively few. Several

species of spiders, a mite, and

the first air-breathing snails

are included in the group, as

are also the first terrestrial

vertebrates, the primitive am-

phibians known as labyrintho-

donts, to be discussed more

fully later.

Invertebrate marine life

continued abundant. Brachio-

pods reached their zenith; cor-

als and crinoids occurred in

profusion. Trilobites, on the

other hand, continued to de-

cline. Doubtless they were the

prey of cephalopods and fishes.

In addition to nautiloids,

cephalopods were represented

by a group in which the suture

lines (p. 151) presented a

wavy or "loop-and-saddle" ap-

pearance (Fig. 8.13). These

were the first ammonites, a group which underwent extensive development

in later periods.

The Devonian is frequently called "the age of fishes." We have noted

that ostracoderms were found in the Silurian, and may have originated in

FIG. 8.9. Ordovician nautiloid cephalopods.

(Reprinted by permission from Textbook of

Geology, Part II, Historical Geology, by Louis V.

Pirsson and Charles Schuchert, published by

John Wiley & Sons, Inc., 1915, p. 626.)



FIG. 8.10. Silurian trilobites. (Reprinted by permission from Texf-

book of Geology, Part II, Hisforical Geology, by Louis V. Pirsson and
Charles Schuchert, published by John Wiley & Sons, Inc., 1915,

p. 667.)

FIG. 8.11. Silurian eurypterid. 1, dorsal view. 2, ventral view. (Re-

printed by permission from Textbook of Geology, Part II, Hisforical

Geology, by Louis V. Pirsson and Charles Schuchert, published by

John Wiley & Sons, Inc., 1915, p. 675.)
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the Ordovician. Much more complete remains of them are found in De-

vonian deposits (Fig. 8.14). Like modern cyclostomes (lampreys and hag-

fishes) they had mouths without jaws, and they had no paired fins. Some

of them had a pair of movable flippers attached just behind the head but

these did not correspond to the pectoral fins of true fishes. The name
"armored fishes'' is based on the armor plate of fused scales covering the

head and part of the body. This armor may have served as protection from

predatory eurypterids (Romer, 1959) or it may have served to reduce the

amount of body surface exposed to unfavorable osmotic action.

FIG. 8.12. Scorpions of Silurian age. A, dorsal view of

one species; B, ventral view of another. (After Pocock; re-

printed by permission from Textbook of Geology, Part II,

Historical Geology, by Louis V. Pirsson and Charles Schu-

chert, published by John Wiley & Sons, Inc., 1915, p. 670.)

Ostracoderms were the forerunners and probably the ancestors of higher

types of fishes which appeared in the Devonian. Among these were the

placoderms (Fig. 8.15), the first fishes to possess jaws. The term "placo-

derm" as used here includes the acanthodians, which are sometimes re-

garded as a separate group. Placoderms form a varied assemblage but the

anatomy of some of them suggests that they were the ancestors of two

great groups of fishes appearing about this time: ( 1 ) Chondrichthyes, fishes

with cartilaginous skeletons, such as dogfishes and sharks; and (2) Oste-

ichthyes, fishes with skeletons composed mainly of bone, such as sturgeon,

gar pike, trout, salmon, perch, bass, tuna.
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An aberrant group of placoderms was noteworthy for producing the

largest animal of the time, Dinichthys ("terrible fish"). This somewhat

sharklike animal reached a length of 20 or 30 feet. It appears to have in-

habited brackish and salt water. The head and forepart of the body were

covered with armor; the armor

plates covering the jaws took the

place of teeth in forming a shear-

ing device.

We have noted that Chondrich-

thyes (sharks and dogfishes) have

skeletons of cartilage. Conse-

quently prehistoric representatives

are known mostly from such hard

parts as teeth, spines, and scales.

In the case of Cladoselache (Fig.

8.16), however, we are more for-

tunate; the outline of the body and

some details of skin and muscles

were preserved in the fossilization.

Turning to the Osteichthyes, we

note that they are commonly di-

vided into two subclasses. Subclass

FIG. 8.13. Devonian ammonites (goniatites)

showing wavy suture lines. (Reprinted by

permission from Jexibook of Geology, Pari

II, Hisforical Geology, by Louis V. Pirsson

and Charles Schuchert, published by John

Wiley & Sons, Inc., 1915, p. 709.)

Actinopterygii (ray-finned fishes)

includes most of the forms we are familiar with as food and sport fishes.

Subclass Sarcopterygii (Romer, 1959) (fleshy-finned fishes) includes the

lungfishes (Dipnoi) and the Crossopterygii, a group represented by the an-

cestors of the first amphibians and by the coelacanth fishes. (The Sar-

copterygii are often called Choanichthyes, meaning the fish with nostrils, but

since coelacanths lack internal nostrils the name is not particularly appro-

priate.) Because of their ancestral position, the Crossopterygii (lobe-finned

fishes) are of particular interest to us. Each pectoral and pelvic fin had a

thickened, fleshy base (Fig. 8.17). Within these fleshy bases in such a spe-

cies as Eusthenopteron were skeletal elements capable of developing into

the stiffening supports for limbs of terrestrial vertebrates (Fig. 8.18).

Crossopterygians, like lungfishes and like some modern actinopterygians

such as the gar pike, had air bladders connected to the pharynx. Such a

connection makes possible filling of the bladder with air from the exte-

rior. Thus, gar pikes and some modern lungfishes, when the surrounding

water becomes stagnant and unfitted for respiration by means of gills,

rise to the surface and gulp in air. Their air bladders function as lungs.
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Accordingly we see that Crossopterygii of Devonian times possessed a

mechanism capable of developing into the respiratory system needed by

terrestrial vertebrates—an example of preadaptation (pp. 12-16). In

CEPHALASPIS -

AN OSTRACODERM

FIG. 8.14. An ostracoderm (armored fish), Cephalaspis; length one foot or less. (By

permission from Comparative Anatomy, by Neal and Rand, p. 24. Copyright, 1936.

McGraw-Hill Book Company, Inc.)

many of the modern bony fishes, on the other hand, the air bladder has no

opening to the pharynx; gas pressure in the bladder is regulated through

action of the blood system. Thus the bladder serves as a swim bladder, a

FIG. 8.15. A plocoderm (acanthodian) fish (Climatius) from the De-

vonian; length about 3 inches. (From Romer, Vertebrate Paleontology,

University of Chicago Press, 1 945, p. 41 .)

hydrostatic organ enabling the fish to adjust to varying pressures at dif-

ferent depths.

Ancestral crossopterygians also shared with lungfishes another feature

useful for respiration in air. The external nostrils, instead of opening into

blind pouches as they do in most fishes, connected to openings in the roof
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of the mouth. Thus terrestrial descendants of the Crossopterygii could

breathe through the nose, with the mouth closed.

The nearest living relative of these ancestral crossopterygians is the

coelacanth fish, Latimeria, discovered in 1938. Previously the coelacanths

were known only from fossils; they were thought to have become extinct

FIG. 8.16. A Devonian shark, Cladoselache; length about 3 feet.

at the close of the Cretaceous period. Then in the winter of 1938-1939 a

specimen was caught off the coast of South Africa. Intensive search for

other specimens was fruitless at first, but since 1952 several specimens

have been obtained near the Comoro Islands off Madagascar. The drama

of discovery connected with the first and second specimens makes a fasci-

nating story as told by the scientist most concerned, Dr. J. L. B. Smith

FIG. 8.17. Crossopterygian fish, Eus/fienopferon; length about 2 feet. (Reprinted by

permission of the publishers from Percy Edward Raymond, Prehistoric Life, Cambridge,

Mass.: Harvard University Press, 1939, p. 98.)

(1956). The modern coelacanth differs from ancestral lobe-finned fishes by

having only a vestige of an air bladder (Millot, 1954), and no internal

nostrils. Yet the creature is of great interest because of the strong possi-

bility that it has retained many primitive characteristics of tissues and in-

ternal organs, and hence may give us clues as to the nature of these features

in the ancestral Crossopterygii. The lobe fins are of especial interest; they

have complex musculature, and observation of living specimens indicates

that the fins are capable of a great variety of movements (Millot, 1955).
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"It is plain that the fish can crawl about, in the water at least" (Smith,

1956).

The Crossopterygii gave rise to the first amphibians, the labyrinthodonts.

A few remains indicate that the transition occurred in the Devonian.

These first amphibians were long-bodied, weak-limbed creatures, some-

what "lizardlike" in appearance (Fig. 8.19). The lobe fins inherited from

their crossopterygian ancestors had been transformed to serve as supports

for the body in a medium, air, which did not buoy up the body as had

cleiihrum

/Scapula

scapula

FIG. 8.18. Skeletal elements in the fin of the crossopterygian fish, Eusfhenopteron (left),

and in the limb of the Paleozoic amphibian, Eryops (right). H, humerus. R, radius. U,

ulna. (After Gregory; by permission from General Zoology, by Storer, p. 201. Copyright,

1943. McGraw-Hill Book Company, Inc.)

the water of the old environment. Fig. 8.18 shows the skeletal elements

in a typical crossopterygian fin and in the hmb of an early amphibian.

We may note in passing that the idea that Devonian Crossopterygii

used their fins to crawl out on land does not seem improbable in view of

the nature of the coelacanth fins and the fact that in certain parts of the

world today some fishes (e.g., "climbing perch") use their fins in just this

manner, even climbing trees in search of insects.

The air bladder, inherited by amphibians from crossopterygian ances-

tors, served as simple lungs, and, as we have seen, the nostrils were ar-

ranged to permit breathing with the mouth closed.

The labyrinthodonts retained many features of their crossopterygian an-

cestors. Their name refers to a complicated pattern of infolding which char-

acterized the arrangement of the enamel of the teeth. A similar arrange-

ment characterized the enamel patterns of crossopterygian teeth. The
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dorsal surface of the skull of labyrinthodonts was composed of a mosaic

of small bones fitted together edge to edge. The first diagram in Fig. 3.6

(p. 31) represents this mosaic pattern. These bones correspond in detail

to the bony plates covering the heads of the Crossopterygii (Fig. 8.17).

These and other similarities cannot be mere coincidence; they leave no

doubt that amphibians arose from Crossopterygii.

Although these first amphibians possessed many preadaptations for life

in the air, it is likely that most of them spent the greater portion of their

lives in the water, as many amphibians do to this day (Romer, 1959). They

had one great advantage over most fishes, however: they could leave the

FIG. 8.19. A labyrinthodont amphibian, Diplovertebron; about 2 feet long. (Reprinted

by permission of the publishers from Percy Edward Raymond, Prehistoric Life, Cambridge,

Mass.: Harvard University Press, 1939, p. 111.)

water when necessity arose. Under what conditions would it have been

desirable to do so? Apparently they did not leave to escape predatory ani-

mals. In their fresh-water environment the ancestors of amphibians were

the largest animals present. Abundant food supply on land can hardly have

been the explanation since these animals were carnivorous, and prospec-

tive prey in the form of animals living on land was, as we have seen,

much less abundant than was prey living in the water. The most generally

accepted answer to the question is based on the idea that the ancestors

of amphibians lived in pools that dried up periodically, as do the pools

in which some lungfishes live today. Under conditions of overcrowding in

stagnant water, followed perhaps by complete evaporation of that water,

a premium would be placed on being able to breathe air directly and to

move about on land, perhaps at first in search of a neighboring pool

having better living conditions. Animals able to survive such stringent

conditions were on their way to becoming true land dwellers. Thus, as so

often happens, progress occurred under the lash of adversity.
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We may note that amphibians have never completely conquered the ter-

restrial environment. Their method of locomotion on land is inefficient.

They are not provided with skins which prevent undue loss of water from

the body by evaporation. And perhaps most important of all, most of

them must return to the water to lay their eggs. A few have developed a

variety of expedients to avoid returning eggs to the water, but none of

these expedients hold promise of general usefulness, as did the method

developed by the first reptiles (pp. 168-169).

In the water amphibian eggs develop much as do fish eggs, and the

aquatic larvae, "tadpoles," have many of the characteristics of fishes, thus,

incidentally, affording an example of recapitulation (p. 50). Interestingly

nostril

adhesive
gil[s organ

FIG. 8.20. Amphibian tadpole exhibiting external gills.

enough, the "external gill stage" of an amphibian larva (Fig. 8.20), the

stage in which branching, frondlike gills project laterally from the surface

of the head, is similar to stages in the development of some modern

remnants of ancient groups of fishes: Polypterus, and some of the Dipnoi,

lungfishes. If we ever learn of the larval development of the Crossopterygii

we shall probably find that the latter had an "external gill stage" too.

Mississippian Period

The Mississippian period and the one following it have frequently

been regarded as subdivisions of one period called Carboniferous. The

Mississippian period is frequently called Lower Carboniferous, the Penn-

sylvanian period Upper Carboniferous. The name "Carboniferous" re-

fers to the formation of coal. In the Mississippian, however, little or no

coal was formed.

Extensive limestone deposits of this period were formed principally, not

from coral reefs, for corals were relatively scarce, but from vast num-
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bers of foraminiferans and crinoids. Crinoids reached the peak of their

development in the seas of this period. Brachiopods having long spines

radiating from their shells were also characteristic of these seas. Trilobites,

on the other hand, were rare. Their continued decline may be explained

in part by the presence of some 300 species of sharks having flat, "pave-

ment" teeth adapted for crushing the shells of molluscs and arthropods.

Fossils of terrestrial life of the time are relatively few in deposits re-

maining to us. Skeletons of small, salamanderlike amphibians have been

found, as have casts of amphibian footprints.

Pennsylvanian Period

The great coal deposits remain to us as memorials of the Pennsylvanian

period. Vast expanses of lowland were for long periods of time but slightly

elevated above sea level, and hence were perennial swamps. In these

swamps, encouraged by a mild climate, flourished luxuriant plant growth

whose carbon later became fossilized as coal. A Pennsylvanian forest

would have looked strange indeed to modern eyes. Deciduous trees, the

type most familiar to us, were lacking, as were true conifers, although a

forerunner of the latter having bladelike leaves was found. The least

strange plants would have been the ferns, though we are scarcely accus-

tomed to the sight of ferns with fronds 5 or 6 feet long and trunks 50 feet

high. Otherwise the plant life was quite unlike anything which meets our

eyes. The largest trees, and among the most common ones, were the scale

trees, so cafled because the surface of the bark had a pattern resem-

bling the pattern of scales on a snake's skin. The patterning was produced

by scars left by the bases of closely set leaves. Trunk diameters of 6 feet

and heights of 100 feet were found. Vast canebrakes of scouring rushes,

similar to their modern relative Equisetum ("horsetails") but reaching

heights of one hundred feet, added to the luxuriant plant growth destined

for conversion into coal.

Insect life flourished. Predecessors of the Pennsylvanian insects are still

unknown. Future discoveries may help to fill this gap in our knowledge, re-

vealing the ancestry and early evolution of the group. Most of the Penn-

sylvanian insects were of archaic types not now living, though one struck

a distinctly modern note: the cockroach (Fig. 8.21 ). Although cockroaches

constitute only about 1 percent of modern insect faunas, they formed about

60 percent of insects living in Pennsylvanian times. Some reached a length

of 4 inches. They were strikingly similar to their modern descendants in

structure. It is a remarkable fact that while some animals are undergoing
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great evolutionary changes others continue virtually unchanged for mil-

lions of years. Dynasties of animals wax and wane, but the cockroach

goes on forever.

Large size characterized many Pennsylvanian insects. Thus one of a

group of insects closely resembling modern dragonflies had a wingspread

of about 34 inches, making it the largest insect ever recorded.

Aside from cockroaches the most numerous insects were of a group now

extinct, the Paleodictyoptera (Fig. 8.21). These insects are of interest as

the ancestors of all other winged insects.

FIG. 8.21. Pennsylvanian insects. Paleodictyoptera (upper,

and lower right). Cockroach (lower left). (Reprinted by per-

mission from Textbook of Geology, Part II, Historical

Geology, by Louis V. Pirsson and Charles Schuchert, pub-

lished by John Wiley & Sons, inc., 1 91 5, p. 752.)

We recall that amphibians first appeared during the Devonian period,

apparently having evolved from crossopterygian fishes (pp. 159-163). We
have noted that these early amphibians were of a group known as laby-

rinthodonts (sometimes called Stegocephalia). The Pennsylvanian period

saw expansion of this group, some eighty-eight species being known. Some-

what lizardlike in appearance, the labyrinthodonts had relatively large

heads, which were frequently broad and flat (Fig. 8.19). A third or pineal

eye commonly occurred between, and slightly behind, the more usual pair.

This was evidently another inheritance from crossopterygian ancestry.

Limbs were short, extending laterally from the body (Fig. 8.19) and form-
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ing a rather inefficient locomotor apparatus wherein an undue proportion

of muscular energy was expended in raising the body off the ground. This

inefficiency was probably mitigated by the fact that labyrinthodonts

spent a great portion of their lives in the extensive swamps of the period,

where water supported much of the weight of the body. Many of these am-

phibians were small, only a few inches long. At the other extreme were

animals about 1 feet long, and one, known only from its footprints, which

probably weighed at least five or six hundred pounds.

The first reptiles appeared in the Pennsylvanian period. Since fossils of

reptiles are exceedingly rare in deposits of the period we shall postpone

further discussion of them until our consideration of the next period, the

first period having reptiles as prominent members of the fauna.

Permian Period

The marine animals of the Permian period were similar to those of the

two preceding periods, though changes were occurring gradually. The cri-

noids, for example, which had reached a peak of abundance in the Mis-

sissippian, had become relatively rare by Permian times. The close of the

period saw the last of the trilobites. When the curtain had arisen on the

Paleozoic era some 300 million years previously the trilobites had occupied

the center of the stage, dominating the scene. It is perhaps fitting that their

extinction marked the closing act of the Paleozoic drama.

Brachiopods, particularly spiny-shelled ones mentioned as abundant in

Mississippian seas, continued as prominent members of the marine fauna

in the Permian but declined markedly by the end of that period, many

forms becoming extinct.

Contrariwise, the cephalopods with wavy and contorted suture lines, the

ammonites, underwent progressive evolution during the Permian. Many

new forms appeared, foreshadowing the great expansion of this group dur-

ing the following era.

Turning to life on land, we find that the plants characteristic of the

Pennsylvanian period lived on into the Permian. As the period advanced,

however, the extensive swamps basking in mild climate disappeared

from large portions of the earth. More arid conditions arose, accompanied

by cold in winter. In widespread regions of the Southern Hemisphere ex-

tensive glaciers were formed. Thus the luxuriant vegetation of the coal de-

posits was replaced by hardier plants over much of the earth. True co-

nifers became the leading type of forest tree.

Permian insects were quite unlike those of the preceding period. They
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averaged smaller in size; cockroaches formed a decreased proportion of

them. New orders appeared: mayflies, dragonflies, beetles, among them.

Labyrinthodont amphibians continued as inhabitants of moister portions

of the environment. Deposits containing their fossils indicate that as the

country became more arid they concentrated their habitations in and

around rivers and streams. Although a variety of forms appeared, the gen-

eral description given above continued to characterize the group.

The most exciting occurrence in the Permian was the progressive devel-

opment of reptiles. Although, as we have seen, they arose in the Pennsyl-

vanian period, it was not until Permian times that reptiles formed a

prominent part of the vertebrate fauna. The first reptiles were the coty-

losaurs. In shape and bodily characteristics cotylosaurs closely resembled

labyrinthodont amphibians (Fig. 8.22). In fact the resemblance was so

FIG. 8.22. A Permian cotylosaur reptile, Limnoscelis; length about 5 feet. (Romer,

1959, considered that this creature was amphibious and had webbed feet.) (After Case,

Publicafion No. 207, Carnegie Institution of Washington, 1 91 5.)

great that concerning one creature living at the time, Seymouria (Fig.

8.23), there is still uncertainty as to whether it was a reptilelike amphibian

or an amphibianlike reptile. Concensus leans toward the latter interpreta-

tion today. Its skull was much like that of the labyrinthodonts but many

features of the remainder of its skeleton resembled those of primitive rep-

tiles. If we knew what kind of an egg it laid (see below) we could be

more certain as to whether it was an amphibian or a reptile. But our chief

interest lies in the fact that the existence of such a form demonstrates

the close relationship of labyrinthodonts to cotylosaurs. Cotylosaurs are

believed to have arisen from labyrinthodonts.

Did the first reptiles live in the water or on land? Romer ( 1959) has con-

cluded that they spent most of their lives in the water, as their amphibian

ancestors had done, but that unlike the latter they laid eggs on land, as

aquatic turtles do today. He pointed out the advantages of laying eggs on

land, especially lessened danger of having the eggs and young eaten by

predatory fishes, insect larvae, and the like, and lessened danger of de-
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struction through drying in a climate characterized by alternating wet and

dry seasons, as the latter part of the Paleozoic seems to have been. It is

interesting to note in this connection that many modern amphibians man-

age to lay their eggs on land, employing a variety of protective devices.

But none of these devices are as successful as the ones incorporated into

the reptilian egg.

FIG. 8.23. A Permian vertebrate, Seymouria, combining characteristics of both amphibi-

ans and reptiles; length about 20 inches. (Mainly after Case.)

This important change was made possible by enclosure of each egg

within a protective capsule containing enough nourishment to last the em-

bryo until it had reached a stage when, as a newly hatched young, it

could move about on land and secure its own food. Fig. 8.24 shows the

arrangements by which this result is achieved for bird embryos; the rep-

tihan egg is identical in its main features. The capsule mentioned is com-

posed of a shell and shell membranes; the shell of reptilian eggs is pliable,

in contrast to the brittleness of birds' egg shells. The embryo itself is en-

closed within a bladderlike membrane called the amnion. This serves as

a container for the amniotic fluid in which the embryo floats. The fluid

protects the embryo from mechanical injury and from drying. Thus the em-

bryos of reptiles and birds resemble those of fishes and amphibians in that

all develop while submerged in liquid. In the case of fishes and amphib-

ians the liquid is the water of streams and ponds; in the case of reptiles

and birds the liquid is the fluid bottled up within the amnion. One may
speculate that, since the embryos of ancestors had "formed the habit of"

developing in liquid, if descendants were to avoid laying their eggs in wa-

ter they would be under necessity of providing a substitute liquid in which

embryonic development could occur. Incidentally, we may here appropri-

ately recall the many respects in which the embryos of higher vertebrates

resemble the embryos of fishes (see Chap. 4).

The yolk of the reptilian or avian egg constitutes the store of food men-
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FIG. 8.24. Embryo of a bird, together with shell, shell membranes, and em-
bryonic membranes. (Drawn by Lyman S. Rowell.)

tioned above. Water for the needs of the embryo is present in the yolk

and also in the albumen ("white") of the egg. Early in development an

outgrowth from the body of the embryo surrounds the yolk with a yolk

sac. This, like the digestive system of which it is an outgrowth, is lined

with endoderm. The endoderm cells digest the yolk. The products of this

digestion are picked up by the blood, flowing in the network of blood ves-

sels which permeate the walls of the yolk sac, and transported to the em-

bryo as nourishment is needed.

Oxygen is another necessity for the embryo. Oxygen is abundant in the

air surrounding the egg, but a means must be provided for securing it and

transporting it to the embryo. The shell and shell membranes are suffi-

ciently porous to permit air to enter. The blood serves as agent of trans-

portation, in this instance through a network of blood vessels in the walls

of an embryonic membrane called the allantois (Fig. 8.24). Like the yolk

sac, the allantois grows out from the embryo; it spreads around underneath

the shell membranes, where blood in its blood vessels can pick up oxygen

from air diffusing through. Waste products of embryonic metabolism, prin-

cipally uric acid (p. 93), are stored in a portion of the allantois, to be

discarded when hatching time arrives.

Thus we see that by means of elaborate arrangement of shell, shell mem-
branes, yolk sac, amnion, and allantois, reptiles and their descendants the



170 INTRODUCTION TO EVOLUTION

birds avoided the necessity of laying their eggs in the water as their ances-

tors had always done. This was one of the greatest achievements in the

entire history of vertebrate evolution.

What other advances over their amphibian ancestors did the reptiles

achieve? Like amphibians, reptiles are "cold blooded," meaning that they

have but little ability to regulate their body temperature. Reptiles achieve

more of such regulation than do amphibians, but to a considerable extent

body temperature fluctuates with fluctuations of the surrounding tempera-

ture.

Most modern amphibians lack scales on their skin, while reptiles have

coverings of horny scales. This difference in body covering aids reptiles in

living in drier habitats than are possible for amphibians, since the scaly

covering decreases water loss by evaporation from the surface of the body.

It is noteworthy that when scales are present in amphibians, as they were

in labyrinthodonts and are in reduced form in the modern limbless caecil-

ians, they are of the bony type characteristic of fishes. Apparently such

scales were inherited from the crossopterygian ancestors of amphibians but

have been lost by most modern representatives of the latter. Horny scales

of the type characterizing the surface of reptilian skin formed a "new"

evolutionary development.

Reptiles have larger brains than have amphibians, the enlargement of

the cerebral hemispheres in particular forming a portent of better things

to come.

Reptiles differ from modern amphibians by having one occipital con-

dyle, the bony knob by which the skull is articulated to the first ver-

tebra of the backbone. Modern amphibians have two occipital condyles,

but labyrinthodonts had only one. Apparently, therefore, a single con-

dyle was the primitive condition, retained by reptiles but not by later

amphibians.

Reptiles are distinguished from amphibians by other differences in skele-

tal details, including number of joints characteristic of fingers and toes.

Nevertheless it is difficult to pick out one diagnostic characteristic by

which the anatomy of all reptiles differs from the anatomy of all amphib-

ians.

The cotylosaur reptiles are of greatest interest to us because they were

the ancestors of higher reptiles and, indeed, the distant ancestors of birds

and mammals. During the Permian and the early part of the Triassic (Ta-

ble 7.1, p. 137) the cotylosaurs and their immediate descendants formed

a diversified group of reptiles. A few Permian reptiles were surprisingly

specialized. One of the commonest, Dimetrodon, is sometimes called a
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"finback" because of the enormous elongation of the neural spines pro-

jecting up from its backbone (Fig. 9.3, pelycosaurs, p. 177). Too slender

to serve for protection, these spines apparently supported a membrane that

stretched down the back like an enormous fin. But of what use to a land

animal is a fin? Speculations are as varied as they are ingenious; perhaps

the best idea is that the membrane served in connection with control of

body temperature, since it presented a considerable area of skin to the

surrounding air. In another species each spine was provided with a series

of transverse "yardarms" somewhat after the manner of a mast on a square-

rigged sailing vessel, or of a telegraph pole.

Among the Permian reptiles a group of particular interest are the

therapsids, or mammal-like reptiles (Fig. 8.25). Although they formed a

FIG. 8.25. Skull of a therapsid reptile, Bauria, lateral view, a, angular;

d, dentary; /, lacrimal; m, maxilla; n, nasal; p, parietal; pm, premaxilla;

po, postorbital; prf, prefrontal; sa, surongular; sm, septomaxillary; sq,

squamosal. (After Broom and Boonstra; from Romer, Verfebrafe Paleon-

fology, University of Chicago Press, 1945, p. 289.)

diversified group, collectively the therapsids foreshadowed most of the dis-

tinguishing characteristics of the skeleton of mammals. While reptilian

teeth are typically simple cones, therapsids developed teeth resembling the

incisors, canines, premolars, and molars of mammals (Fig. 8.25). Like

mammals they developed two occipital condyles in place of the single con-

dyle possessed by other reptiles. Compared to other reptiles, they had a

smaller number of bones in the skull, approaching the mammalian num-

ber. The pineal opening, the site of the third or pineal eye in many rep-

tiles, had disappeared. The opening in the temporal region of the skull

posterior to the eye (temporal fossa) was arranged as it is in mammals,

and frequently the bony bar separating it from the orbit of the eye had

disappeared (Fig. 8.25), as it has in many mammals.
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The lower jaw of reptiles consists of several bones fastened together,

whereas the mammalian lower jaw consists of a single pair of bones, the

right and left dentaries. In therapsids the dentaries formed most of the

jaw, the other bones being reduced in size (Fig. 8.25). The secondary or

"hard" palate separating the mouth cavity from the nasal cavity above it

was present in therapsids, as it is in mammals. The limbs were developed

for better locomotion than characterized other reptiles, the body being

lifted higher from the ground and the limbs being placed more directly

beneath, instead of spread out at the sides as were the limbs of other

Permian reptiles.

In short, the Permian therapsids were acquiring the characteristics

which were to prove of such value to their descendants, the mammals.
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CHAPTER

EVOLUTION AS SEEN IN THE

GEOLOGIC RECORD:

MESOZOIC ERA

The 160 million years or more comprising the Mesozoic

era are sometimes called the "age of reptiles," since during this time the

group of reptiles called dinosaurs held undisputed sway over Uving things

on the surface of the earth, while other reptiles dominated the sea, and

still others the air. Instead of discussing each of the periods of the era

(Table 7.1, p. 137) successively we shall discuss Mesozoic life under four

main headings: (1) culmination of cephalopods; (2) evolution of dino-

saurs and their relatives; (3) origin of birds; (4) origin of mammals.

CULMINATION OF CEPHALOPODS

Ammonites

Ammonites were the dominant invertebrates of Mesozoic seas. We re-

call that they first appeared in the Devonian (p. 155), probably as de-

scendants of the nautiloids, which had existed from Ordovician times (p.

152). The nautiloids were characterized by straight or smoothly curved

suture lines, formed by junctures of the septa with the side wall of the

shell (Fig. 8.9, p. 155). Ammonites, on the other hand, had suture lines

of some complexity. The Devonian ammonites (goniatites) had suture

lines with a "loop-and-saddle" configuration (Fig. 8.13, p. 159). Their de-

scendants in later periods of the Paleozoic retained suture lines of com-

173
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FIG. 9.1. Ammonite shell, showing complex suture lines. (Courtesy of Ward's Natural

Science Establishment, Inc., Rochester, N.Y.)

parable complexity. The Mesozoic, however, saw an "outburst" of am-

monite evolution, accompanied by great increase in complexity of suture

lines. More than 6000 species of ammonites have been described from

Mesozoic deposits. Most of these were relatively small, with shell diame-

ters averaging not over 4 inches. Yet some Mesozoic ammonites attained

large size; shell diameters of 5 feet were not uncommon, and some species

were 10 feet in diameter.

For the most part each individual turn or volution of the coiled shell was

high and narrow in cross section. Lightness of structure characterizing

many ammonite shells suggests that their inhabitants were active animals,

perhaps good swimmers. A variety of knobs, spines, and ridges orna-

mented shells of a number of species. Many had a trap-door-Uke arrange-

ment (operculum) by which the opening of the shell could be closed when

the body and tentacles were completely withdrawn into the shell. But

in numerous ways the most remarkable feature of Mesozoic ammonites
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was the complexity of fluting of the margins of the septa. The intricacy

of these Hnes suggests the tracery of frost patterns on a windowpane, or

the outlines of a fern frond (Fig. 9.1).

The Jurassic period (Table 7.1, p. 137) saw the culmination of the am-

monites. They continued into the Cretaceous in diminished numbers. Dur-

ing the later stages of their evolution bizarre shell forms occurred. Some

shells showed a partial or complete tendency not to coil. Depending upon

the degree of this tendency, loosely coiled, bent, or straight shells resulted.

FIG. 9.2. Belemnite, restored; length 5 or 6 feet. (Mainly after Hussey, His-

iorical Geology, McGraw-Hill Book Company, Inc., 1947.)

Some shells showed coiling of the first portion to be formed, followed by

subsequent formation of a straight shell section. The tendency of any

group of animals to develop such an assemblage of bizarre and atypical

forms is sometimes called racial "old age" or "senescence" (p. 153). Term-

ing it so gives no adequate explanation for its occurrence, however. Yet

such diverse animals as trilobites, ammonites, and dinosaurs exhibited the

tendency. No ammonites survived the close of the Mesozoic.

We should note that the more conservative group of cephalopods, the

nautiloids, did not share the extinction of their relatives the ammonites.

We recall that the nautiloids were the first cephalopods to appear (p.
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152); they are still represented by a few species dwelling in modern seas,

including the pearly nautilus (Fig. 8.8, p. 154).

Belemnites

The modern squids and octopi had a host of Mesozoic relatives, the

belemnites. In general appearance they resembled the modern squid (Fig.

9.2). Their cigar-shaped internal skeletons are extremely abundant in

Mesozoic deposits. They ranged in length from a few inches to 5 or 6

feet. Fortunate occurrence of fossils having the outlines of the body indi-

cated by a carbonized film informs us that there were six tentacles and

that the latter were provided with hooks, in place of the sucking discs

possessed by modern squids. Remnants of the "ink" by means of which

belemnites, like modern squids, formed a "smoke screen" to facilitate es-

cape are preserved with rare fossils.

The internal skeletons of belemnites were divided into chambers sug-

gestive of those of the uncoiled nautiloids (Fig. 8.9, p. 155) that were prob-

ably their ancestors. There are indications that the internal skeleton was

a remnant of an external, chambered shell possessed by nautiloid, or pos-

sibly ammonoid, ancestors.

EVOLUTION OF DINOSAURS AND
THEIR RELATIVES

On preceding pages we have traced the rise of land-

dwelling vertebrates from crossopterygian fishes. We noted that the im-

mediate descendants of the latter were the labyrinthodont amphibians,

which, in turn, gave rise to the cotylosaur reptiles. All this occurred before

the beginning of the Mesozoic. As noted on page 170, cotylosaurs are im-

portant as the ancestors of higher reptiles (Fig. 9.3).

The cotylosaurs had skulls solidly roofed in the region back of the eyes,

the temporal region. From the cotylosaurs arose several lines of descend-

ants, each line characterized by presence or absence of one or both of

two openings in the temporal region: the temporal fossae. The Therap-

sida or mammal-hke reptiles have already been mentioned (p. 171); they

had a single temporal fossa—a single opening on each side, placed poste-

rior to the eye and rather widely spaced from the midline of the skull.

Therapsid and other reptiles so characterized are classed together as

Synapsida (Fig. 9.4).

Another line is known as the Diapsida because of the possession of two
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FIG. 9.3. Family tree of reptiles. (By permission from The Dinosaur Book, by Colbert,

p. 52. Copyright, 1951, McGraw-Hill Book Company, Inc.)
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FIG. 9.4. Basic structural plans of the skulls of Synopsida and Diapsida. Note the

single temporal fossa in the synapsid skull, the two temporal fossae in the diapsid

skull. (After Colbert, The Dinosaur Book, McGraw-Hill Book Company, Inc., 1951.)

temporal fossae on each side of the skull—one near the midline, the other

more lateral in position. The two are separated by a bridge of bone (Fig.

9.4). To the diapsid hne belong the dinosaurs.

Thecodonts

Diapsid ancestors were found in the Permian. They resembled lizards in

having long bodies and slender hmbs. Their descendants in the Triassic

were the thecodonts, direct ancestors of the dinosaurs (Fig. 9.3). Most of

the thecodonts were small reptiles. They had narrow skulls which lacked

a pineal opening but preserved the diapsid characteristic of two temporal

openings on each side. The most distinctive characteristic of these reptiles,

however, lay in their method of locomotion. Instead of walking or running

on all four legs, as a dog does, they adopted a bipedal (two-footed) type

of locomotion, running on the two hind legs as do many birds, e.g., robin

and ostrich. The hind legs were elongated, forming a support upon which

the body was balanced as on a fulcrum (Fig. 9.3). The body projected for-

ward from this fulcrum, its weight counterbalanced by a long tail project-

ing backward. The forelimbs, freed from locomotor duties, were available

for use in grasping and handling. Since all the weight of the body was

concentrated on the hind legs, the attachment of the latter to the body was

of necessity greatly strengthened. This involved strengthening of the pelvic

girdle and of its attachment to the vertebral column, as well as the devel-

opment of a more perfect ball-and-socket joint for attachment of the leg

to the pelvic girdle. The legs no longer sprawled broadly at the sides of the

animal, as they had in many earlier reptiles, but were placed well under
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the body, with knees turned forward, a position better calculated for effi-

cient support of weight.

The body form resulting from this adaptation of the thecodonts for a

bipedal gait provides the key to an understanding of dinosaur structure.

The inheritance from thecodont ancestry was never completely obliter-

ated, even in those dinosaurs which became huge in size and returned to

a four-footed or quadripedal locomotion. The thecodont body plan is, as

Colbert (1951) has said, "the blueprint to dinosaurian body form."

Orders of Dinosaurs

The dinosaurs arose from thecodonts in the Triassic and continued as

the dominant land animals throughout the remainder of the Mesozoic. In

reality the dinosaurs did not constitute a single group; from the first they

were divided into two great orders, the Saurischia and the Ornithischia.

These names refer to the most clear-cut distinction between the two: the

ORNITHISCHIAN PELVIS

FIG. 9.5. Pelvic girdles of saurischian and ornithischian dinosaurs. (By permission from

The Dinosaur Book, by Colbert, p. 65. Copyright, 1951. McGraw-Hill Book Company, Inc.)

structure of the pelvic girdle. The Saurischia retained a triradiate arrange-

ment of the pelvic bones similar to that of their thecodont ancestors (Fig.

9.5). The ilium was the bone attaching the girdle to the vertebral column.

To the ilium attached two bones, the pubis, extending ventrally and an-

teriorly, and the ischium, extending ventrally and posteriorly (Fig. 9.5).

The socket (acetabulum) for the head of the femur was located at the

junction of these three bones. Since the ischium and pubis on one side of

the body were usually attached to the corresponding bones of the other
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side, a firmly braced tripod for attachment of the legs to the body was

achieved.

The pelvic girdle of the Ornithischia differed from that of the Saurischia

mainly in the structure of the pubis. This bone possessed two prongs (Fig.

9.5), one extending anteriorly, the other posteriorly and ventrally, parallel

to the ischium. The arrangement of the posterior prong resembled that of

the pubis in birds, hence the name Ornithischia ("bird hips").

Saurischia

The Saurischia include the dinosaurs most like their thecodont ancestors.

These are the Theropoda, which, like the thecodonts, were carnivorous and

bipedal. They ranged in size from small animals to Tyrannosaurus, the

largest carnivorous land animal that ever lived (Fig. 9.6). This Mesozoic

FIG. 9.6. Tyrannosaurus attacking the horned dinosaur, Tricerafops. (Restorations by

Charles R. Knight; courtesy of the American Museum of Natural History.)

menace was about 50 feet long and 18 to 20 feet tall as he stood on his

tremendous hind legs. The forelegs were tiny in proportion to the 8- to

10-ton bulk of the creature; each foreleg retained but two functional dig-

its, armed with hooked claws. The lower jaw was hinged to the huge skull

in a manner to give the animal a mouth of inordinate gape. The jaws were
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armed with rows of pointed teeth, some of them 6 inches long. This enor-

mous engine of destruction was obviously well equipped to prey upon its

giant herbivorous contemporaries.

The largest herbivorous dinosaurs belonged to a second division of the

Saurischia, the Sauropoda. These creatures departed from the character-

istics of their thecodont ancestors by returning to a four-footed or quad-

ripedal locomotion and modifying the conical teeth of their carnivorous

ancestors. Despite the return to quadripedal locomotion, however, the

forelegs of most of them remained shorter than the hind ones—a telltale

trace of their thecodont ancestry. The heads of sauropods were absurdly

small for animals of such great bulk. The teeth were reduced in size and

number. This relatively ineffectual dental armament suggests dependence

upon a soft type of water vegetation for food. Indeed, it is thought that

these giants spent much of their lives in lagoons and swamps. The nos-

trils of some of them were located high up on the head, seemingly to

FIG. 9.7. Bronfosaurus, one of the largest dinosaurs. (Restoration by Charles R. Knight;

courtesy of the American Museum of Natural History.)

make breathing possible while the mouth was engaged in underwater feed-

ing. Also, the bulk was so great that it is difficult to see how the legs

could have furnished adequate support, for protracted periods of time,

without the aid of buoyancy provided by surrounding water. The weight

of an animal varies in proportion to the cube of its length, while the



182 INTRODUCTION TO EVOLUTION

strength of a pillarlike leg increases in proportion to its cross section, which

increases only by squares. Thus, as Romer (1945) has pointed out, if a

reptile doubles its length its weight is increased about eight times while the

strength of its legs is increased but four times. The largest species of

sauropods had weights ranging from 30 to 50 tons. It seems that much of

the support for this weight must have been suppHed by water in which

the giants spent the greater portion of their lives.

Brontosaurus, one of the largest dinosaurs, reached a length of about

80 feet and weighed some 30 tons. Much of the length is attributable to

the long neck and tail (Fig. 9.7). The small head contained a brain dis-

proportionately small even for a reptile, a class not noted for its brain de-

velopment.

Ornithischia

Whereas the Saurischia had their major period of expansive evolution

during Jurassic times, living on into the Cretaceous as indicated in Fig.

9.3, the other great order of dinosaurs had their greatest period of develop-

ment during the Cretaceous. The Ornithischia were on the whole more

specialized than were the Saurischia. One indication is seen in the fact

that the Ornithischia departed from the thecodont pattern of pelvic struc-

ture, while the Saurischia retained this pattern (Fig. 9.5).

All of the Ornithischia were herbivorous. Their teeth were somewhat

leaf-shaped, with serrated edges. Most of the Ornithischia lacked teeth in

the front of the mouth. Presumably this toothless region was covered with

a horny beak somewhat like that possessed by turtles.

A majority of the Ornithischia forsook the bipedal gait of their thecodont

ancestors, though in most of these secondarily quadripedal forms the dis-

proportionate length of the hind legs betrayed their ancestry. Among the

bipedal ornithischians the forelegs were never so greatly reduced in size

and function as they were among the saurischian bipeds.

The Ornithischia fall naturally into four groups or suborders:

1. The Ornithopoda include all the bipedal Ornithischia and some of

the quadripedal ones. Best known among them are the bipedal, duckbilled

dinosaurs. About 30 feet in length, these dinosaurs had long, powerful

hind legs and reduced forelegs. The toothless beak was flattened and wid-

ened to form an oversized duckbill, probably used for underwater feeding

much as a duck employs its bill. Mummies show us that the skin was cov-

ered with small scales and that there was webbing between the toes, indic-

ative of life in swampy regions or along the margins of pools or lakes.
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2. The Stegosauria or plated dinosaurs possessed a double row of pro-

jecting plates down the back, and spikelike spines on the tail (Fig. 9.8).

We may imagine that the thrashing about of that tail must have aflforded

persuasive discouragement to carnivorous dinosaurs in search of prey. Al-

though Stegosaurus was quadripedal, bipedal ancestry had left its mark in

the disproportionately short forelegs (Fig. 9.8). The skull was inordi-

nately small, housing a brain about the size of a walnut. This in an ani-

FIG. 9.8. Stegosaurus, the plated dinosaur; length about 20 feet. (From Lull, Organic

Evolufion, p. 484. Copyright 1945 by Richard S. Lull. Used by permission of The Mac-

millan Company, publishers.)

mal bigger than an elephant! In the region of the hind legs was found an

enlargement of the spinal cord about twenty times as large as the brain.

It would seem that the brain must have served principally in connection

with the sense organs of the head and with the activities of the small,

weakly toothed mouth, leaving coordination of the remainder of the body

to the spinal cord. Many other dinosaurs also had sacral enlargements of

the cord greater than their brains. The Mesozoic era is not memorable for

intellectual activity.

3. The Ankylosauria were heavily armored dinosaurs somewhat reminis-

cent of turtles or of armadillos in the completeness of their armor plate.

They have been called the "tanks" of the Mesozoic battlefield.

4. The Ceratopsia or horned dinosaurs owe their name to possession of a



184 INTRODUCTION TO EVOLUTION

horn over each eye and a horn on the nose (Fig. 9.9). They possessed a

parrotlike beak and a great frill of bone projecting backward over the

neck. While this doubtless served to protect the neck, its principal function

was probably to afford attachment for powerful muscles supporting the

heavy head. The head in giant ceratopsians constituted an unusually large

proportion of the body. The massive structure and armament of the "busi-

TRICERATOPS

FIG. 9.9. Head of Tricerafops, a giant horned dinosaur. Skull

about 8 feet long. (Restoration by John C. Germann; by permis-

sion from The Dinosaur Book, by Colbert, p. 82. Copyright 1951.

McGraw-Hill Book Company, Inc.)

ness end" of a horned dinosaur give us some conception of what was

required for successful living in a world inhabited by such carnivores as

Tyrannosaurus (Fig. 9.6).

The ceratopsians were the last dinosaurs to appear on the scene. Their

entire evolution was confined to the Cretaceous period. We may note in

passing that the famous dinosaur eggs which have received so much

publicity were laid by a small, ancestral member of the group, Protocera-

tops. Two of the eggs were found to contain bones of unhatched embryos.

Extinction of the Dinosaurs

For at least 160 million years the dinosaurs were "lords of all they sur-

veyed." Then "suddenly," in the geologic sense, they all became extinct.

Not one dinosaur fossil has ever been found in deposits more recent than
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those of Mesozoic age. Why this mass extinction of creatures which had

been successful for so long?

Many answers to the question have been proposed. Most of them relate

in some way to the drastic geologic changes which marked the close of the

Mesozoic. At this time the Rocky Mountains were formed, an occurrence

which resulted in extensive changes in the flat interior of North America.

The inland seas disappeared and the swampy lowlands became greatly re-

stricted. This change must have aftected adversely the many dinosaurs

which lived amphibious lives or preyed upon those that did. The plant life

changed; herbivorous dinosaurs may not have been able to modify their

food requirements correspondingly. The climate became colder. Dino-

saurs, like modern reptiles, probably had little ability to control their body

temperatures. It is noteworthy that the few reptiles which today live in

cold climates must undergo long periods of dormancy—hibernation. Per-

haps dinosaurs could not hibernate successfully. A contrast in this respect

is afl'orded by mammals, already present in Mesozoic times. Their greater

metabolic activity and accompanying warm-bloodedness were great assets

in a world grown colder. Despite their somewhat larger brains and higher

metabolism the mammals of the time were too small to have constituted

a direct menace to the ruling reptiles. Perhaps, however, they contributed

to the decline of the latter by eating their eggs.

Why did the dinosaurs become extinct? We have indicated that many
factors doubtless contributed to their downfall. They were well adapted for

life in the Mesozoic world, but they were not adaptable enough to meet

the altered requirements for successful living in the Cenozoic world.

Conquest of the Sea

Not all the reptiles of this golden age of reptilian life were dinosaurs.

Several groups of reptiles returned to the sea for a home. Of these aquatic

reptiles two are shown in Fig. 9.3: plesiosaurs and ichthyosaurs. Both de-

veloped a somewhat fusiform body shape, but the plesiosaurs had long

neck and tail, while the ichthyosaurs had a fishlike absence of neck and a

fishlike fin on the tail. The limbs of plesiosaurs were paddlelike, those of

ichthyosaurs were more like the paired fins of fishes in external appearance.

The ichthyosaurs even resembled fishes to the extent of developing a dorsal

fin (Figs. 3.5, p. 30, and 9.3). Plesiosaurs probably swam rather slowly by

an oarlike action of their limbs. Ichthyosaurs must have propelled them-

selves by undulation of the body, as does a fish (pp. 56-58), using the

limbs as rudders. Thus the ichthyosaurs were much the more rapid and
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agile swimmers of the two, occupying the niche in Mesozoic marine hfe

held by porpoises and dolphins in modern seas.

Conquest of the Air

Another group of Mesozoic reptiles became adapted for flight. These

were the pterosaurs (pterodactyls), descended like the dinosaurs from the

thecodonts (Fig. 9.3). Pterosaurs developed membranous wings supported

by a modification of the pentadactyl limb unlike that of either birds or bats

(Fig. 3.1, p. 22). The fourth finger of the hand became greatly elongated,

forming support for the front margin of the wing (Fig. 9.10). The first three

^^^^

FIG. 9.10. The most specialized pterosaur, Pferanodon. (From Eaton, Memoirs of the

Connecticut Academy of Arts and Sciences, 1910, Vol. 2, pp. 1-38.)

fingers bore claws by which the creature could cling to rocks or to the limbs

of trees. Pterosaurs had small bodies relative to wingspread (Fig. 9.10);

this spread reached 27 feet in the largest species. The bones were hollow,

and consequently light. The sternum or breastbone was relatively large,

furnishing attachment for breast muscles connected to the wings. This mo-

tor mechanism was probably not of sufficiently great development to pro-

vide for strong and sustained flight. It is thought that pterosaurs used their

wings largely in gliding and soaring, launching themselves, perhaps,

from the tops of cliffs. The pterosaur brain was large for a reptile, the

sense of sight being strongly developed, as in birds. Possibly pterosaurs
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were warm-blooded; it is difficult to see how a really cold-blooded animal

could maintain the activity necessary for flight.

We may well note at this point that comparison of ichthyosaurs with

fishes and dolphins (Fig. 3.5, p. 30), and of pterosaurs with birds and bats,

presents some of the most beautiful examples available of that convergent

evolution discussed in an earlier chapter (p. 29). It would be difficult to

find a more fascinating aspect of evolution than that afforded by study of

the variety of ways in which a given problem (e.g., flight) has been solved

independently by differing groups of animals. Some solutions are better

than others. Thus, it has been pointed out that the pterosaur wing, con-

sisting of an unbroken expanse of membrane supported only along its outer

edge, would not lend itself to agile maneuvering in flight. Also, a tear in it

would be more disastrous than would a tear in a bat's wing, since the

latter is supported by four elongated fingers instead of only one (Fig. 3.1,

p. 22). As compared to the attainments of birds and bats, only partial

success crowned pterosaur invasion of the air.

ORIGIN OF BIRDS

The thecodonts have claimed our attention as ances-

tors of the two orders of dinosaurs, and of pterosaurs. Birds also arose dur-

ing the Mesozoic from this same bipedal stock (Fig. 9.3). Indeed, the

term "glorified reptiles" frequently applied to birds suggests the fact that

they are similar to reptiles in many ways.

The principal distinguishing characteristic of birds is possession of

feathers. But the structure and development of feathers reveal that they

are modified reptilian scales. Birds are warm-blooded, a condition, as men-

tioned above, which is really necessary if an animal is to be capable of

sustained flight. Unlike pterosaurs, birds have an insulating body covering

of feathers; this aids greatly in prevention of loss of heat from the body

surface. Modern birds, hke pterosaurs, have the light construction afforded

by hollow bones. In flying birds the sternum or breastbone is greatly en-

larged to provide anchorage for muscles operating the wings. We have

seen that pterosaurs also showed development of this kind. Both birds and

pterosaurs have, or had, "eye brains"—brains showing pronounced domi-

nance of visual areas, with reduction of the portions connected with the

sense of smell. Birds have a system of air sacs connected to the lungs.

Mayr has suggested that these serve principally as an internal ventilating

system, dissipating the heat generated by the vigorous metabolic activity

necessary to flight. Birds have well-developed legs, with structure similar
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to that of the legs of some of the bipedal dinosaurs. Pterosaurs, on the

other hand, had very weak legs. The wing surface composed of feathers is

much more efficient, maneuverable, and readily repaired than was the

flying mechanism of pterosaurs.

Discussions of evolution in former years frequently included mention of

"missing Hnks." The term was used in various senses but always included

the idea of a form standing midway between two groups of animals now
clearly separate from each other. In most

cases such exactly intermediate forms have

not been preserved to us, but the Jurassic

birds, Archaeopteryx and Archaeornis, form

a fortunate exception to this lack. They are

clearly birds, since the imprints of the

feathers are preserved in the Archaeopteryx

fossils (Fig. 9.11). Yet they are so reptilian

that if the imprints of the feathers had not

been preserved they would probably have

been classified as small, bipedal dinosaurs.

Relative to body size the wings were small,

and three of the digits of each hand per-

sisted, armed with claws. Thus the forelimbs

were probably used for climbing as well as

for flight. Indeed, the small wingspread sug-

gests that gliding from a height was a more

probable activity than was sustained flight.

The tail was long, with a row of feathers

along either side of the slender chain of

vertebrae (Fig. 9.11), and clearly reminis-

cent of thecodont ancestry (Fig. 9.3). This

tail is strikingly unlike that of modern birds.

In them the bony portion of the tail is very

short; length of tail is due entirely to length

of feathers. Finally we may note that the jaws of these Jurassic birds, as

well as the jaws of Cretaceous birds, were equipped with teeth. In this

respect again they resembled reptiles more than they did modern birds,

since the latter are always characterized by toothless, horny beaks. It is

interesting that the Jurassic birds did not possess the hollow bones

characteristic of modern birds, on the one hand, and of pterosaurs, on

the other. Apparently birds and pterosaurs, both descended from theco-

donts, developed hollow bones independently and at widely differing

FIG. 9.11. Archaeopieryx, a

Jurassic toothed bird, c/, clavi-

cle; h, humerus; r, radius; sc,

scapula; u, ulna. (After Stein-

mann-Doderlein; from Guyer,

Animal Biology, Harper & Broth-

ers, 1948, p. 615.)
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times. Seemingly we have here another example of that parallel evolution

which we have discussed in other connections.

ORIGIN OF MAMMALS

It is fitting that our discussion of the Mesozoic should

conclude with the origin of the animals which were about "to inherit the

earth."

We noted (p. 171) the occurrence in the Permian period of therapsid

or mammal-like reptiles. It will be recalled that these reptiles approached

mammaUan structure in many ways (Fig. 8.25, p. 171 ). including the fol-

lowing: (1) teeth differentiated into incisors, canines, premolars, and mo-

lars; (2) two occipital condyles; (3) reduction in number of skull bones;

(4) single temporal opening (fossa) having boundaries similar to those of

the mammalian temporal fossa; (5) lower jaw in which the dentary bone

was predominant; (6) presence of a secondary or "hard" palate; (7)

limbs arranged for more efficient locomotion than that characterizing most

reptiles.

These therapsid reptiles are regarded as the ancestors of mammals (Fig.

9.3). The therapsids themselves continued into the Triassic but only a few

remnants of the group persisted until the Jurassic. Animals which were

clearly mammals occurred in the Jurassic. Evidently, then, mammals arose

from their therapsid ancestors late in the Triassic or early in the Jurassic.

Unfortunately the fossil record is most fragmentary at this point. Also,

it is difficult to decide whether the remains which have been found are

those of advanced therapsid reptiles or those of early mammals. This un-

certainty is hardly surprising in view of the fact that the therapsids had

already approached closely to mammalian skeletal structure. The problem

arises as to where to draw the line between therapsid reptiles and mam-

mals. The decision would be much easier if we knew more of these Triassic

animals than is revealed by their skeletons. Did they have hair like a mam-

mal or scales like a reptile? Did they lay eggs like a reptile or were the

young born as in a mammal? (The diagnostic value of this point is some-

what lessened by the fact that a small group of living mammals, the mono-

tremes—duckbilled platypus and spiny anteater—lay eggs much as do

reptiles.) Were the young nourished with milk secreted by mammary
glands of the mother? Were they warm-blooded? These and other mam-
maUan characteristics we should wish to know about. Since such knowl-

edge is denied us, however, we must draw what conclusions we can from

the skeletons.
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Accordingly, a general practice has been to draw the line between

therapsid reptiles and mammals at that point at which the lower jaw came

to consist of but one pair of bones, the right and left dentaries, articulat-

ing directly to the skull. We have seen that reptiles have several bones

in each half of the lower jaw (p. 172). The dentary is the principal tooth-

bearing bone but the connection of the lower jaw to the skull is made

by one of the other bones, the articular, which is hinged to the quad-

rate bone of the skull. In therapsid reptiles the bones other than the den-

tary became progressively reduced in size, while the dentary itself became

progressively larger, and extended back toward the squamosal bone of the

skull (Fig. 8.25, p. 171; in this lateral view the quadrate is hidden by the

squamosal, "sq," and the articular bone of the lower jaw is posterior to

the surangular, "sa"). Eventually the dentary became hinged to the

squamosal, and the articular and quadrate bones, greatly reduced in size,

lost their function of hinging the jaw and became the malleus and incus

("hammer" and "anvil") of the chain of three little bones in the middle

ear. Animals having the dentary articulating directly with the skull in this

way are mammals. Interestingly enough, Mesozoic vertebrates have been

found having two jaw articulations side by side: articular with quadrate,

dentary with squamosal. Were such creatures reptiles or were they mam-

mals? If as we have stated animals having the dentary hinged to the

squamosal are mammals, they were mammals (Simpson, 1959). But in

calling them so we are drawing an arbitrary line.

This difficulty of distinguishing certain therapsid reptiles from mam-

mals is highly significant. It arises from the existence of a series of transi-

tional stages linking typical reptiles to typical mammals. Such a series of

transitional stages occasions no surprise if mammals evolved from rep-

tiles by gradual process of change but would be entirely inexplicable if

mammals had been separately created.

Evidence accumulates that several groups of therapsid reptiles gave rise

to descendants that would be regarded as mammals by the criteria men-

tioned (Olson, 1959; Simpson, 1959). Some of the lines became extinct; one

apparently led to modern monotremes, and another to the Pantotheria

(see below) and thence to marsupials and placentals.

Undoubted mammals lived in the Jurassic, but they were not a prepos-

sessing tribe compared to the ruling reptiles of the time. All of them were

small, most of them of the sizes of mice and rats. One species approached

the cat in size and apparently in carnivorous food habits, while one herbiv-

orous species resembled a woodchuck in many ways. One hopeful portent

for the future was presented by the brains of these early mammals. Al-

though small and primitive, judged by modern standards, nevertheless the
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brains were a considerable improvement over the brain equipment of rep-

tiles.

Mammalian fossils of Cretaceous age are somewhat more abundant and

complete than are those of Jurassic age. By the close of the Cretaceous the

two main groups of mammals, the marsupials and the placentals, were in

existence. They seem to have arisen, probably independently, from one of

the groups of mammals living in the Jurassic, the Pantotheria.

EMBRYO
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CHORION-
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VAGINA—
FIG. 9.12. Human embryo, with placenta and embryonic membranes, in posi-

tion in the uterus of the mother. (Drawn by Lyman S. Rowell.)

Marsupial and placental mammals differ in many respects. The names

suggest their differences in the reproductive process. The embryos of pla-

cental mammals undergo a relatively long period of development within

the uterus of the mother, being nourished by the mother through the

placenta (Fig. 9.12). As noted previously (p. 59), blood vessels from the

embryo pass through the umbilical cord to the wall of the uterus, where
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they come in close contact with the mother's blood. The embryonic blood

vessels in this region give rise to a series of chorionic villi (Fig. 9.12);

each of these villi is bathed in blood of the mother, thereby providing a

means for ready interchange of oxygen, food, and waste products.

In marsupials, on the other hand, the placenta is absent or poorly de-

veloped. The young are born in an extremely immature, almost embry-

onic, condition. They complete their development while housed in a

pouch, or marsupium, on the abdomen of the mother. Marsupials also dif-

fer from placentals in a number of distinctive skeletal features.

The opossum is the only modern, North American marsupial. Interest-

ingly enough, marsupials similar to the opossum were living in the North

America of Cretaceous times. Thus the opossum possesses unique value

in studies of mammalian evolution owing to its position as the most truly

primitive living mammal. In Australia, geographically isolated from the

rest of the world from late Cretaceous times, marsupials were free from

the competition of placental mammals and evolved into a great variety of

forms: kangaroos, wombats, bandicoots, koalas, and so on (see pp.

262-264).

Placental mammals of Cretaceous age are at present known mainly from

fossils collected in Mongolia. These mammals were small insect-eaters, as

had been their Jurassic ancestors, the pantotherians. Thus they were the

ancestral forms of Order Insectivora. To this order belong such modern

mammals as shrews, moles and hedgehogs (not porcupines!). Early, rela-

tively unspecialized insectivores have long been regarded as the ancestors

from which other orders of placental mammals arose. Their position in the

center of our diagram illustrating adaptive radiation among mammals

will be recalled (Fig. 3.4, p. 27). The fossil record of the earliest pla-

centals confirms the ancestral position of the insectivores.
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CHAPTER 10

EVOLUTION AS SEEN IN THE

GEOLOGIC RECORD:

CENOZOIC ERA

We have seen that the end of the Mesozoic was marked

by momentous changes in the surface of the earth, including the elevation

of our Rocky Mountains. As a result the continent of North America at-

tained nearly the outlines and general appearance it has today. Geologic

changes during this era were largely connected with wearing down of

mountains, followed by their reelevation through regional uplift. These

phenomena were particularly characteristic of western North America.

Then in the Pleistocene period the face of the northern portions of the

continent was altered by the action of great glaciers, sweeping southward

from arctic regions.

The Cenozoic era is divided into a succession of periods: Paleocene, Eo-

cene, Oligocene, Miocene, Pliocene, Pleistocene, Recent (Table 7.1, p.

137). These subdivisions of the time scale are frequently termed "epochs,"

since they are of a somewhat different order of magnitude from the pe-

riods into which the Paleozoic and Mesozoic eras are divided. For the sake

of simplicity, however, we shall refer to these Cenozoic divisions also as

periods. They are represented by series of strata occurring in the order

given and marked by the progressive evolution of animals, particularly of

mammals. Indeed, the Cenozoic is sometimes called "the age of mam-
mals."

The periods were of unequal duration. As noted earlier (p. 138), the

Cenozoic is estimated to have lasted from about 63 million years ago until

193
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the present. The intervening time was divided approximately as follows

(Kulp, 1961):

Pleistocene and Recent 1 million

Pliocene 12 million

Miocene 12 million

Oligocene 1 1 million

Eocene 22 million

Paleocene 5 million

While these estimates are based on the most accurate determinations

available, later research and further refinements in methods of dating rocks

will undoubtedly necessitate their revision. But they probably are of the

correct "order of magnitude."

As indicated in Table 7.1 (p. 137), the first five periods are frequently

grouped together into a unit of the time scale called the "Tertiary," the

Pleistocene and Recent being relegated to a comparable unit called the

"Quaternary." This practice is being gradually abandoned, but the terms

are still widely used, especially "Tertiary," a convenient collective title for

designating all of the Cenozoic preceding the ice ages (Pleistocene).

Climatic Changes

During the first two periods of the Cenozoic the climate of much of

North America was mild. Much of the interior of the continent was a flat

lowland enjoying a subtropical climate resembling that of Florida. Palm

trees grew as far north as Minnesota and the Dakotas; crocodiles throve

in these same regions. Figs and magnolias grew in Alaska. Temperate

climates extended as far north as Greenland, where such trees as giant

redwoods, beeches, and elms were found.

With the beginning of the Oligocene the climate slowly became cooler,

particularly in the interior of the continent. Palms and large crocodiles

disappeared from northern regions, though small alligators hved in Ne-

braska as late as Miocene times, along with plants similar to those found

at present in our Gulf states. Local arid regions began to appear on

the leeward side of newly elevated mountains. The moisture carried by

westerly winds was condensed and precipitated as rain on the windward,

western slopes of the mountains, as is the case today. The process culmi-

nated with the great regional uplift of the Cordilleran ranges in Pliocene

and Pleistocene times. The widespread aridity of western North America

followed that geologic occurrence.

The glaciation occurring in the Pleistocene has already been mentioned.
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Actually there were four successive glaciations during this period. Four

times glaciers centering around the Hudson Bay region swept down over

the northern tiers of states, extending into Pennsylvania, southern Ohio,

and Illinois. During such times reindeer lived as far south as southern

New England, and such an arctic animal as the musk ox ranged through

Kentucky, Arkansas, and Texas. Each glaciation was followed by an

interglacial period during which the climate in a given region was as mild

as, if not milder than, it is today. The interglacial periods lasted for many
thousands of years; the shortest is estimated to have been of 135,000 years'

duration. Some 10,000 years are estimated to have elapsed since the last

glaciation (Libby, 1956). Thus it may well be that we are at present living

in an interglacial period, that the Recent period of our time chart (Table

7.1, p. 137) really forms part of the Pleistocene. The extensive ocean

ice of the arctic regions and the glaciers covering Greenland and the

antarctic continent remind us that glaciation is not far away. Indeed it has

been estimated that a lowering of average annual temperature by only

5 C. would bring the ice sheets down upon us again. Will the glaciers

return? Only our remote descendants will be able to answer that question

with certainty.

MAMMALIAN EVOLUTION IN THE
CENOZOIC ERA

Disappearance of the dinosaurs at the end of the

Mesozoic left a clear field for mammalian expansion. We have already

noted the occurrence in Cretaceous times of both marsupial and placental

mammals (p. 191). A few of the Cretaceous mammals persisted into the

Paleocene, notably opossumlike marsupials, and insectivores. We recall

that the latter are the group of placental mammals from which the other

orders of placental mammals are believed to have arisen. Among these

other orders, representatives of carnivores, primates, and ungulates lived

in Paleocene times. The carnivores (flesh eaters) and ungulates (hoofed

animals) living at this time were quite unlike their modern relatives, how-

ever. Most of them belonged to groups which underwent a relatively

rapid evolution during the Paleocene and Eocene and then disappeared.

Thus they are sometimes called "archaic mammals" to distinguish them

from the "progressive mammals'' whose development was slower but led

to modern types of mammals. Most of the archaic carnivores belonged to a

group called Creodonta, most of the archaic ungulates to a group called

Condylarthra.
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During the Eocene the archaic mammals had their brief period of as-

cendancy. Some of the archaic ungulates became quite large. The culmina-

tion in this direction was reached by the horned amblypod, JJintatherium

(Fig. 10.1). This creature was elephantine in size, though not in details

of structure. Creodonts, the archaic carnivores, somewhat resembled

wolves, weasels, cats, hyenas, and the like.

The end of the Eocene saw the extinction of the archaic mammals. Ap-

parently they were not able to compete successfully with the more

progressive mammals developing around them. Lull (1945) has pointed

FIG. 10.1. Uinfafherium, an archaic hoofed mammal. (After Osborn.)

out that, as compared to the latter, archaic mammals were deficient in

structure of teeth, feet, and brain. In these features the archaic mammals

were conservative and inadaptable, unable to change with changing

conditions.

Turning to the more progressive mammals, we find that the first rodents

and first lagomorphs appeared late in the Paleocene. The beginning of the

Eocene saw ungulates of the two orders existing today: Perissodactyla

(odd-toed) and Artiodactyla (even-toed). Members of the Condylarthra

were probably ancestral to these two orders. Indeed, representatives of

most of the orders of mammals appeared in either the Paleocene or the

Eocene, thus laying the foundations for evolution of these orders during

succeeding periods of the Cenozoic. Within the orders evolutionary

changes ran somewhat parallel courses. Ancestors in each were relatively

small, and were not specialized for particular types of food or for particular
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types of locomotion. In general, descendants of these ancestors attained

larger size and became more or less highly specialized in leg and tooth

structure. As samples of such evolutionary histories we shall summarize

those of horses and elephants (proboscideans). We choose these in

preference to others partly because of general interest in the end products

of the evolution, partly because of the fact that the fossil record is more

complete for them than it is for many other familiar mammals.

EVOLUTION OF TH E HORSE

Adaptations of the Modern Horse

Horses belong to the order of odd-toed ungulates, Perissodactyla. In

Chapter 3 we noted the hmb adaptation of horses for rapid running on

hard ground (pp. 23-28). We recall that digit III is greatly enlarged and

elongated, its "fingernail" having become the hoof. The other digits have

disappeared, except for the splint bones representing rudiments of

metacarpals (or metatarsals) of digits II and IV. The metacarpal (or

metatarsal) of digit III has become the powerful cannon bone of the

slender lower leg of the horse. Since the muscles are concentrated in the

proximal (attached) region of the limb, being connected to the bones

they move by slender tendons, the entire structure forms a light, rapidly

swinging pendulum, admirably adapted for swift movement.

One of the most striking adaptations of the horse's foot for rapid running

consists of a set of spring ligaments on the posterior surface of the foot.

Fig. 10.2 shows the arrangement of some of the principal ligaments of the

forefoot. It will be noted that a large interosseous tendon (ligament)

arises from the posterior surface of the cannon bone and ends in movable

sesamoid bones which form a pulley arrangement back of the fetlock joint.

As shown, various ligaments connect these sesamoid bones to the

phalanges of the hoof (sesamoid ligaments). The whole arrangement is

elastic and may be compared to a powerful rubber band. When the

weight of the horse is placed upon the foot the toe is bent upward and

the ligaments are stretched. The tension so developed tends to spring the

foot back into its original position (to flex it), and so to propel the horse

forward. Thus the impact of the foot upon hard ground is translated into

upward and forward propulsion as from a springboard. Camp and Smith

(1942), to whom we owe much of our knowledge in this matter, state that

"the action resembles that of a boy jumping on a pogo-stick; the harder

the impact, the higher the bounce—up to the capacity of the apparatus."
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The automatic springing action of the ligaments is augmented by the

contraction of the flexor muscles of the leg, the tendons of which are also

attached to the phalanges (in the diagram these tendons are not shown,

though the cut ends at the attachments of one of the principal ones.

Flexor digitalis profundus, are indicated). Near the upper ends of these

tendons check ligaments connect to adjacent bones. Thus when tension

is placed on these tendons, as for example by impact of the foot on hard

ground, these check ligaments may be stretched, reinforcing the action of

Cannon bone

Interosseus medius muscle

Interosseus tendon

Pad

Sesamoid bone

ToesV -IV -111

HYRACOTHERIUM

Fetlock

joint

Sesamoid ligaments

Tendon of flexor

digitalis profundus

muscle (cut)

Toe 111

EQUUS

FIG. 10.2. Pad-supported forefoot of Hyracofherium compared with the spring-

ing mechanism in the foot of the modern horse. The pod in Hyracofherium is

shown in black, as are the tips of digits IV and V. Tendons and ligaments are

shown in white; bones are dotted. (Modified from Camp and Smith, "Phylogeny

and functions of the digital ligaments of the horse," Memoirs, University of

California, Vol. 13, 1942.)

the ligaments shown in Fig. 10.2 and preventing injury to the latter by over-

stretching (sprain).

Horses obtain their food by grazing—feeding on such vegetation as

grass covering the surface of the ground. If a long-legged animal is to do

this, some means must be provided for getting the mouth down to the

ground. Lengthening the neck would accomplish the result, and to a

moderate degree the neck of the horse has been lengthened. But a horse

has a large and heavy head; there would be obvious mechanical dis-

advantage in perching it on the end of a really long neck. To a considerable

extent the problem has been solved for the horse by lengthening the
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anterior part of the skull itself. The portion of the skull anterior to the

eyes has been elongated into the well-known muzzle (Fig. 10.3D). One
result of this elongation has been the production of a gap in the tooth

row between the incisor (front) teeth and the grinding battery composed of

FIG. 10.3. Series of horse skulls in ascending geologic order. A,

Hyracotherium (Eohippus). B, Mesohippus. C, Merychippus (Proto-

hippus). D, Equus. (From Scott, A History of Land Mammals in

the Western Hemisphere, p. 283. Copyright 1937 by American

Philosophical Society. Used by permission of The Macmillan Com-
pany, publishers.)

premolars and molars. This toothless gap is called the diastema (Fig.

10.3D). It is utilized by man as a convenient location for the bit used to

control the movements of the horse.

The grinding battery composed of premolar and molar teeth is an
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adaptation for the chewing

material is so abrasive that

FIG. 10.4. Molar teeth of

modern horse and of Hyra-

cotherium. A, teeth in lateral

view. 6, Crowns of the teeth.

(After Osborn; reprinted by

permission from Texfbook of

Geology, Part II, Historical

Geology, by Louis V. Pirsson

and Charles Schuchert, pub-

lished by John Wiley & Sons,

Inc., 1915, p. 932.)
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of harsh grasses, containing silica. This food

it wears away teeth that chew it, and it must

be eaten in large quantities to provide the re-

quired nourishment. The problem is solved by

developing teeth which continue to grow as fast

as they are worn away. As shown in Fig. 10.4,

each individual grinding tooth is long or high-

crowned (hypsodont). Until the horse becomes

rather old the molars do not develop pronged

roots, as do our own molar teeth, but continue

to grow as the surface is worn away. This sur-

face has exposed on it a complicated pattern of

lines of hard enamel (Fig. 10.4). The enamel

pattern is set in a matrix of softer dentine and

cement. The latter wear away more rapidly than

does the enamel, with the result that the surface

is continually maintained in a roughened condi-

tion reminiscent of the surface of a millstone,

the ridges of hard enamel protruding above the

dentine and cement. In this manner the horse

is provided with a self-sharpening, self-renewing

grinding mechanism for use on the harsh mate-

rial comprising its diet.

If space permitted, other adaptations of the

horse might be enumerated, but our purpose

will be served by concentrating attention on

those just discussed: (1) enlargement and

elongation of digit III, with loss of other digits

and development of a spring mechanism; (2)

elongation of the preorbital portion of the

skull; (3) development of premolars and mo-

lars into high-crowned, continuously grow-

ing grinders. To these should be added the

large size characteristic of most varieties of

horses.

Hyracotherium

Having reviewed the characteristics of the modern horse we turn our

attention to the characteristics of the first horse of which we have any
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knowledge: Hyracotherium (also called Eohippus). This animal lived in

North America in Eocene times, migrating to Europe during that period.

Although Hyracotherium was definitely horselike in many ways it differed

greatly from our modern horse. In the first place, it was small, about the

size of a fox terrier dog. Its legs were short and had four toes on the front

feet, three on the hind (Fig. 10.5A). We note, however, that digit III

already showed incipient signs of predominating. Through study of the

scars left on the foot bones by attachments of ligaments and tendons,

FIG. 10.5. Forefeet (left) and hind feet (right) of four horses. A, Hyracotherium. B,

Miohippus. C, Merychippus. D, Equus. Not drawn to scale. (A, after Cope; B and C,

after Osborn; from Romer, Vertebrate Paleontology, University of Chicago Press, 1945,

p. 422.)

Camp and Smith (1942) came to the conclusion that Hyracotherium did

not have the springing mechanism characteristic of the modern horse (see

above). Instead the foot must have been supported by a pad (Fig.

10.2) as in many forest-dwelling animals, including the tapir, a distant

relative of the horse. It will be noted from the figure that the interosseous

tendon is shown arising from a muscle instead of attaching directly to the

back of the cannon bone as it does in the modern horse. Most mammals,

including other hoofed forms than Equus. have such a muscle. Indeed, oc-

casional horses have muscle tissue in this tendon. Apparently reduction

of fleshy fibers, virtually changing the tendon to a ligament, has been one of

the evolutionary changes in the evolution of the springing mechanism.

"Muscular tissue, by weakening the tendon, would tend to enfeeble this

[springing] action" (Camp and Smith, 1942).

The preorbital portion of the skull was not elongated; the orbit of the eye
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was in the middle, measuring from front to rear (Fig. 10.3A). The molar

teeth were not high-crowned, continuously growing grinders. In fact they

were much like human molar teeth (Fig. 10.4). They had low crowns,

developed pronged roots, and had surfaces covered by rounded tubercles

or cusps much as do our own molar teeth.

Another most unhorselike characteristic of Hyracotherium was its brain.

Studies of casts of the interiors of skulls (endocranial casts) have revealed

that the cerebral hemispheres were small and smooth; they did not cover

the olfactory bulbs anteriorly or the midbrain posteriorly as did the cerebra

of later horses (Edinger, 1948). In fact, as Fig. 10.6 shows, among brains

Olfactory bulbs underneath

Olfactory bulb

Cerebrum

Midbrain

Cerebellum

Opossum Hyracotherium

(for comparison)
Mesohippus

Equus

FIG. 10.6. Horse brain evolution. Comparison of the brain of Hyracotherium with

that of the opossum and with the brains of Mesohippus and Equus. The horse

brains, based on endocranial casts, are drawn to scale; Hyracofherium and opos-

sum brains are of about the same size. (After Edinger, Evolufion of the Horse

Brain, Memoir 25, Geological Society of America, 1948.)

of living mammals the one most similar to the Hyracotherium brain is that

of the opossum, a marsupial which has retained an almost reptilian brain

configuration. Evidently, in the early stages of horse evolution brain

development lagged behind evolution of the limbs. We shall see that

this also appears to have been true of human evolution (Chap. 11).

Hyracotherium was a forest dweller, a browser subsisting on soft

vegetation quite unlike the food of its plains-dwelling descendants. Its

spreading toes formed better support on the soft forest floor than does the

single hoof of its modern descendant. It probably escaped its enemies

by hiding, as do most forest-dwelling, herbivorous animals, instead of by

running away, as must inhabitants of treeless plains.
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From Hyracotherium to Equus

We have sketched above the beginning and the ending of horse evolution.

What occurred in the milHons of years separating Hyracotherium from

its modern descendant, Equus? Fortunately the intervening history is well

documented by numerous fossils showing the transitional stages of the

changes in body structure required to transform the ancestor into its

modern descendant. Space limitations prevent more than a brief glance at

a few of the main stages, but the interested reader may obtain more detailed

information by consulting references at the end of the chapter.

Fig. 10.7 summarizes some of the events in this evolutionary history. The

diagram is designed to emphasize the point that at various times in the

history of horses evolutionary radiations occurred, several or many forms

arising from an ancestor. Thus Hyracotherium in the Eocene gave rise to

several somewhat differing forms, among them the line which led to

Mesohippus in the Oligocene.

Mesohippus was of the size of a small dog, different species varying from

18 to 24 inches high at the shoulder. Each foot had three toes, but digit

III was the largest and strongest of the three (as in Miohippus, Fig.

10.5B). A small nodule of bone representing metacarpal V remained in

the forefoot. The metacarpals and metatarsals of the three functional

digits (II, III, IV) were elongated, as compared to the corresponding

bones of Hyracotherium, an indication that the legs were beginning to

lengthen. This point is not well shown in Fig. 10.5, where all the feet are

shown reduced to the same absolute length instead of being drawn to

scale. As compared to Hyracotherium, Mesohippus had a slightly greater

development of the ligaments that were to develop into a spring mecha-

nism in its descendants, but like Hyracotherium (Fig. 10.2) it doubtless

depended upon a pad under the toes for support of the body's weight.

The preorbital portion of the skull of Mesohippus had begun to

elongate, a larger diastema being present than was present in Hyraco-

therium (Fig. 10.3B). The molar teeth were low crowned, but the pre-

molars, except for the first one, already resembled molars in structure.

From this point on in horse evolution the premolars and molars combined

to form the dental battery.

As indicated in Fig. 10.6, the brain of Mesohippus was markedly differ-

ent from that of Hyracotherium. The opossumlike configuration had been

lost. The cerebral hemispheres had enlarged and become convoluted so that

the brain assumed much the appearance of a small horse brain.

Miohippus was much hke Mesohippus but of larger size. The low-



FIG. 10.7. Evolution of the horse family. Only a few of the many evolutionary

lines and of the known representatives in those lines are included. (Modified from

Simpson, The Meaning of Evolufion, Yale University Press, 1 949, p. 1 34.)
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crowned teeth and the spreading, three-toed feet indicate that these

were forest horses Hving on soft vegetation—three-toed browsers hke their

ancestor, Hyracotheriitm

.

In Fig. 10.7 Miohippus is shown as an ancestor for several radiating

lines. Of these the line involving the least change led to Hypohippus, a

"forest horse" living in Miocene and early Pliocene times. This three-toed

browser was much like an enlarged version of Miohippus.

Parahippus, another descendant of Miohippus, presented in its various

species a nearly complete spectrum of transitional stages between its

ancestor and Merychippus, i.e., between ""three-toed browsers" and

"three-toed grazers" (Fig. 10.7). The teeth were becoming high-crowned

grinders (hypsodont). The legs were becoming longer, and digit III was

becoming more predominant than it had been in the forest-dwelling

ancestors.

As indicated in Fig. 10.7, Merychippus was a three-toed grazer adapted

for life on the western plains which arose in the Miocene as a result of

widespread continental elevation. The elongated legs, the predominance

of digit III (Fig. 10.5C), the elongation of the preorbital portion of the

skull (Fig. 10.3C), and the high-crowned molar teeth all point in this

direction. Interestingly enough, the milk teeth ("baby teeth") of Mery-

chippus were low-crowned like those of Oligocene horses, thus affording us

a prehistoric example of recapitulation (Chap. 4). As might be anticipated,

Merychippus showed an increased development of the ligaments men-

tioned above as forming a spring mechanism in the foot of the modern

horse. The relatively short side toes (II and IV) probably did not touch

the ground most of the time, serving as support only "when the foot was

under great pressure or sunk into sand or mud" (Camp and Smith, 1942).

There was probably no foot pad of the type found in Hyracotherium and

Mesohippus.

It is also significant that during the course of the Miocene Merychippus

underwent striking evolution of the cerebral hemispheres of the brain.

Later specimens exhibited the fundamental pattern of fissures (convolu-

tions) which was to characterize later horses, e.g., Equus, Fig. 10.6 (Edin-

ger, 1948).

Merychippus is shown (Fig. 10.7) as the center of another radiation.

Some descendants continued as three-toed grazers, e.g., Hipparion. On
the other hand, Merychippus was ancestral to horses which reduced the

number of digits on each foot to one—the line leading through Pliohippus

to Equus. This loss of the side digits was a most striking evolutionary

change. Why did it occur in the Equus line but not in the other lines? Did
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the side digits have a function in the three-toed forms, even the ones in

which these digits were short relative to digit III? This question is usually

answered in the negative but Simpson (1951) has challenged such a

conclusion. He pointed out that when a horse is galloping and lands on

its middle toe, this toe is bent strongly upward. As noted above, under

such great pressure the side toes of, for example, Merychippus would touch

the ground. Simpson has suggested that the side toes may have had "an

essential function to act as buffers to stop the bending of the middle toe

at this point and to lessen the danger of spraining the elastic ligaments

by stretching them too far." If this is correct, why did the side toes

disappear in the line leading to Eqiius? Perhaps because other structures

took over the function of preventing spraining of the spring mechanism.

We have mentioned that in Eqiius the tendons of long flexor muscles are

connected to adjacent bones by check ligaments. These assist the other

elastic ligaments and form part of the spring mechanism, especially under

powerful stress. Perhaps the safety factor provided by these check liga-

ments was not present in the three-toed horses. This is a point on which we

do not have information, however. We may note in passing that the horse

has paid a price for its highly specialized springing foot. Lameness con-

nected with injury to the elastic ligaments is common.

Some species of Pliohippus had tiny side toes, though in other species

these were represented only by splint bones, as in Equus. Pliohippus

attained the size of a modern pony, some 40 inches (10 hands) high. The

trends for increase in the preorbital length of the skull and increase in

size and complexity of the molar teeth continued.

The transition from Pliohippus to Equus, the genus to which modern

horses, asses, and zebras belong, was a small one, involving further

increase in size and some changes in anatomical details. The first repre-

sentatives of Equus appeared in late Pliocene times; during the

Pleistocene the genus achieved world-wide distribution. Although North

America has provided the stage for the greater part of their evolution,

horses became extinct on this continent by the close of the Pleistocene.

This extinction is difficult to explain. By the time man later reintroduced

horses into America conditions on our western plains were highly favor-

able for them.

EVOLUTION OF PROBOSCIDEANS

The living representatives of Order Proboscidea are

the Asiatic and the African elephants. The two differ somewhat in struc-
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Asiatic African

FIG. 10.8. Comparison of the heads of Asiatic and African elephants. (From Guyer,

Animal Biology, Harper & Brothers, 1948, p. 91.)

ture, the most obvious difference to a casual observer being in the size of

the ears (Fig. 10.8). The great palm-leaf-like ears of African elephants

stand in marked contrast to the ears of Asiatic elephants. Asiatic elephants

have long been domesticated and used as work animals; they are the

species commonly seen in circuses.

Elephantine Adaptations

Huge bulk is always brought to mind by mention of elephants, and

indeed many of the bodily adaptations of elephants are connected with

their large size. To support the weight of the body the limbs have a

strong, pillarlike construction. The feet have retained the full complement

of five toes, but much of the weight is supported, not by the toes, but by a

pad of elastic tissue which forms both the sole of the short, broad foot and

a sort of functional "rubber heel."

Since the body is supported high above the ground on long legs, the ele-

phant, like the horse, is faced with the problem of reaching the ground

for feeding. We have seen how the problem was solved in the horse (p.

198). In the elephant the solution was entirely different. Here the head is

so heavy that any lengthening of the neck would be a great mechanical

disadvantage. Accordingly, elephants are characterized by short necks.

Nor is the preorbital portion of the skull lengthened, as it is in the horse.

Instead we find the development of the organ which gives the order its

name: the proboscis or trunk. This versatile organ consists of the nose

and upper lip greatly elongated. As everyone who has fed peanuts to

elephants knows, the two nostril openings are at the tip of the trunk, along

with a fingerlike projection (African elephants have two of them) by

means of which small objects may be picked up.
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The development of a proboscis has a peculiar effect upon the topog-

raphy of the skull. In most mammals the external nares, bony openings

in the skull at the base of the nostrils, are at or near the anterior tip of

the skull. In mammals that develop a proboscis the nares recede from the

tip; in elephants they have receded so far up the front of the skull that they

appear to be located in the middle of the forehead (Fig. 10.9). Presumably

this recession of the nares is connected with the necessity for firm anchor-

FIG. 10.9. Skull of elephant, sectioned longitudinally. 6, brain

cavity. D, diploe (air cells). /, incisor (tusk), m', m^, m', molars.

N, nares. (From Lull, Organic Evolution, p. 561. Copyright 1945

by R. S. Lull. Used by permission of The Macmillan Company, pub-

lishers.)

age for the powerful musculature of the proboscis. Owing to this effect of

proboscis development upon skull topography it is possible to estimate

from the structure of the skull the size of proboscis possessed by a

prehistoric proboscidean.

Another characteristic of the elephant skull is development of extensive

air cells or diploe (Fig. 10.9). While these serve to lighten the skull their

principal function is probably connected with support of the heavy head.

It will be noted from the figure that an elephant's "high forehead" is not

caused by brain development but by the presence of these diploe. The
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skull is hinged to the vertebral column by the occipital condyles, which

thus constitute the fulcrum of a lever system. Increasing the height of the

head above these condyles increases the surface for, and the mechanical

advantage of, the muscles and ligament which support the head. The

importance of achieving such mechanical advantage is evident when we

recall that the two tusks together may weigh over 400 pounds and be 9 or

10 feet in length, though the average size is not so great as this.

FIG. 10.10. Molar tooth of elephant. A, crown view.

B, longitudinal section. Black, enamel. Oblique lines,

dentine. Dots, cement. (From Lull, Organic Evolution,

p. 563. Copyright 1945 by R. S. Lull. Used by permis-

sion of The Macmillan Company, publishers.)

The tusks are formed from the right and left second upper incisor teeth.

The ivory composing them consists of the dentine material of the teeth, no

enamel being present except for a small area on the end of the tusk when

it first erupts. A large, open pulp cavity in the base of each tusk provides

for continuous growth.

Nothing about an elephant is more unique than its molar tooth structure

and the system of molar replacement. Each individual molar is large,

consisting of several flattened plates arranged vertically and fastened to-
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gether by cement. Each plate or lamella has a core of dentine surrounded

by enamel. The composite structure produced by cementing together such

lamellae presents a broad grinding surface on which transverse ridges of

enamel rise above the general surface, owing to the more rapid wearing

away of the softer dentine and cement (Fig. 10.10).

As everyone knows, most mammals have, during the course of their

lifetimes, two sets of teeth: the "milk teeth" or deciduous teeth and the per-

manent teeth. The permanent teeth replace the milk teeth vertically; a

permanent premolar in the upper jaw, for example, develops above the

corresponding premolar of the milk set and eventually replaces that tooth

by moving down into the position formerly occupied by it. Thus, early in

life a typical mammal has a complete set of milk teeth all in use at one

time, later in life a complete set of permanent teeth all in use at one

time. Arrangements are quite otherwise in elephants. While some of the

molars are identified as milk teeth, others as permanent teeth, the

individual teeth succeed each other in series, one at a time, rather than

as complete sets. Thus typically at any given time only four molars are in

use, one in the upper jaw and one in the lower jaw on each side. As the

molars wear out they are replaced by others, but replacement is

longitudinal, not vertical; the new molar is pushed forward from the rear

of the jaw. Fig. 10.9 shows this method of replacement in the upper jaw. In

the figure the third molar (m^) is present as a worn-out remnant; the

fourth molar is shown as the functional one, and the fifth molar is shown

forming above and behind the fourth one, as a reserve to replace the latter

when it in turn wears out.

Moeritherium

Having reviewed some of the distinctive characteristics of elephants

we turn our attention to the earliest known ancestral proboscidean,

Moeritherium. As in the evolution of the horse, our starting point is a

relatively small animal showing only the beginnings of the specializations

of its descendants and living early in the Cenozoic era. Moeritherium

lived in Africa in late Eocene and early Oligocene times. It was about the

size of a modern tapir, perhaps 3 feet in height, and probably had

a tapirlike short proboscis (Fig. 10.11), as indicated by slight recession of

the nasal openings of the skull. The second upper incisors were beginning

to form tusks (Fig. 10.12). Short tusks on the lower jaw will also be noted;

they projected forward in a somewhat spoutlike fashion. They are unlike
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anything found in modern elephants but anticipate hiter developments in

some of the other proboscideans. Moeritherium had slight formation of

air cells, diploe, in the posterior region of the skull. The molars were low-

crowned, possessed two transverse crests each, and occurred in rows as in

most mammals. The longitudinal method of molar replacement came

much later.

Phiomia and Paleomastodon

The relationships of the various prehistoric proboscideans to each other

are not entirely certain. In broad outline the arrangement shown in Fig.

10.11 is substantially correct. The Oligocene proboscideans, Phiomia and

Paleomastodon, were larger than Moeritherium and had attained limb

structure quite like that of

modern elephants. The lower

jaw had become considerably

elongated (Fig. 10.13), and

the second upper incisors

formed downwardly curving

tusks. Recession of the nasal

openings indicates that a short

proboscis was present (Fig.

10.11). Lull suggests that the

trunk developed originally for

the purpose of reaching be-

yond the elongated lower jaw.

The molar teeth were more

complicated in structure than were those of Moeritherium, having on their

surfaces three transverse crests, with some accessory cusps. The posterior

portion of the skull was heightened by the presence of air cells in the bone.

Lack of space prohibits mention of all the varied and interesting probos-

cideans that roamed the earth in Cenozoic times. In the main we shall con-

tent ourselves with pointing out three principal evolutionary lines. One side

line is of sufficient interest to deserve passing attention, however. That

line, not indicated in Fig. 10.1 1, culminated in Dinotherium, a proboscidean

lacking upper tusks and having lower tusks curved downward and back-

ward in most unusual fashion (Fig. 10.14). The molar teeth, low-crowned

with but two or three cross ridges (Fig. 10.14), were relatively unspecial-

ized. A diet of soft, succulent vegetation seems indicated. Some specimens

exceeded modern elephants in size. Dinotherium ranged widely over

FIG. 10.12. Skull of Moeriiherium. (After An-

drews; from Romer, Verfebrafe Paleontology,

University of Chicago Press, 1945, p. 409.)



FIG. 10.13. Skull of Phiomia. (After Andrews; from

Romer, Verfebraie Paleontology, University of Chicago

Press, 1945, p. 409.)

FIG. 10.14. Dinofherium: skull and surface of molar tooth. (After

Gaudry and Andrews; from Romer, Vertebrate Paleontology, Uni-

versity of Chicago Press, 1 945, p. 41 1 .)
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Eurasia and Africa, the last survivors being found in African Pleistocene

deposits.

Gomphotherium

One group of proboscideans specialized in elongation of the lower jaw.

Typical of this group is the Miocene form, Gomphotherium (Fig. 10.15).

The most extreme lower jaw recorded was six feet and seven inches in

length. While some of the jaws were very slender, approaching the

FIG. 10.15. Skull of Gomphotherium. (From Rotner, Vertebrate Paleontology, University

of Chicago Press, 1945, p. 409.)

mechanical limit, jaws of other species formed a shovel-like arrangement

which may have been of use in digging for food. The molar teeth were

large, but were low-crowned, with long roots. The largest species of

Gomphotherium had a height of about 7 feet and was massively built.

Gomphotherium is of interest as the first proboscidean to reach North

America, presumably as a migrant from Asia.

Mastodons

Another line of proboscideans culminated in the mastodons (Fig. 10.16).

These were creatures of elephantine size that roamed North America

until postglacial times, as judged by the fact that their bones are found

near the surface in bogs and swamps. The mastodon lower jaw was short

(Fig. 10.16), usually without tusks, although rudimentary lower tusks are

found in some specimens. The upper tusks were large, sometimes attaining

a length of 9 feet, and curved upward. The skull contained an extensive
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FIG. 10.16. Skull of Masfodon. (After Lull, Organic Evolufion, The Macmillan Company,

1945.)

development of air cells but they were arranged in such a manner that

the "highbrow" appearance of true elephants did not result. The molar

teeth were low-crowned, long-rooted,

and had on the surface three or four

transverse crests, without cement in

the intervening valleys (Fig. 10.17).

We note that this tooth structure con-

trasts sharply with that of elephants

(Fig. 10.10). But two fully formed

molars occupied each jaw at any one

time. Judging by stomach contents

found associated with some American

mastodon specimens, the latter were

forest dwellers, including in their diet

twigs of such coniferous trees as hem-

lock and spruce.

Mammoths and Elephants
FIG. 10.17. Molar tooth of Mastodon.

(From Scott, A History of Land Mam-

mals in the Western Hemisphere, p.

417. Copyright 1937 by American

Philosophical Society. Used by permis-

sion of The Macmillan Company, pub-

lishers.)

True elephants, including the Asi-

atic and African species and the ex-

tinct mammoths, are believed to have

arisen from the Asiatic form, Stegodon

(Fig. 10.11). In structure of molar

teeth Stegodon presented a condition somewhat transitional between the

structures of mastodon and of elephant teeth. The transverse crests were

more numerous than they were on mastodon teeth, yet the amount of ce-

ment between the crests was not so great as it was in elephant teeth. Ele-
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phants and mammoths are characterized by the massive molar structure

previously described, by the longitudinal method of molar replacement, by

possession of a short, high skull and a short, tuskless lower jaw. We may

note in passing the interesting fact that the fetus of the elephant has a long

lower jaw. As development continues the jaw becomes relatively shorter

(de Beer, 1958). Here is another example of recapitulation (pp. 50-51).

Probably if we could but learn of them we should find that the fetuses of

all proboscideans had long lower jaws. The adult Moeritherium retained

the jaw in about its fetal proportions. In some of the proboscideans (e.g.,

Gomphotherium) the adult jaw became still further elongated, while in

others it became relatively shorter.

During Pleistocene times a variety of mammoths ranged widely over the

earth, including regions with climates not suitable for the two modern ele-

phants. Thus the woolly mammoth wandered into arctic regions. This

mammoth is perhaps the most completely known of all prehistoric mam-

mals, owing to the happy fact that complete carcasses have been found in

the permanently frozen gravels of northern Siberia. Thus the "soft parts"

usually unavailable for study in fossil animals have been preserved along

with the bones. Thanks to this fortunate preservation, we know that this

mammoth was covered with coarse, dark brown hair, having a maximum
length of 20 inches, and with a dense undercoat of woolly hair about an

inch long. The creature has added interest for us because of cave paintings

and carvings of it made by our prehistoric relative, Cro-Magnon man

(p. 245). Presumably these mammoths served as a source of food for men

of the time.

Although the height of about 9.5 feet attained by the woolly mammoth

did not equal the height of large Asiatic elephants today, some other

mammoths exceeded the latter. The imperial mammoth, for example, was

13.5 feet high at the shoulder. This mammoth and some of its American

contemporaries were characterized by extreme spiraling of the tusks.

Since the spiral tusks continued to grow throughout life, in some old

individuals the tips actually crossed each other, producing a condition in

which the tusks were effective neither for digging nor for fighting.
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CHAPTER 11

EVOLUTION AS SEEN IN THE

GEOLOGIC RECORD:

EVOLUTION OF MAN

Pope's dictum that "the proper study of mankind is

Man" may be taken as symbolic of the enhanced interest most people feel

in members of their own species, as compared to their interest in other

portions of the animal kingdom. Probably it is only natural that the subject

of the evolution of man arouses more widespread interest than does, for

example, that of the evolution of the horse. Yet it is unfortunate that the

"man in the street" thinks of evolution only in terms of its bearing upon

the question of man's ancestry, instead of recognizing that man's evolution

is one scene in a much vaster drama. But perhaps our criticism of the

average citizen's myopic vision should be mitigated by the realization

that he is occasionally encouraged in this restricted view by those who
should know better.

The foregoing is not intended to belittle man or the importance of his

evolution, but to suggest the perspective in which all evolution should be

viewed. Many animals have arisen through evolution, among them man.

The same principles at work in the production of other animals operated

in the production of man. Man is the finest product which has yet arisen

through the evolutionary process. But that is not to say that the evolution-

ary process was set in motion in the first place for the express purpose of

producing man.

Why is man the finest fruit on the tree of fife? The very fact that he can

ask the question suggests the answer. Man is the only product of the

218
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evolutionary process to develop the mentality to wonder about himself and

his origin, and to acquire some measure of knowledge in the matter. The
human mind, then, is the greatest achievement of the evolutionary process.

His mind enables man to wonder and, within limits, to know and under-

stand. To a considerable and increasing extent, also, man's mind enables

him to control his environment instead of being controlled by it as other

animals are. Nor should we forget the emotional and aesthetic attributes

of mind, attributes which have underlain some of the noblest achievements

of our race.

The Human Brain

Because of the preeminent position accorded the human mind, and be-

cause of the close association between mind and the functioning of the

brain, we shall place emphasis on the development of the brain in our

discussion of the evolution of man. Brain development affords some clue

to mind development. It is noteworthy in this connection that the out-

standing achievement of human evolution was the development of the

brain. We have seen that birds specialized in developing wings, horses

in developing legs for running, elephants in developing tusks and trunk

and giant molars. Man specialized in developing brain. Accordingly, the

unique features of man's evolution are largely concerned with the evolu-

tion of this brain. It will occupy the center of the stage in the following

discussion.

Before proceeding further a word is in order concerning an omission

which will be troubling some readers. We have accorded preeminence

to the human mind but have said nothing about the human soul. The
reason for the omission lies in the fact that the soul is outside the province

of science. Science deals with phenomena which can be detected, studied,

and measured by use of scientific instruments. The soul is not amenable

to this approach. It cannot be seen, or weighed, or analyzed chemically;

nor can it be studied—as yet, at least—by the methods of the psychologist.

Thus discussion of the soul would be out of place in a book of science.

This may not always be true, but for the present we must look to religion

and philosophy for knowledge of the soul.

Pre-Primate Ancestry

Man is clearly a mammal. Hence the evolutionary history which we
have traced for mammals in general is also his evolutionary history.
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Briefly, we recall that the sequence, subsequent to attainment of vertebrate

status, was as follows: crossopterygian fishes, to labyrinthodont amphib-

ians, to cotylosaur reptiles, to therapsid reptiles, to primitive mammals

of group Pantotheria, to mammals of Order Insectivora.

Order Primates

We have noted that the Insectivora constitute the group of mammals

from which the other orders of placental mammals are believed to have

arisen. Among these other orders is Order Primates, the order to which

man belongs, in company with tree shrews, lemurs, tarsiers, monkeys,

and apes. These forms are grouped together in one order because they

possess in common a number of anatomical features. Yet the order is not

characterized by any one big specialization as are many other orders of

mammals. Thus, members of Order Artiodactyla (e.g., deer, antelope)

are specialized for running on two toes of each foot, members of Order

Carnivora (e.g., cats, dogs) for flesh eating, members of Order

Chiroptera (bats) for flying, members of Order Cetacea (e.g., whales,

porpoises) for swimming, and so on. Members of Order Primates exhibit

a trend toward freeing of the forelimbs from locomotor duties, making

possible their employment for other purposes, notably the grasping and

handling of objects. The lower primates show only the beginnings of this

trend, which reaches its culmination in man. The trend was doubtless of

highest importance in human evolution, being closely connected with

development of the upright posture which forms one of man's most

distinctive attributes. This emancipation of the hands from duties of

locomotion was probably an essential prerequisite for the great develop-

ment of the brain mentioned above as man's crowning achievement.

The trend toward emancipation of the forelimbs from locomotor duties

and employment of these limbs for grasping and handling is reflected in a

number of bodily features characterizing members of Order Primates.

Thus, the thumb and great toe are more or less opposable to the other

digits; flattened finger nails have largely replaced the claws possessed by

other mammals; and the eyes are directed anteriorly instead of laterally.

Obviously, anteriorly directed eyes are in much better position to see

and examine objects held in the hands than are laterally directed eyes.

As the forelimbs have lost locomotor duties the hind limbs have

assumed more and more complete responsibility for body support and

locomotion when primates walk on the ground. This fact is reflected in

the plantigrade walking position of the feet, with the sole of the foot

nearly flat on the ground for its entire length.
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Primates are also characterized by many other features, such as posses-

sion of a single pair of mammary glands, usually pectoral (on the chest)

in position, complete separation of the eye orbit from the temporal fossa

by a partition of bone, and so on. The sample given is sufficient to

emphasize the many features shared by man with his fellow primates.

Beginnings of Primate Evolution

The Order Primates is conveniently divided into two suborders:

Suborder Prosimii (tree shrews, lemurs, tarsiers) and Suborder Anthro-

poidea (monkeys, apes, men) (Simpson, 1945). Among the prosimians the

tree shrews ( Fig. 11.1) are the most primitive, resembling both insectivores

and primates in structure. Indeed they were formerly classed as members

of Order Insectivora. It seems highly probable that tree shrews living in

early Cenozoic times were at once the descendants of true insectivores

and the ancestors of higher primates.

The immediate descendants of these tree shrews were lemurs and

tarsiers, both represented by numerous forms in early periods of the

Cenozoic era. Lemurs are small animals resembling monkeys in many
ways, as, for example, in having hands tipped with flattened nails instead

of claws. Even so, some lemurs have a specialized claw on one digit of

each hand. The faces of lemurs project into unmonkeylike muzzles,

however, suggesting the faces of little dogs (Fig. 11.1). Tarsiers are

represented today by only one form, the spectacled tarsier, found in

some islands of the East Indies. This animal is remarkable for its enormous

eyes and concomitant development of the visual regions of the brain

(Fig. 11.1).

Did tarsiers evolve from lemurs or did they arise directly from tree

shrews? Authorities differ on this question. But significantly, in the case

of some of these early Eocene prosimians "it is a matter of great

difficulty to decide whether they should be classified as lemurs or tarsiers"

(Le Gros Clark, 1949-1957). This suggests their close relationship. On the

other hand, some of the Eocene tarsiers resembled monkeys in dentition

and skull characteristics and hence may well have been ancestral to

higher members of the order. At any rate it is clear that early Cenozoic

prosimians were the ancestors of higher primates.

Monkeys, Apes, and Men

Suborder Anthropoidea is divided into two groups: (1) New World

monkeys, and (2) Old World monkeys, apes, and men. Man resembles



FIG. 11.1. Representative modern primates. A, tree shrew (Tupaia). B, lemur

(Galago). C, tarsier (Tarsius). D, macaque monkey (Macaco). E, gibbon {Hylo-

bates). F, chimpanzee {Pan). (Drawn by Maurice Wilson; from Le Gros Clark,

History of fhe Primates, British Museum [Natural History], 1949, Frontispiece.)
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Old World monkeys and apes, as contrasted with New World monkeys, in

having a narrow nose, with nostrils close together, in having two premolar

teeth (instead of three) on each side of both jaws, in having a bony

canal connecting his external ear with the middle ear, and in numerous

other features. Man and apes lack an external tail; most monkeys of the

Old World have tails, although the latter are frequently more or less

shortened and in any event never develop the prehensile capabilities of the

tails of New World monkeys, which serve as veritable fifth limbs.

In many ways man is similar in structure to the great apes, particularly

to the chimpanzee and the gorilla. Clearly, none of these forms are the

ancestors of any of the others, for they are all contemporaries. The

chimpanzee and gorilla are as completely "modern" in their own ways

as man is in his. They may be our distant cousins; they are certainly not

our grandparents. One's cousin is not one's ancestor.

Granted that modern monkeys, apes, and men are related, how close are

the relationships among the several groups, and when did the evolutionary

line leading to each begin to diverge from the evolutionary lines leading

to the others? Unfortunately the fossil record is most incomplete on these

points. Fossils are few and fragmentary. And the very fact that similarities

among the forms in question are so great renders interpretation and evalu-

ation of fossil remains difficult. We should not be surprised, therefore,

that specialists in the field disagree sharply. In the present state of knowl-

edge dogmatic statements are not in order. Our wisest course is to present

the points on which there is general agreement and to state the bases

of disagreement on questions still undecided. In so doing we shall be

reflecting the fact that science itself undergoes continual evolutionary

change. Much of its fascination lies in the challenge of the still un-

answered questions.

Fig. 11.2 presents in diagramatic form some of the best current thinking

concerning the evolution of Old World monkeys, apes, and man. The

diagram may be likened to a river flowing from bottom to top and dividing

into numerous channels as it progresses, like a river flowing through its

delta. At the bottom of the diagram we note the Eocene prosimians

mentioned above; from them arose the Oligocene ancestors of Old World

primates. New World monkeys are not shown; New World and Old

World forms may have originated from different groups of Eocene

prosimians, but we must await discovery of additional fossils before we

can be sure of relationships involved.

In the Oligocene period the diagram includes a most interesting little

fossil known as Parapithecus. This creature is known from a single lower

jaw, less than two inches in length, found in Egypt. This tantalizing fossil
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FIG. 1 1.2. The evolution of primates during the Cenozoic era.

belonged to a creature which some writers call a monkey and others

an ape. Since the jaw and teeth are quite unspecialized, along lines of

specialization followed by either later monkeys or later apes, we may be

wise not to try to classify the creature as either the one or the other.

From our standpoint Parapithecus is most interesting as evidence that

there existed in Oligocene times primates so primitive in structure that they

could have been the ancestors both of later Old World monkeys and of

apes (Gregory, 1951; Colbert, 1955).

The Old World monkey "channel" of the diagram is shown separating

from the rest of the "river" during the Oligocene. The same is true among

the apes for the "channel" leading to the gibbon (Fig. 11.2). Not only is

Parapithecus a probable ancestor of the gibbon, but two other fossils,

Propliopithecus from the Oligocene and Pliopithecus from the Miocene,

indicate something of the subsequent course of gibbon evolution. Modern

gibbons, at home in southeastern Asia and the East Indies, are slender-



EVOLUTION OF MAN 225

bodied, long-armed specialists in brachiation (swinging through the tree-

tops by their arms) (Fig. 11.1).

During Miocene and on into Pliocene times there lived in various parts

of Africa, Europe, and India a varied assemblage of apes classified

together in the subfamily Dryopithecinae. Collectively they are believed

to have included the ancestors of the modern orang-utan, chimpanzee,

and gorilla. Of these the orang-utan, inhabitant of the rain forests of

Sumatra and Borneo, is so unlike his African relatives that he is believed

to have gone his separate way since early Miocene times. Others of the

Dryopithecinae were ancestral to the African apes: gorilla and

chimpanzee. In particular, one of the group named Proconsul, living in

Africa in early Miocene times, shows characteristics indicating its probable

ancestry of these apes. The chimpanzee and gorilla are so similar that they

are thought to have diverged from a common ancestor fairly recently, in

early Pleistocene or late Pliocene, as Fig. 11.2 indicates.

Ancestry of Man

Having established the probable ancestries of monkeys and apes we

come now to the question of the ancestry of man. This portion of our

diagram (Fig. 11.2) is represented by a broad "channel" which to be more

realistic should be subdivided into an interlacing network of smaller

channels twisting, turning, dividing, and recombining in most complicated

fashion (cf. Fig. 11.16). Names have been placed at various points along

this channel to Homo sapiens. The names represent progressive levels of

development toward the Homo sapiens stage and in some instances, at

least, may well represent actual ancestors. It will be noted that the name

of Parapitheciis is so placed as to indicate that this monkey-ape was

ancestral to man. Our limited knowledge of Parapithecus indicates that

it was so primitive in its primate characteristics that it represents a stage in

evolution in which Old World monkeys, apes, and ancestors of man were

not clearly separated. Indicating that it was ancestral to all three is in ac-

cord with the view that man shared common ancestry with monkeys and

apes. This is the most widely held view, though a few investigators have

maintained that man is not related to monkeys and apes, but has followed

a separate evolutionary line springing directly from tarsiers and lemurs.

What of other human ancestors in the Oligocene? Were there forms

ancestral to both men and apes? Or had the ancestral line leading to man
already separated from that leading to apes? Until more Oligocene fossils

are found we can not answer these questions.
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Passing on to the Miocene and Pliocene we note the Dryopithecinae,

ancestral to orang-utan, chimpanzee, and gorilla. Were they also ancestral

to man? This question has been answered both "yes" and "no." The dia-

gram indicates the possibility that they may have been but also indicates,

by the open channel to the left of the name "Dryopithecinae," that other,

still-unknown Miocene forms may have been ancestral, either to the ex-

clusion of the Dryopithecinae or in addition to them.

The question of the ancestral position of the Dryopithecinae is of interest

since it involves the whole question of man's relationship to the apes.

Among living primates the chimpanzee and gorilla are man's closest rela-

tives, as judged by many similarities of structure of both skeleton and "soft

parts," and including such things as the type of placenta and the results of

serological tests (see pp. 111-113). But there are also differences. Some of

\a^Ison

FIG. 11.3. Gorilla. (Drawn by Maurice Wilson; from Le

Gros Clark, Hisfory of the Primates, British Museum [Natu-

ral History], 1949, p. 34.)

the most striking of the differences are connected with the manner in

which apes travel through the trees. Modern apes are strongly specialized

for arm-swinging, for brachiation. True, the massive gorillas no longer

spend much time in the trees, but their anatomy bears incontestable evi-

dence that their immediate forebears were brachiators. Among the special-
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izations for brachiation are elongation of the forelimbs, reduction of the

thumb so that the other fingers of the hand function as a sort of hook on

the branches of trees, and shortening of the hind hmbs (Figs. 11.1 and

1 1.3 ). Many correlated changes in muscles, muscle

attachments, and joint structure are also entailed.

If the body is heavy, great enlargement of the mus-

culature of the shoulders and arms is necessitated.

Man is not a brachiator. Is he descended from

ancestors who were? Relative to trunk height both

modern apes and man have long arms (Washburn,

1950). Man differs from modern apes, however,

in that his legs are longer than his arms; in this

respect, as in some others, man resembles Old

World monkeys more than he does the modern

apes (Straus, 1949). In this connection it is of

great interest that Miocene apes such as Proconsul

also had forelimbs shorter than hind limbs (Simons,

1960). Since this was true of Pliopithecus as well,

the fact suggests that elongation of the arms was a

later acquisition in lines leading to modern apes

specialized for brachiation, and that in the lines

leading to man the primitive relationship of shorter

arms than legs was retained.

Authorities diflfer as to whether Proconsul itself

should be regarded as ancestral to man. If it was a

brachiator it was not a highly specialized one. In

fact, its arms possessed a sufficiently generalized

structure (Fig. 1 1.4) so that both the arm structure

of man and that of the specialized brachiators

among later apes might have been derived from it

(see Napier and Davis, 1959; Le Gros Clark,

1960). On the other hand, its teeth were somewhat

specialized, suggestive of the teeth of its descend-

ants, the chimpanzee and gorilla. But if it was not

ancestral to man, some other members of the

Dryopithecinae may have been. Future discoveries

will doubtless afford much interesting information

on this point.

Great interest has been aroused recently by

studies of a fossil primate known as Oreopithecus

FIG. 11.4. Arm skele-

ton of Proconsul (cf.

Fig. 3.2). Based on a

reconstruction by J. R.

Napier and P. R. Davis.

(From Le Gros Clark,

The Antecedents of

Man, Edinburgh Uni-

versity Press, 1959, p.

216.)
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(Fig. 11.2) which lived in late Miocene or early Pliocene times, some

13 million years ago. Many fossils of this form have been found in a

lignite mine in Tuscany, Italy. Preliminary studies seem to indicate that

Oreopithecus resembled man, and differed from apes and monkeys, in

so many characteristics that it belongs in the same family with man,

Family Hominidae (Hiirzeler, 1958). (Apes, fossil and living, are placed

in Family Pongidae.) If this interpretation is correct Oreopithecus

"represents our first glimpse of a Tertiary hominid of any sort" (Straus,

1957). The teeth are unlike those of both monkeys and apes; rather they

resemble human dentition in some respects. The canine teeth were rela-

tively small, the face was short, and the pelvis was so broad as to suggest

that the creature might have walked upright ( Simons, 1 960 )

.

If further investigation firmly establishes the position of Oreopithecus

in Family Hominidae, that fact will not in itself indicate that Oreopithecus

was ancestral to later members of the family. We recall that the "channel"

of human evolution has many subdivisions some of which (probably the

majority of them) terminated without giving rise to new forms. This is as

likely to be true of human evolution as it is demonstrably true of the

evolution of, for example, the horses and the proboscideans (pp. 204 and

211). But human evolution may well have gone through a stage in which

the actual ancestors resembled Oreopithecus in many respects.

Were there other members of Family Hominidae living in the Pliocene?

Doubtless, but we must await further discoveries before we know anything

of their nature. As indicated in our diagram (Fig. 11.2), the next known

hominid fossils come from Pleistocene deposits—the australopithecines

from South Africa.

Characteristics of "Homo sapiens"

Before we discuss the characteristics of Pleistocene hominids it will be

useful to call attention to the characteristics of the species of man living at

the present time, our own species. Doing so conforms with our practice of

enumerating the characteristics of Equus before describing those of

Hyracotherium, Mesohippus, and so on, and of describing the structure

of modern elephants before discussing ancestral proboscideans. What are

the characteristics of Homo sapiens for the evolution of which we should

be watching as we study hominid fossils?

For the most part we shall concentrate upon anatomical characteristics

which affect the skeletal system and hence can be studied in fossils.

1. Brain. The large brain of Homo sapiens causes the brain case or
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cranium of the skull to have an average capacity of about 1350 cc. Normal

human brains vary greatly in size, however, with the result that cranial

capacities vary all the way from 900 to 2300 cc. (Le Gros Clark, 1959).

And, significantly, within this rcnge there is no correlation between brain

size and degree of intelligence. As extremes among notable men of letters

we may cite Anatole France, with a brain volume of 1 100 cc, and Jonathan

Swift, with a brain volume of about 2000 cc.

The large size of brain, particularly of the frontal lobes of the cerebral

hemispheres, has resulted in development of a relatively high forehead.

2. Upright Posture. The upright posture of Homo sapiens entails a

whole series of anatomical changes as compared to the structure of pri-

mates which do not have this posture. The skull is balanced on the upper

end of the vertebral column instead of projecting anteriorly from it. This

change, plus, probably, other factors such as expansion of the brain case,

has resulted in the shifting forward of the foramen magnum (the opening

through which the spinal cord exits from the skull and enters the vertebral

column), changing from the posterior position it occupies in forms which

walk on all fours. Apes, with their partially upright posture, show an inter-

mediate condition in this respect (Fig. 11.5).

The upright posture in Homo sapiens is made possible by a lumbar

curve in the vertebral column—a forward bending of that column in the

"small" of the back. Apes lack such a curve (Fig. 11.5).

One of the greatest changes in the skeletal system connected with upright

posture concerns the pelvic girdle. In Homo sapiens the ilium bones are

expanded to form a sort of basin supporting the internal organs of the body

cavity. In forms which do not walk upright the ilia lack this supportive

function and have a much more elongated shape (Fig. 11.5).

The legs of Homo sapiens are elongated, with relatively straight bones

in upper and lower segments, and they terminate in a characteristic foot,

most of the lower surface of which is in contact with the ground (planti-

grade).

3. Teeth and Associated Structures. Of the numerous distinguishing

characteristics possessed by the teeth of Homo sapiens, we shall list only a

few outstanding ones, emphasizing those in which human teeth and jaws

contrast with those of apes.

Homo sapiens differs from apes in the arrangement of the teeth. In apes

the incisors are large and the front of the jaw is broad in consequence

(Figs. 11.6 and 11.7). The canines are large, projecting tusks; and the

premolars and molars extend backward from them in straight rows. The

whole effect is that of a straight-sided "U." By contrast the human tooth
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row resembles a smoothly rounded parabola without sharp bends (Fig.

11.6); the incisors are small and the canines are not large and projecting as

they are in apes. In apes there is characteristically a gap or diastema

between the incisor teeth and the canine tooth on each side of the upper

jaw; the canine tooth of the lower jaw fits into this space when the mouth

Lumbar curve

lium

GORILLA

FIG. 11.5. Comparison of skull, vertebral column,

and pelvis of man and gorilla. (Redrawn from Boule

and Vallois, Fossil Men, The Dryden Press, 1957,

p. 74, by permission of Henry Holt & Co., Inc.)

is closed. Homo sapiens, lacking the projecting canines, also lacks this

"simian gap" in the upper tooth row.

In apes the first premolar teeth in the lower jaw have a cutting edge, are

sectorial. In Homo sapiens the first lower premolar does not have this

character.

A characteristic of the jaw of modern apes related to the large incisor

and canine teeth is the development of a reinforcing ledge of bone ex-

tending backward from the symphysis of the jaw (Fig. 1 1.7). This "simian
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GORILLA

Incisors

Incisors

FIG. 11.6. Upper dental arches of man and gorilla. (Modified from Wei-

denreich. Apes, Gianfs, and Man, University of Chicago Press, 1946, p. 9.)

shelf" is lacking in men, both Homo sapiens and his predecessors, and in

many, at least, of the Dryopithecinae (e.g.. Proconsul, Fig. 1 1 .7 )

.

Another result of the small teeth in modern Homo sapiens is that the

tooth row is short, as compared to that of apes and some of the earlier

hominids. The longer tooth row possessed by these latter causes the face

FIG. 11.7. Lower jaws of chimpanzee (left) and of Proconsul (right). (From Le Gros Clark,

Hisfory of the Primates, British Museum [Natural History], 1949, p. 59.)

to protrude into a sort of muzzle—to be prognathous. The face of modern

Homo sapiens, on the other hand, does not project in this fashion; the

profile is more nearly vertical, or orthognathous.

In apes and earlier hominids with their long tooth rows the upper edge

of the lower jaw extends forward further than does the lower—there is no
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projecting chin. In modern Homo sapiens with his shortened tooth row, the

lower margin of the jaw extends forward as a chin (see Fig. 11.15). This

chin may have evolved as an external buttress against the active stresses to

which the broad human jaw is subjected in use (Du Brul and Sicher,

1954).

Modern Homo sapiens lacks heavy ridges of bone projecting over the

eyes (supraorbital torus) possessed by apes and earlier hominids. In apes

the eyebrow ridges are part of a series of ridges providing attachment

(origin) for powerful chewing muscles. In modern Homo sapiens the chew-

ing apparatus is reduced and the skull is expanded, providing origin for the

chewing muscles without development of the ridges.

In summary we may characterize the striking features of the skeletal

anatomy of modern Homo sapiens as follows: (1) cranial capacity vary-

ing from 900 to 2300 cc; (2) high forehead without projecting eyebrow

ridges; (3) upright posture, reflected in structure of skull, vertebral col-

umn, pelvis, and legs; (4) dental arch a smoothly rounded parabola; (5)

canine teeth not projecting beyond the level of the other teeth; (6) no

simian gap; (7) first lower premolar not sectorial; (8) lower jaw with a

projecting chin; (9) no simian shelf; (10) face orthognathous.

Having reviewed some of the skeletal features of the end-product of

human evolution we now turn our attention to earlier hominids, discuss-

ing them in chronological order, starting with the beginning of the

Pleistocene period.

Australopithecines

The first known fossil of these primates was the skull of a child discov-

ered in South Africa in 1924 (for a fascinating account by the discoverer

see Dart, 1959). Dr. Dart christened the owner of this skull Australo-

pithecus africanus, a name which taken literally signifies that it belongs to

a different genus and species from Homo sapiens. (The name written first

and capitahzed is that of the genus; the name written second and not

capitalized is that of the species, see p. 308.)" Australopithecus" means

"southern ape"; this original child and fossils of adults subsequently dis-

covered were grouped together into a subfamily, Australopithecinae, of

Family Pongidae (apes). Subsequent discoveries and thorough investiga-

tion revealed, however, that these South African forms have many char-

acteristics of man combined with an ape-sized brain and some other ape-

like characteristics. Their resemblance to apes has been emphasized by

some writers (e.g., Zuckerman, 1954), their hominid characteristics by
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others (e.g., Le Gros Clark, 1955 ). The controversy as to whether they are

apes or men is in itself interesting. Suppose that remains of an actual

"missing link" between apes and man were to be discovered: we may be

sure that it would be so like an ape in some respects that some investigators

would classify it as such, and so like man in other respects that other in-

vestigators would classify it as human. Here are the australopithecines in

the midst of just such a controversy! Because, as we shall see, the char-

FIG. 11.8. The right pelvic bones of: A, Australo-

pithecus; B, chimpanzee; C, Homo sapiens (Bush-

man). (After Broom and Robinson, "Further evidence

of the structure of the Sterkfontein ape-man Plesian-

tbropus," Transvaal Museum, MEMOIR 4, p. 60.)

acteristics they share with Homo sapiens are so fundamental and sig-

nificant we shall consider them as primitive hominids.

The australopithecines (sometimes called "South African ape-men or

man-apes") were of small stature, averaging in the neighborhood of 4 feet

tall. One point of great significance about them was the fact that they

walked nearly or completely upright. The vertebral column had a distinct

lumbar curve. As shown in Fig. 11.8, the pelvic girdle was strikingly like

that of Homo sapiens, with its broadly expanded ilium, and unlike that of

apes. Four specimens of the pelvis are known; they all agree in indicating

that their owners had upright posture, although this was perhaps not as

perfected as that of modern man (Le Gros Clark, 1959) . The position of the

foramen magnum well forward under the base of the skull is also indicative

of upright posture.
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The teeth were strikingly human. Australopithecines agreed with Homo
sapiens (p. 232) in that (1) the dental arch was a smoothly rounded

parabola (Fig. 1 1.6), (2) the canine teeth did not project beyond the level

of the other teeth, (3) there was no simian gap, and (4) the first lower

premolar was not sectorial.

We conclude, therefore, that the upright posture and the character of the

teeth warrant the inclusion of the australopithecines in Family Hominidae.

What were their most striking differences from Homo sapiens himself?

The skulls of these little people were notable for large jaws and teeth and

IroikjM

FIG. 11.9. Restored skull of an australopithecine (Ausfralopithecus) (left) compared to

a modern human skull (Tasmanian aboriginal), als, alisphenoid. fr, frontal, ma, malar.

mast., mastoid process, mx, maxilla, na, nasal, oc. cond., occipital condyle, pa, parietal,

soc, supraoccipitol. sq, squamosal. (From Gregory, Evolution Emerging, Vol. 2, p. 977.

Copyright 1951, by American Museum of Natural History. Used by permission of The

Macmillan Company, publishers.)

small brain cases. The teeth were actually larger than those of modern

man. As a result of the tooth and jaw development the face was progna-

thous and lacking a chin (Fig. 11.9). Eyebrow ridges projected over the

eyes.

The small, flat brain case stood in marked contrast to the large face. Casts

of the interior of the skulls reveal that the brain was of human form but

was so small as to be outside the range for normal brains of Homo sapiens.

Australopithecine brain capacity ranged from about 450 cc. up to 700 cc.

(Le Gros Clark, 1959). We have seen that the smallest normal capacity
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for Homo sapiens is about 900 cc. Indeed the australopithecine brain size

is comparable to that of apes. The range for the gorilla is 415 to 655 cc. Yet

a gorilla with a brain of 650 cc. weighs four or five times as much as did

these early men. Evidently the lightly built australopithecines with their

small brains represent an evolutionary trend quite unlike that which culmi-

nated in the bulky gorilla.

Were the small brains of the australopithecines sufficiently developed to

make possible any culture worthy the name? Recent findings of crude

stone implements with the fossils of Zinjanthropus (see p. 237) corroborate

previous fragmentary evidence that australopithecines made simple stone

tools. Dart (1956, 1959) has suggested that the australopithecines may have

fashioned implements and weapons of bone. Rather interestingly, quanti-

ties of baboon skulls fractured in such a way as to suggest that the creatures

were killed by skillful blows on the head, have been found with australo-

pithecine remains.

The australopithecines are now known from the remains of many indi-

viduals, exhibiting considerable variation in structure. Robinson (1956)

distinguished two main types and called them genera (plural of "genus")

:

Australopithecus and Paranthropus. He stated that "there is greater dif-

ference between them than between the gorilla and the chimpanzee."

Paranthropus had massive jaws and grinding teeth with accompanying

heavy musculature; it was probably herbivorous. Australopithecus was

more lightly constructed; its teeth suggest an omnivorous diet. Le Gros

Clark (1955, 1959), on the other hand, recognized the variability en-

countered but suggested that it may have been no greater than that found

within our own genus. Homo. Accordingly he placed all australopithecines

in one genus: Australopithecus. We note that both of these authors would

place the australopithecines in one or more genera distinct from genus

Homo. But is even this taxonomic distinction justified? If they were men
should they not be placed in the genus with other men, just as all types of

dogs are placed in genus Canis? Mayr (1950) suggested that they be

classified as Homo transvaalensis. Such differences of opinion are inevita-

ble. In part they stem from differences of opinion as to what is to be in-

cluded in the term "man"; in part they form an aspect of the unresolvable

controversy between the "lumpers" and the "splitters" in taxonomy, i.e.,

those who emphasize similarities and classify similar forms together de-

spite differences considered to be minor, and those who emphasize dif-

ferences, separating animals into distinct categories on the basis of even

small differences.

Whatever their exact relationships and classification, the australopithe-
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cines tell us much about the early stages of human evolution. We have seen

that the primates as a whole are characterized by varying degrees of

emancipation of the forelimbs from the duties of locomotion (p. 220). The

various primates vary in the extent of this emancipation, and the brachia-

tors among them have in a sense reversed the trend, although most of them

have done so without serious loss of ability to use the hands in grasping

objects. The lower monkeys, arboreal but not brachiators, possess hands

adapted for grasping and handling objects, as everyone who has visited a

zoo knows. They also foreshadow to some extent an upright posture of the

trunk as they move through their arboreal habitat. The ancestor of

man must have been such an arboreal (and brachiating?) primate who

for some reason forsook life in trees for life on the ground. In response to

the needs of the new environment, the tendency to upright posture be-

queathed him by his tree-dwelling ancestors became perfected. Further-

more, the attainment of erect locomotion removed the last necessity for the

employment of the hands in locomotion, leaving them free for other duties,

notably the handling of objects. The latter led directly to the use of tools,

the basis of all man's later achievements. Man without tools would be a

most undistinguished member of the animal kingdom. Tools, developed

and employed by the human brain, have made possible the development

of civilization. To a very considerable extent man's cultural attainments

have been, and continue to be, measured by the tools employed, as implied

in our designation of cultures as "Old Stone Age" (Paleolithic), "New

Stone Age," "Bronze Age," "Iron Age," "Age of Steam," "Age of Elec-

tricity," and so on. Accordingly the importance of the changes which

paved the way for development of the ability to use tools can not be exag-

gerated. The primary change making this possible was attainment of up-

right posture, which, as the australopithecines and perhaps even

Oreopithecus show us, came at the dawn of human evolution and pre-

ceded the great development of brain which was later to characterize man.

Hands free to use tools came first; brain development adequate for making

effective use of those hands in devising, using, and perfecting tools came

later. Probably the brain development never would have occurred had not

the hands been available first. In this connection it is interesting to recall

that in the evolution of the horse, brain development lagged behind adap-

tive changes in the limbs. Hyracotherium with its almost reptilian brain

had nevertheless begun the evolutionary changes in the limbs which were

to characterize horse evolution (pp. 202-203; Fig. 10.6).

Were the australopithecines ancestral to later men, including eventually

Homo sapiens? We have enumerated above many bodily characteristics of
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Homo sapiens also shared by the australopithecines. The differences

largely relate to large jaws and teeth and small brains. While it seems evi-

dent that the australopithecines demonstrate for us a stage passed through

by man in his evolution, very possibly the actual specimens being discov-

ered in South Africa were not members of a population which was literally

ancestral to later men. But similar forms, living perhaps in other regions

and as yet undiscovered, very likely were the actual ancestors. In this

connection we should like to learn more of australopithecines living in re-

gions other than South Africa. In 1959 the skull and tibia of an australopi-

thecine were found in Tanganyika, thereby extending the known range of

the group into East Africa. Called Zinjanthropus boisei by its describer,

L. S. B. Leakey (1959), this fossil differs from those of the South African

forms in some respects and may approach the structure of modern man

more closely than do these latter. Interestingly, the bones came from a

Lower Pleistocene campsite and were accompanied by stone tools and the

bones of animals used as food.

More recently Dr. Leakey has discovered remains of two more indi-

viduals, a child and an adult, in the same region. Preliminary reports indi-

cate that these remains are older, but more manlike, than those of Zinjan-

thropus, from which they differ in various ways. Interestingly enough, the

canine teeth resemble those of Proconsul. In this fascinating field further

discoveries, filling gaps in knowledge and changing ideas, may be expected

almost daily.

Turning to regions outside Africa, we may note that Robinson (1956)

considered that a hominid known from fragmentary remains found in Java

and customarily called Meganthropus was actually an australopithecine;

Le Gros Clark ( 1955 ), on the other hand, considered that it was a Pithe-

canthropus. Perhaps this difference of opinion is in itself revealing of the

manner in which the australopithecines approached Pithecanthropus in

structure. At any rate, our ignorance of the distribution of australopithe-

cines outside Africa is as yet almost complete.

The actual ancestors of later men may have lived at an earlier time than

did the known specimens of australopithecines. The latter are considered

to date from the early Lower Pleistocene; Robinson ( 1956) stated that they

"must also have been living in the Pliocene," but no Pliocene fossils of

them are known. The remains of the next succeeding type of man. Pithe-

canthropus, are found in deposits considered to be from the beginning of

the Middle Pleistocene (Le Gros Clark, 1959). Thus some hundreds of

thousands of years may have intervened between the known australopithe-

cines and Pithecanthropus. If the actual ancestors were older than the
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known specimens still more time for evolution of Pithecanthropus from

australopithecine-type hominids would have been available.

Pithecanthropus

Our discussion of the australopithecines has indicated that early in the

Pleistocene human evolution had progressed to acquirement of upright

posture (perhaps even foreshadowed long before in Oreopithecus) and es-

sentially human dentition. Upright posture freed the hands from locomotor

duties and made possible, at least potentially, the use of tools. The brain,

however, was still abnormally small for a primate that could be called hu-

man. In subsequent evolution to the Homo sapiens stage the brain in-

creased in size, and the jaws and teeth decreased. What fossil remains do

we have indicating the steps in this process?

Long before the first australopithecines were discovered unusual human

remains had been found on the Asiatic island of Java. Here, in 1891,

Dubois collected a skullcap with a few associated teeth and bones, notably

a femur. The original owner of these bones was named Pithecanthropus

erectus, meaning "erect ape-man." For years a controversy as to whether

the creature was ape or man raged around these meager fossils. For-

tunately he and his fellows are now known from portions of four skulls

and some additional bones. More recently similar fossils were found in a

cave near Peiping, China. Here a total of fifteen skulls and skull frag-

ments have been found (Weidenreich, 1943, 1946). These fossils were

named Sinanthropus pekinensis but subsequent investigation revealed that

they are so similar to the Javan fossils that they certainly should be in-

cluded in the same genus. Accordingly they have been renamed Pithe-

canthropus pekinensis. But here, even more than in the case of the aus-

tralopithecines (p. 235), we are confronted with the question as to whether

in reality these men should not be included in the genus of men, Homo.

Mayr (1950) suggested that they be classified as Homo erectus. What name

shall we use for them, then? In order to have a distinctive title without

prejudging the outcome of the taxonomic controversy we shall follow the

usage of Brown (1958) in employing the name Pithecanthropus without

italicizing it; in this way we use it as a common or vernacular name rather

than as a technical generic name.

Like the australopithecines. Pithecanthropus walked upright; he was

slightly taller than the former, averaging in the neighborhood of 5 feet in

height. The limb bones are indistinguishable from those of Homo sapiens.

The brain size was somewhat increased over that of the australopithecines.
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The cranial capacity of three of the Javan skulls ranged from 775 to 900 cc.

while the Peiping specimens showed a still greater capacity, ranging from

850 to 1300 cc. (Le Gros Clark, 1949-1957). Thus the known brain sizes

nearly bridge the gap between the australopithecines and modern man.

Perhaps no australopithecine brain was quite as large as the smallest

pithecanthropine brain, but the largest cranial capacity of Pithecanthropus

was nearly as large as the 1350 cc. which constitutes the average of mod-

ern cranial capacities. The average of all known pithecanthropine speci-

mens was about 1000 cc. In part this small average size was probably a re-

flection of small body size, but it is to be noted that the modern Bushman,

who has about the same body

size, has a cranial capacity of

around 1300 cc. (Le Gros Clark,

1949_1957). The evidence is

that the Javan representatives

with their smaller brains lived

somewhat earlier than did the

slightly larger-brained pithecan-

thropines from China.

The small brain was housed in

a flattened skull with little or no

forehead and with brow ridses

projecting "to form a prominent

and uninterrupted shelf of bone

overhanging the eye sockets" (Le

Gros Clark, 1959; Fig. 11.10).

The brain case was broadest at

the level of the ears and was pointed in back, rather than broadly rounded.

The bones of the brain case were of extraordinary thickness, averaging 9.7-

10 mm., as compared whh 5.2 mm. for the thickness of corresponding

bones in the skull of modern man (Weidenreich, 1943 ). We may note that

this thickness was not an essentially apelike characteristic, since modern

apes are not thicker skulled than are modern men.

As in the australopithecines, the teeth were large, the face prognathous

and chinless. The molar teeth were so like those of the australopithecines

as to be almost indistinguishable (Le Gros Clark, 1955).

Was Pithecanthropus confined to Asia? Recently three fossil jaws and

a parietal bone almost indistinguishable from those of Pithecanthropus

were found in Algeria. The name Atlanthropus has been given these fossils

but they are probably better regarded as North African Pithecanthropus.

FIG. 11.10. Restored skull of Pithecanthropus

from Java. (After McGregor and von Koenigs-

wald; from Romer, Vertebrate Paleontology,

University of Chicago Press, 1945, p. 357.)
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Le Gros Clark (1959) also suggested that the European Heidelberg jaw,

long a bone of contention, may have belonged to a pithecanthropine, but

other investigators see Neanderthal affinities in this jaw (Fig. 11.11), and

at any rate far-reaching conclusions based upon one jaw are dangerous.

Thus we see that in about the middle of the Pleistocene, some half-mil-

lion years ago, there lived in Asia and probably other regions people who

walked upright, as did the South African australopithecines, but who were

larger in body and brain than were the South African forms. Judged by

modern human standards their brains were still small, however. Were

these small brains indicative of markedly low in-

telligence? To answer this question we would wish

more information about their culture than is avail-

able to us. Evidence from the caves in which the

remains of the Peiping men were found indicates

that these people manufactured stone tools of

quartz and that they used fire. They were hunters,

FIG. 11.11. The Hei- and judged by the cracked bones and skulls found

delberg jaw. (From associated with their remains they regarded brains
Romer, Vertebrate Pa- , , i j i- • t-,
, , , ,, . . , and bone marrow as especial delicacies. There is
leontology. University of ^

Chicago Press, 1945, p. some evidence that human brains and marrow were

357.) as welcome articles of diet as were those portions

of lower animals. Le Gros Clark ( 1949-1957) sug-

gested that their habits may have been somewhat similar to those of head-

hunters of modern times in Borneo and elsewhere, and that they may have

been almost as advanced culturally as are some of the less civilized peoples

of today. But they were back near the beginning of being human; as Gregory

(1951) expressed it, "Whatever the inherent possibilities of the Javan and

Peking people's brains may have been, their bank of learning and tradi-

tion was still in a relatively early stage of accumulating a favorable bal-

ance."

Transitional Forms

We have now reached about the midpoint of the Pleistocene in time, and

in human development we have reached a stage in which the brain aver-

aged smaller than that of Homo sapiens though some individual brains

were within the range of variation exhibited by the latter. Teeth were still

large and jaws were chinless. Skulls were flattened and had heavy eye-

brow ridges. This brings us to a portion of the Pleistocene from which

human remains now known are few and fragmentary. But such as they are

they exhibit trends from the Pithecanthropus-stage toward the two types of
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men found in later portions of the Pleistocene: Neanderthal man and

Homo sapiens of modern type.

The two oldest of these remains come from Steinheim in Germany and

Swanscombe in England. The Steinheim skull is fairly complete. Its

cranial capacity is estimated at about 1 100 cc; it had heavy eyebrow ridges

but a higher forehead than Pithecanthropus had (Fig. 11.12). In most

respects it resembles the skull of Homo sapiens (Le Gros Clark, 1955).

The same is true for the Swanscombe "skull/' known only from three

bones forming the roof and back of the brain case. The bones are unusu-

ally thick. The cranial capac-

ity is estimated to have been

about 1320 cc. Thus we see

that living in the interval be-

tween the second and the

third of the four glaciations in

the Pleistocene (2nd Intergla-

cial) there were men resem-

bling Homo sapiens but of

such unspecialized nature that

they may well be representa-

tive of a varied population an-

cestral to both Homo sapiens

of modern type and to Nean-

derthal peoples.

Moving along in time to the

interval between the third and

fourth glaciations (3rd Inter-

glacial) we find the Fontechevade skulls from southern France. Parts of

two skulls were found under a layer of stalagmite deposit in a cave. The

bones, like those of the Swanscombe fossil, are unusually thick. The cranial

capacity is estimated to have been greater than 1400 cc. The evidence is

that, unlike the Steinheim (and perhaps Swanscombe) skull, these skulls

lacked heavy eyebrow ridges. Interestingly enough, however, heavy eye-

brow ridges did characterize another skull known from this period: the

Ehringsdorf skull from Germany (Fig. 11.13). This skull had a fairly high

forehead, however. Thus it resembled Neanderthal man in brow ridges and

Homo sapiens in forehead.

We have mentioned only four of the fossils known from the second and

third interglacial periods. Those we have mentioned suffice to indicate that

during these periods there lived a varied assemblage of people capable in

the aggregate of having been the ancestors of both Neanderthal man and

FIG. 11.12. The Steinheim skull (partly re-

stored). Approximately one-third natural size.

(From Le Gros Clark, The Foss;7 Evidence for Hu-

man Evolution, University of Chicago Press, 1955,

p. 64; by courtesy of the British Museum [Natu-

ral History].)
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Homo sapiens of modern type. Classification of such transitional forms is

difficult. Those most closely resembling Homo sapiens are sometimes

called "presapiens" (cf. Vallois, 1954) but there is no clear indication that

they constituted populations actually differentiated from their "pre-

Neanderthal" contemporaries. In fact, as noted above, some individuals

seem to have combined characteristics of both Neanderthal man and typi-

cal Homo sapiens. Sometimes these early peoples not clearly differentiated

as either Neanderthal or Homo sapiens are called "early Neanderthals"

FIG. 11.13. The Ehringsdorf skull. Approximately one-

third natural size. (From Le Gros Clark, The Fossil Evi-

dence for Human Evolution, University of Chicago Press,

1955, p. 68; by courtesy of the British Museum [Natural

History].)

and are represented as ancestral to both later or "classic" Neanderthals

and to Homo sapiens (Howell, 1957). But it would seem as logical to

call them "early Homo sapiens" and to represent them as ancestral to

classic Neanderthals and to later Homo sapiens (essentially the view of

Le Gros Clark, 1955).

In sum, these transitional forms seem best left unclassified. Like the

australopithecines and like Pithecanthropus they exhibited great variabil-

ity. Apparently wide variation in structure has always characterized man.

From this varied assemblage of people two fairly distinct types emerged:

Neanderthal man and Homo sapiens of modern type.

Neanderthal Man

During the first portions of the fourth or last glaciation, distinctive

groups of people collectively known as Neanderthal man lived in Europe.
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Known remains of these people are more numerous than are those of the

men discussed above: between eighty and ninety individuals are repre-

sented by skeletal remains of varying completeness.

Neanderthal men whom we may regard as typical had brains at least as

large as those of modern man, averaging about 1400 cc. In a sense, how-

ever, their brains were large in the wrong places. The lower and posterior

portions of the brain were large, the upper and anterior portions being less

well developed. Since the upper and anterior portions of the cerebral

hemispheres seem to be most closely associated with higher mental proc-

esses, it is possible that the somewhat old-fashioned Neanderthal brain was

connected with a degree of intelligence less than that of modern man. At

any rate, the peculiarities of the

brain affected the shape of the

skull (Fig. 11.14). The forehead

was low and slanting, and heavy

eyebrow ridges projected over

the orbits of the eyes. As in Pithe-

canthropus, the greatest width of

the skull was at the level of the

ears, the skull tapering upward

from that point. By contrast, the

large cerebral hemispheres of

the modern human brain cause

the skull to bulge above the level

of the ears, the greatest width of

the skull occurring at this higher

level.

The bones of the brain case

averaged about 7.2 mm. in thickness. We note that this thickness is inter-

mediate between that of the skulls of Pithecanthropus and of modern man
(p. 239). The teeth were large, and there was no chin.

The Neanderthal peoples were shorter than are most modern groups;

the men seem to have averaged a little over 5 feet in height, the women
somewhat shorter. This small stature was due in part to the short legs, in

which the shortness of the lower leg (shin) was particularly marked. They

were stout, powerfully built people. Early restorations seemed to indicate

that these people did not have a fully upright posture but later investiga-

tions have shown this interpretation to have been incorrect, having arisen

from the fact that the first specimen restored was pathological, the skeleton

of an individual suffering from severe arthritis (Straus and Cave, 1957).

FIG. n.l4. Skull of

(After McGregor; from

Paleontology, University

1945, p. 357.)

Neanderthal man.

Romer, Vertebrafe

of Chicago Press,
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They had stocky chests, broad shoulders, and large hands, though the fin-

gers were short.

The Neanderthal culture was of the Old Stone Age type known as

Mousterian; chipped flint tools and crude carvings remain as evidence.

Some of the skeletons give evidence of reverent burial and are accom-

panied by ornaments and flint tools; the implication would seem to be that

these people had some form of belief in immortality of the spirit.

Neanderthal peoples are best known from Europe. Fossils from other

portions of the globe indicate that people of this general type, but difi'er-

ing in details, were living in such diverse places as Palestine (Mount Car-

mel), Rhodesia (Rhodesian man). South Africa (Saldanha man), Iraq

(Shanidar man), and Java (Solo man). While these remains exhibit

"neanderthaloid" characteristics, some of them also resemble typical

Homo sapiens in certain respects, thereby again emphasizing the human

variability mentioned previously. The skeletons found in caves on Mount

Carmel in Palestine are interesting in that both neanderthaloid and Homo
sapiens characteristics are represented. The various skeletons are some-

times regarded as having belonged to members of a single population.

These people have been variously considered to be ( 1 ) hybrids between

typical Neanderthals and typical Homo sapiens or (2) intermediate forms

in the ancestry of typical Neanderthals, representing stages by which the

earlier transitional forms (pp. 240-242) gave rise to the classic Neander-

thals. It is possible, however, that the skeletons do not represent members

of a single population but that "an early variety of modern man lived side

by side, so to speak, with a Neanderthal variety" (Stewart, 1960).

This raises the question as to whether or not a distinct line can be drawn

between Neanderthal man and Homo sapiens. Because typical Neander-

thal peoples are possessed of a set of distinctive characteristics, most in-

vestigators conclude that while Neanderthal man should be placed in the

same genus with ourselves he should be regarded as a separate species,

i.e., that he should be classified as Homo neanderthalensis. In view, how-

ever, of the varying combinations of characteristics noted above, as wefl as

of the possibility that Neanderthal peoples and Homo sapiens might have

intermarried if they came into contact, a minority of investigators place

Neanderthal man in our own species, sapiens (Mayr, 1950). If desired he

may be regarded as constituting a separate subspecies in that species and

be called Homo sapiens neanderthalensis

.

The "extreme" or "classic" Neanderthals (i.e., those most unlike mod-

ern Homo sapiens) apparently lived only in Europe and became extinct

there before the end of the last glacial period. They were succeeded by
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men of a very different type: Cro-Magnon man. What happened to the

Neanderthal people? Were they conquered and exterminated? Or did they

intermarry with the Cro-Magnon people and thus disappear as a separate

type? Both possibilities have been suggested, but actually our ignorance on

the subject is complete, for as Howell (1957) stated: "there is no clear-cut

evidence which would indicate that the classic Neanderthals either (1)

lived contemporaneously with the earliest of the Cro-Magnon people . . .

or (2) that they interbred with the latter people."

Cro-Magnon Man

The successors in Europe of Neanderthal man were so like modern Eu-

ropeans that the skeletons are indistinguishable. Thus they represent typi-

cal Homo sapiens; all the charac-

teristics of this species listed pre-

viously (p. 232) apply to them.

They differed from Neanderthal

man in stature: males averaged

over 6 feet in height, females about

5 feet and 5 inches. In contrast to

neanderthalian structure, the lower

or shin segment of the leg was

long, indicating swift-footedness.

The skull was of modern type,

with high forehead, no heavy eye-

brow ridges, and a distinctly jutting

chin (Fig. 11.15). Unlike the

faces of all his predecessors, the

face of Cro-Magnon man was or-

thognathous. Teeth and jaws were

like those of modern man. Comparison of the skull of Neanderthal man
(Fig. 11.14) with that of Cro-Magnon man (Fig. 11.15) will make these

differences clear.

The Cro-Magnon people were characterized by a rather high type of

Old Stone Age culture known as Aurignacian. In addition to stone, bone
was used as material for manufacture of implements. These people buried

their dead with elaborateness. But the Aurignacians are best known for the

expertly drawn, colored pictures of contemporary mammals found on
cave walls in France and Spain. These marvelous examples of primitive

art are located in regions of the caves that are perpetually dark: the artists

must have employed artificial illumination.

FIG. 11.15. Skull of Cro-Magnon man.

(After McGregor; from Romer, Veriebraie

Paleonfology, University of Chicago Press,

1945, p. 357.)
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Cro-Magnon man probably reached Europe as an invader, coming,

according to the prevalent idea, from Asia. Carbon- 14 dating of objects

from the Aurignacian culture indicates that these people lived in Europe

some 27,000 years ago, well before the end of the last glaciation.

Eventually the Aurignacians were replaced by people having a different

Old Stone Age culture, the Magdalenian. The Magdalenians lived in Eu-

rope some 15,000 years ago, and in turn were replaced by a succession of

people of other cultures: the Mesolithic peoples who developed agricul-

ture and domesticated animals, and the Neolithic (New Stone Age) peo-

ples who advanced still further in perfecting tools and in communal living.

It is generally believed that these later peoples constituted additional

waves of invaders, probably from Asia, but we have little real knowledge

of their origin, or of the evolutionary history of the modern races which

in time replaced these older cultural groups.

All of these people were Homo sapiens of the modern type, judging from

their skeletons. Variations in structure occurred, but these variations did

not surpass the range of variation exhibited by modern man.

By 10,000 years ago, and probably before that date (perhaps as long ago

as 37,000 years in the case of America: Krieger, 1957), Homo sapiens had

reached such out-of-the-way regions of the world as Australia and North

America.

Human Evolution

How shall we picture the evolution of man? It is frequently diagramed

as a tree with limbs, branches, and twigs. But such a picture makes no pro-

vision for the diversity of men living at any one time, with the complexi-

ties introduced by migrations and gene exchange between populations that

intermarry. A twig arises from one branch, not several branches, whereas

a descendant may have drawn his genes from several ancestral groups. The

tree as a means of picturing human evolution has outlived its usefulness.

Fig. 11.16 is an attempt to avoid these shortcomings by picturing human

evolution in terms of a pattern of interlacing, interweaving lines. The in-

tent is to convey the impression of many ancestral lines crossing and re-

crossing as new forms arose, differentiated, combined characteristics by

mating with other populations, and passed on their genes to descendants in

varying proportion. The thought is that no one hominid living at a certain

time was the ancestor of all hominids living at a later time, but that, rather,

each later hominid received his collection of genes from varying predeces-

sors, some of whom contributed more than others. As we have stressed
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FIG. 11.16. Diagram of human evolution during the Pleistocene.

Ehr., Ehringsdorf; Font., Fontechevade; Mf. C, Mt. Carmel; Rhd.,

Rhodesian; Sal., Saldanha; St., Steinheim; Sw., Swanscombe.

repeatedly, the more we learn of hominids the more we appreciate that

they have always been a variable lot. Like the time-honored tree, our dia-

gram is hypothetical, but it seems to represent better than does the tree

what we are learning both about the history of man's evolution and about

the factors and forces operative in evolution in general.

At various points in the ascending pattern (Fig. 11.16) we have inserted
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the names of known fossil forms. These are placed to represent successive

stages in human evolution, with the additional probability implied that

they may have contributed some of the genes possessed by their succes-

sors. Thus, the australopithecines may have contributed some genes to

Pithecanthropus, but so also may some other ancestors as yet unknown to

us (not all the lines leading to "Pithecanthropus" emanate from "Australo-

pithecines"). Similarly, Pithecanthropus is generally regarded as ancestral

to the mid-Pleistocene forms exemplified by the Swanscombe and Stein-

heim fossils, but it may or may not have been the only ancestor of these

forms. And, as we have noted above, these and later "transitional forms"

doubtless contributed both to the ancestry of Neanderthal man and to that

of Homo sapiens of modern type.

The diagram does not indicate the extent of time during which each form

lived. The australopithecines, for example, may have arisen in the Plio-

cene, and they probably lived on as contemporaries of the earliest repre-

sentatives of Pithecanthropus.

The Human Species

As mentioned earlier, we regard all modern peoples as belonging to one

species, sapiens, of one genus. Homo. What is a species? In Chapter 14 we

shall discuss the attributes of this unit of classification. At present we shall

confine ourselves to a definition generally acceptable in the light of modern

biological knowledge, that of Mayr ( 1 942, 1 950 ) : "Species are groups of ac-

tually or potentially interbreeding natural populations, which are reproduc-

tively isolated from other such groups." Reproductive isolation is discussed

in Chapter 20 (pp. 471-473). Briefly, two populations are said to be repro-

ductively isolated from each other if they do not interbreed, and hence ex-

change genes, even when they have opportunity to do so. The red squirrels

and gray squirrels in our woods form an example of two species in one

genus; although they may live together in the same woods they do not inter-

breed. They are reproductively isolated from each other.

What is the situation of the modern races of man? Each race is certainly

composed of actually or potentially interbreeding populations. Are the

races reproductively isolated from each other? Clearly there are no

anatomical or physiological incompatibilities separating them. As we shall

note later, however, reproductive isolation may at times have a psy-

chological basis. Observation seems to indicate some limited measure of

psychological isolation among human races, since members of one race

usually prejer to marry members of the same race rather than members

of other races. Exceptions are common, however. In the absence of social
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taboos, as, for example, in Hawaii, Jamaica, and many other parts of the

world, racial hybridization is frequent and biologically normal. It is upon

this basis that we conclude that all living peoples belong to one species.

Parenthetically it will be well to note a dissenting opinion on the state-

ment just made. As we shall see in our discussion of classification (pp.

314-320), the "biological definition" of the word "species" given above is

not accepted by everyone. Dift'erent species usually diff"er structurally, as

well as in the matter of reproductive isolation. If one stresses structural dif-

ferences and minimizes the importance of reproductive isolation one may
conclude that the different races are so different structurally that they

should be considered separate species. From time to time various students

of human evolution have adopted this view (see Gates, 1948), but most

investigators conclude that all modern peoples belong to but one species.

Turning our attention to the prehistoric men, we ask: how should they

be classified? As noted previously, Cro-Magnon man has long been con-

sidered a member of our species, sapiens. In addition we have noted

earlier peoples (such as Swanscombe, Steinheim, Ehringsdorf, and Fonte-

chevade ) who had so many sapiens-Yike attributes that placing them in our

own species seems justified (Le Gros Clark, 1955, 1959). Actually we can,

of course, have no direct knowledge of the matter of reproductive isolation in

their cases, but structurally they were so like typical sapiens that repro-

ductive isolation from the latter seems unlikely.

As we have seen, some of the Pleistocene peoples combined Neanderthal-

like characteristics with sapiens-like ones. What shall we say of them?

Would they have been reproductively isolated from their more sapiens-

like contemporaries? And what of the typical or "classic" Neanderthal peo-

ples themselves? Would they have been reproductively isolated from peo-

ples combining Neanderthal-like and sapiens-Wke characteristics, and from

sapiens-Uke people? We can not answer these questions with certainty.

As noted previously, classic Neanderthals are usually placed in their own
species on structural grounds, and called Homo neanderthalensis. But per-

haps all these late Pleistocene men constituted "actually or potentially

interbreeding natural populations" and hence should be considered mem-
bers of but the one species. Homo sapiens (Mayr, 1950).

And what of the various forms that collectively we have called Pithe-

canthropus, living in earlier Pleistocene times? They are so unhke Homo
sapiens that they are usually placed in a separate genus {Pithecanthropus)

from him, though, as noted previously, Mayr ( 1950) suggested that the dif-

ferences are not sufficient to warrant separation at the species level, and

suggested Homo erectus as a suitable name.

Going back to the earliest Pleistocene we find still less agreement con-
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cerning the australopithecines. They are customarily separated from Homo
sapiens by placing them not only in a different species, but also in a dif-

ferent genus and even in a different subfamily (Australopithecinae).

This subfamily is usually divided into two or more genera (p. 235). On the

other hand, Mayr ( 1950) suggested that all of them be included in our own

genus and in one species, and called Homo transvaalensis. Grouping them

in one species suggests the unlikelihood that they would have been repro-

ductively isolated from each other.

It will be noted that according to the suggested classification, all men of

whatever geologic age would be placed in genus Homo (Mayr, 1950;

Brown, 1958). Variation within the genus would be recognized by separat-

ing the various forms, especially those living at different times, into dif-

ferent species. Men living at any one time would usually be considered

to belong to one species, though there would be exceptions. Thus, as we

have noted, australopithecines and Pithecanthropus may have lived as

contemporaries during portions of their respective existences. Probably

they were so unhke that they would not have intermarried if they had

come into contact with each other, and hence the placing of them in sepa-

rate species (//. transvaalensis and H. erectus) would be justified.

Races of Homo sapiens

We have noted that modern men are usually considered to belong to

one species, despite racial differences.

What is a race and how does it differ from a species? This question will

receive further attention in our discussion of classification (pp. 320-323),

where the point is made that race is equivalent to the subdivision of a

species known as a subspecies. Here we may note that races or subspecies

differ from species by the absence of that reproductive isolation forming

an important hallmark of species. In addition to reproductive isolation,

one species differs from another in some of its genes. The difference in

genes usually manifests itself in differences in visible structure and char-

acteristics, although not always. Similarly, one race differs from another

in some of the genes present, but in this case the differences are usually

less than they are between species. Indeed, the differences between races

are more likely to take the form of variations in frequencies of occurrence

of certain genes than they are to manifest themselves in the form of pos-

session of certain genes by one race, with absence of those genes in an-

other.

Thus races usually differ from species in two ways: (1) absence of re-
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productive isolation and (2) smaller amount of genetic difference. Both

these attributes are complex variables, since there are degrees of reproduc-

tive isolation as well as degrees of genetic difference. As noted above, it is

largely because of the absence of reproductive isolation that we conclude

that the races of man are races and not species, despite the genetic dif-

ferences between them.

The next point is of such great importance for the understanding of what

races are, and what they are not, that we regret lack of space to discuss it

in greater detail than will be possible here. The differences between races

are of the same kind as the differences between groups of people within

races. Much of our deplorable race prejudice would disappear if people

generally could come to understand that fact, with all its implications. In

recent years a great volume of evidence has been amassed on this point

(see Boyd, 1950; Cold Spring Harbor Symposia on Quantitative Biol-

ogy, Vol. 15, 1950; Dobzhansky, 1950; Dunn, 195 I ). A few brief examples

must suffice us here.

The blood groups are the human characteristics most thoroughly ana-

lyzed as to genetic basis. As we saw earlier (pp. 121-122), racial groups

differ in the proportions in which these blood groups occur (i.e., in the

gene frequencies involved). So do populations within racial groups. Most

American Indians, for example, exhibit a high percentage of individuals

belonging to group O. Yet the Blackfoot and Blood tribes in Montana have

an unusually high proportion of members belonging to group A. Contrari-

wise, groups of people usually considered to belong to different races may

be quite similar in their blood group distributions. Thus while a high pro-

portion of group B characterizes Asiatic peoples it is also characteristic of

Abyssinians, and of Pygmies in the Congo. Eskimos, Portuguese, and Aus-

tralian aborigines resemble one another in blood group distributions. We
have picked a few examples at random; many others will be found in the

references cited in the preceding paragraph. Similar differences and diver-

sity exist in the distributions of the other blood ceU substances (M, N,

Rh, etc.). A point of great importance for us is the fact that there is no cor-

relation between the distributions of these various substances—they vary

in frequency independently of each other, and of such characteristics as

skin color.

Another genetically determined trait concerns ability to taste the organic

compound phenylthiocarbamide (PTC). Populations in different parts of

the world differ in the proportion of persons able to taste this substance.

Variability in this regard is independent of the variability in distribution of

the several blood group substances.
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Most persons think first of skin color when they think of racial differ-

ences. But here also there is great variability in amount of skin pigment

present in different members of a single racial group. There is also great

similarity in this respect among members of some diverse racial groups.

Some inhabitants of India, for example, have darker skins than do some

inhabitants of Africa. And again, variability in skin color occurs inde-

pendently of variability in blood groups, tasting ability, and so on. Even

hair form (straight, wavy, curly, kinky) is independent of skin color in

inheritance, and most importantly, there is no correlation between any of

these characteristics and such attributes as mental ability.

In bodily proportions variability within racial groups resembles variabil-

ity between racial groups, and there is no correlation with blood groups,

skin color, hair form, tasting ability, and so on. Thus we think of Scandi-

navians as tall and long-headed (dolichocephalic) although not all of

them are, by any means. Exceptionally tall and long-headed are the Wa-

tusi tribe in eastern Africa, while their "next-door neighbors," the Pygmies,

form a marked contrast in both respects.

Space permitting, we might add to the list indefinitely. The point we wish

to make will be evident from these few examples, however: In the mat-

ter of genetic difTerence a race is only a "constellation of characters," in

Boyd's phrase (1950). Races present mosaics of characteristics varying in-

dependently in their distribution. A population is called a race if it differs

from some other population in relative frequencies of blood group genes,

in proportion of individuals possessing the "taster" gene, in frequency of

the genes controlling skin color, of the genes controlling hair form, of those

controlling eye color, of those controlling stature, of those controlling head

shape, and so on. Populations within a single race differ in these same

ways. Thus races blend imperceptibly into each other and no sharp lines

can be drawn between them. As Dobzhansky (1950) stated, "It is most im-

portant to realize that the differences between the 'major' human races

are fundamentally of the same nature as the relatively minute differences

between the inhabitants of adjacent towns and villages."

Accordingly we note that races are populations characterized by cer-

tain frequencies of the genes. Contrary to older ideas, there is no such

thing as a racial "type" which all members of a race tend to approximate.

The "typical Negro" or "typical Mongolian" has no more actual existence

than does the "average man" about whom we sometimes read. No individ-

ual ever is "average"; each individual differs from every other in some re-

spects ("identical" twins most closely approach an exception to this state-

ment). We find the same situation when we attempt to classify individuals
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as belonging to one race or another. John Doe, for example, has dark

brown skin and kinky hair; he belongs to blood group A, is Rh-positive,

round-headed, and a "taster." Richard Roe has dark brown skin and wavy

hair; he belongs to blood group B, is Rh-negative, long-headed, and a

"non-taster." Despite all the differences between them people generally

would classify them both as of the same race on the basis of their one point

of similarity: dark brown skin (particularly if their ancestors came from

the same continent). A third individual, George Goe, has little skin pig-

ment, has wavy hair, belongs to blood group B. is Rh-negative, long-

headed, and a "non-taster." Despite the many similarities between

George and Richard people generally would probably not classify them as

belonging to the same race, their decision being based on the point that

George has little skin pigment while Richard has much.

Of course our imaginary example is oversimplified; many more char-

acteristics than these are involved in classifying people, and the matter of

geographic origin is also considered important. As will be noted below,

each race probably originated as a group of people isolated geographically

from other groups. Eventually the groups expanded and migrated (some-

times unwillingly, as in the case of African slaves migrating to the United

States), thereby coming into contact with other groups. Intermarriage be-

tween groups occurred. But despite such intermingling attempts are made

to classify people by the geographic origin of their ancestors. Thus if some

of the ancestors of John Doe and Richard Roe of our preceding paragraph

came from Africa, John and Richard would be called Negroes. On the

other hand, if John's ancestors came from India and Richard's ancestors

came from Africa, John and Richard would be considered to belong to

different races. The artificiality of this whole system of classifying people is

emphasized by the fact that individuals are not necessarily classified on

the basis of the geographic origin of the majority of their ancestors. The

extreme of absurdity is reached in the case of people most of whose an-

cestors were European, a minority having been African; such people by

custom are classified as Negroes!

As indicated, our greatest lack of perspective concerns skin pigmenta-

tion inherited from African ancestors. Of all the genetic characteristics by

which individuals differ from one another, why should skin color be the

one about which we become emotional? It would be just as sensible for

blood group A people to develop a "race prejudice" against blood group B

people! The principal difference is that the one characteristic is exposed on

the surface for everyone to see, while the other is hidden away, detectable

only by serological tests. But the one difference is no more "important"
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than the other. As a matter of fact, of the genetic characteristics we have

mentioned the most "important" is Rh, since in a small proportion of

marriages incompatibility in this regard reduces the number of living off-

spring producible. There might be some justification for Rh-negative

women to develop "race prejudice" against Rh-positive men, and vice

versa; in a certain proportion (frequently exaggerated in the public press)

of marriages between such individuals difficulty in producing normal chil-

dren arises. But there is no justification for race prejudice based on skin

color differences.

The idea that there once existed certain so-called "pure races" was for-

merly widely prevalent. A corollary was that the great human diversity

observed today arose through intermarriage of these "pure races." From

our discussion it will be evident that increasing knowledge of early and pre-

historic men affords no evidence of "pure races." In fact, quite the opposite

is the case: The more we learn of our predecessors on this planet the more

we understand that they were always a highly diversified lot of people. We
have seen that "racial" differences in the Pleistocene period were at least

as great as they are today. Furthermore, we have emphasized the fact

that the genes possessed by modern races were undoubtedly derived from

a mixed ancestry of Pleistocene peoples (pp. 246-248 and Fig. 11.16).

An attempt to visualize the processes at work may help to unify points

included in the preceding discussions. When the ancestors of man first

descended from the trees, assumed upright posture, and began to use tools

they were probably few in number. As they succeeded in their new en-

vironmental niche they increased in numbers and migrated out into new

territories. These first men were hunters and their social organization was

undoubtedly that of small, roving bands and nomadic tribes. As groups of

people became separated from each other opportunity was presented for

gradual development of genetic diversity. Certain mutations would have

occurred in some isolated groups but not in others. By chance some muta-

tions would have been lost in some of the groups in which they occurred

and would have become established in some other isolated groups (genetic

drift, pp. 349 and 439). Mutations which conferred some advantage on

their possessors would have been favored by natural selection (pp. 10,

351, 450). For example, if some groups entered regions characterized by

high intensity of sunlight, mutations increasing the amount of pigment in

the skin might have been of advantage (protection from harmful concen-

trations of ultraviolet rays) and hence might have been favored by natural

selection. Thus in such a region the population might eventually have be-

come quite dark in color. If, conversely, other groups entered environ-
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ments having sunlight of low intensity, mutations decreasing pigmentation

of the skin might have been favored by natural selection, since mainte-

nance of a certain level of ultraviolet irradiation of the skin is important in

providing the body with vitamin D. Consequently in this region a lightly

pigmented population might have evolved.

Many of the differences between races are adaptive in this manner, or

were adaptive under the conditions in which the races originated. The

exact nature of the adaptation has, however, not been analyzed in most

instances. Such racial characteristics as are not adaptive may have become

established in these isolated populations by chance, as noted above. The net

result of these processes was development of diversity among geographi-

cally isolated peoples—the production of geographic races.

When these diverse peoples came into contact with each other (migra-

tion, conquest) they exchanged genes, as discussed previously (pp.

244-248) and diagramed in Fig. 11.16. Some of the combinations of char-

acteristics thus arising may have proved superior to the characteristics of

one or both of the parental populations. If so, natural selection would have

favored the new combinations at the expense of the old. Particularly, natu-

ral selection seems to have favored the development of bigger and better

brains, as we have noted. Such development was of first importance in en-

abling man to devise tools and to improve them—in other words, in

enabling him to become increasingly a civilized man.

If our interpretation is correct, then, modern races are descendants of

ancient races, but probably no one modern race is the descendant of any

one ancient race alone. Our inability to draw any clear-cut lines between

races gives added confidence that such is the case. The genes have been

continually "reshuffled" as time, in geologic copiousness, has gone by.

We have sketched in broadest outline the probable course of race forma-

tion and racial change, stressing (1) geographic isolation; (2) mutations,

and their fate as determined by chance and by natural selection; (3) ex-

change of genes between populations. These are among the important fac-

tors operative in animal, as well as human, evolution. They receive further

amplification and discussion in Chapters 15-21.
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EVOLUTION AS SEEN IN THE

GEOGRAPHIC DISTRIBUTION

OF ANIMALS: CONTINENTS

Almost everyone knows that if he wishes to hunt lions

he should go to Africa, and if tigers are his objective he must travel to

India. But of those who know this, how many ever stop to wonder why

lions are more common in Africa than they are in India, and why tigers

are not found in Africa? As a result of studies by persons who have won-

dered about such things, a subdivision of biology known as geographic

distribution or zoogeography has developed.

Zoogeography is concerned with the manner in which animals are dis-

tributed over our planet and attempts to explain the observed distribu-

tions. We shall commence our discussion of the subject by considering

some of the peculiarities encountered in the distribution of animals on the

larger land masses of the earth, the continents.

Africa and South America

The two large continents crossed by the equator are South America and

Africa. Both have extensive tropical regions. Both extend southward into

the Temperate Zone. Both have lowland jungles; extensive river systems;

broad, dry plains; and high mountains. In short, both present much the

same variety of habitats for living things. We might anticipate, therefore,

that both continents would be populated with the same, or closely similar,

animals. Such an expectation would differ widely from actuality, however.

258
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In Africa we find lions, elephants, rhinoceroses, hippopotami, many

kinds of antelopes, giraffes, zebras, hyenas, lemurs, baboons, monkeys

with narrow noses and nonprehensile tails, chimpanzees, and gorillas, to

enumerate only a random sample.

In South America we find not a single one of the animals just listed.

South America has monkeys, to be sure, but they are quite unlike their

African relatives; many have broad noses and other distinguishing fea-

tures, including prehensile tails which serve as a fifth limb as they swing

through trees. In South America are (Fig. 12.1) (1) tapirs, representing

the odd-toed, hoofed mammals; (2) a group of rodents of which the

capybara, agouti, and paca are perhaps the best known (our guinea pig is

a domesticated relative); (3) mountain lions (panthers), ocelots, and

jaguars as representatives of the cat family; (4) llamas, guanacos, vicufias,

and alpacas as representatives of the camel family. There are also deer

(absent from Africa except in the neighborhood of the Mediterranean

Sea), armadillos, many species of opossums, giant anteaters, raccoons,

spectacled bears, chinchillas, peccaries, and sloths, those slow-moving

arboreal animals which hang beneath the branches of trees instead of trav-

eling on their upper surfaces. Furthermore, before white men overran

the earth the two continents differed as markedly in their human popula-

tions as they did in their lower animals. The greater part of Africa was

inhabited by various types of Negroes, while South America was inhabited

by various types of Indians.

While we have stressed the differences between the mammalian faunas

of these two continents, we do not wish to convey the impression that no

groups of animals have representatives in both. Such widely ranging ani-

mals as bats, rats, mice, squirrels, hares and rabbits, and members of the

cat, dog, weasel, and swine families occur in both continents. Despite this

fact, however, differences outweigh similarities.

Why do these geographically similar continents differ so markedly in

their animal populations? We shall defer the answer to this question until

we have gained a more comprehensive view of animal distribution on

other continents. We may note in passing, however, that for some people

the answer is simple and clear. It is possible to be satisfied with the explana-

tion that these continents have their present inhabitants because the latter

were created in place, so to speak. Lions were created in Africa, not in

South America; jaguars were created in South America, not in Africa, and

so on. For people contented with this explanation the final answer has

been given and there is nothing left to explain. Such an "explanation" re-

moves the whole matter from the field of scientific inquiry.
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FIG. 12.1. Typical South American placental mammals. Not drawn to scale.
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In this connection we may note an interesting relationsiiip between the

distinctiveness of animals and the length of time they have occupied a

given continent. This is particularly evident in South America, as pointed

out by Simpson (1950), who called the relationship faunal stratification.

The fossil record shows that armadillos and sloths, for example, occurred

in South America as long ago as the earliest Cenozoic. There are no sloths

anywhere else in the world, and no armadillos either, except as they later

spread northward in the Americas. These forms are representative of the

oldest "stratum."

An intermediate stratum is exemphfied by the New World monkeys,

which, as we have seen, are unlike the Old World forms in many re-

spects. They have lived in South America since mid-Cenozoic.

As examples of a later stratum Simpson cited the field mice, which are

closely allied to those of North America. They have formed part of the

South American fauna since late Cenozoic times only.

Thus we see as a general trend a relationship between the length of time

an animal has inhabited a given continent and the amount of differentia-

tion that animal has undergone. Such a relationship is eloquent of evolu-

tion. If animals were created as they are and remained unchanging such a

relationship would be meaningless, or would have to be ascribed to mere

coincidence. We shall return to this relationship between elapsed time and

amount of differentiation when we discuss the organisms of oceanic islands

(see especially pp. 292-293).

Australia

The Tropic of Capricorn crosses not only southern Africa and South

America but also the continent of Australia. The animal inhabitants of that

isolated continent are most unlike those of either of the other two con-

tinents crossed by the Tropic. Everyone knows of the Australian kanga-

roos, for the young of which a fur-lined pouch on the abdomen of the

mother serves as nest and living perambulator. The kangaroos belong to

the subdivision of Class Mammalia characterized by possession of such a

pouch, or marsupium, and hence called marsupials (see p. 192). Africa

has no marsupials; South America has opossums and some tiny creatures

known as caenolestids. In passing we might note that marsupials are also

absent from Asia, and only one species, the so-called Virginia opossum,

occurs in North America. How does it happen that marsupials are found

only in such widely separated regions of the earth as America and Aus-

tralia? The question suggests something of the complexity of problems
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confronting zoogeographers but belongs properly in a later portion of this

discussion (pp. 265-267).

Before the coming of man, with his intentional and unintentional intro-

duction of foreign species, Australia apparently had only bats, rats, and

mice as representatives of placental mammals (pp. 191-192), the group

which predominates in other regions of the globe. A dog, the dingo, is also

present but may have been introduced by early man.

The AustraUan realm is unique as the home of the only living represen-

tatives of the group of mammals which lay eggs, the monotremes (p. 189).

These representatives are the duckbilled platypus {Omithorhynchus) and

the spiny anteater {Echidna) (Fig. 12.2).

Aside from this sparse representation of placental mammals and mono-

tremes, Australia is populated by an odd assemblage of marsupials (Fig.
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FIG. 12.2. Monotremes. Echidna (spiny anteater), left; and Omithorhynchus (duckbilled

platypus), right.

12.3). In many ways they parallel the adaptations of placental mammals in

the rest of the world, affording striking examples of that parallel evolution

which we have stressed in other connections. Thus we find kangaroos of

assorted sizes and means of livelihood. Most of them are terrestrial, though

the tree kangaroo has forsaken life on the ground for life in trees. The great

red kangaroo is the closest Australian approach to the swift-moving, graz-

ing animals of other continents (deer, antelope, horses, and so on).

The koala, a slow-moving, nocturnal marsupial which has captured the

popular imagination as a living "teddy bear," lives in eucalyptus trees,

feeding on the leaves. Marsupial moles burrow in the ground just as do

true moles in other parts of the world. Wombats are marsupials which have

developed rodentlike teeth and have habits much like those of our wood-

chucks. Some phalangers resemble squirrels, while the flying phalanger



^^r—--^

\ ^ .*;)'

V/ 1/

7,/V

RED KANGAROO MARSUPIAL MOLE

FIG. 12.3. Typical marsupials of the Australian region. Not drown to scale.

(Mainly after Troughton, furred Animals of Australia, copyright 1947, Charles

Scribner's Sons.)
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resembles a flying squirrel in having membranes stretched between fore

and hind limbs to provide planes useful in gliding.

Of the other marsupials of Australia and neighboring Tasmania we may

mention hare wallabies, little kangaroolike creatures with habits much like

those of our rabbits, the Tasmanian wolf, a carnivorous marsupial resem-

bling true wolves in many respects, the Tasmanian devil, a carnivorous

creature reminiscent of our badgers, and the banded anteater, a small

marsupial with pointed snout and long, sticky, extensible tongue, the hall-

marks of anteaters of whatever relationship the world over. In sum, the

marsupials of the Australian region furnish a most striking example of that

adaptive radiation discussed in an earlier chapter (pp. 26-29).

Eurasia and North America

The foregoing discussion reveals that the three continents of the South-

ern Hemisphere present marked contrasts in animal inhabitants. In the

Northern Hemisphere, however, we find the contrasts much less striking.

The faunas of Eurasia and North America abound in animals which are

either identical or closely similar. Confining our discussion to mammals, we

may mention such widely ranging groups as deer, cats, wolves, foxes, otters,

weasels, badgers, moles, shrews, rats, and mice. Many of these are found

not only in the two northern continents now under consideration but also

in many other regions of the earth. Restricting our attention to mammals

more distinctive of the two northern land masses, we may mention some

of the hoofed animals common to both: ( 1 ) bison, sometimes called buffalo

in this country; (2) the large deer called moose in this country, elk in

Europe; (3) the wapiti, frequently called elk in this country, closely similar

to the stag of Europe (see comments on "common" names! p. 308); (4)

reindeer or caribou; (5) the North American mountain goat, closely akin

to the chamois of Europe; (6) the mountain sheep or bighorn.

Bears afford another example of the similarity of mammalian life on the

two northern continents. Aside from one species inhabiting the Atlas Moun-

tains of North Africa, and the peculiar spectacled bear living in the Andes

of South America, bears are confined to these northern continents. Among

the various species the polar bear is familiar to all as a denizen of circum-

polar arctic regions.

Both northern continents have beavers, lynxes ("bobcats"), varying

hares (brownish gray in summer, white in winter), and those odd little

relatives of hares and rabbits, the pikas or conies. The list might be

greatly extended, as well as expanded to include birds and other animals.
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but the examples cited will suffice to demonstrate the far-reaching similari-

ties characterizing the faunas of these northern continents.

In the preceding paragraphs we have presented evidence that the three

continents in the Southern Hemisphere differ markedly in their animal

inhabitants, whereas the two great land masses in the Northern Hemi-

sphere are closely similar in this respect. Can we now find some reasonable

explanation for the contrasted situations in the two hemispheres?

Accessibility

As we examine a map, preferably a globe, we are struck by the fact that

the three southern continents are widely separated from one another by

expanses of ocean, whereas the northern land masses are nearly in contact,

being separated from each other by only the 56 miles of Bering Strait. Per-

haps, then, accessibility forms the clue we are seeking. This seems all the

more likely when we realize that Bering Strait is shallow as well as nar-

row, and that there is every reason to believe that in various past geologic

periods the region lay above sea level to create a continuous bridge of land

between North America and Asia. A similar bridge may have existed be-

tween Europe and North America, perhaps by way of Iceland and Green-

land, but the evidence for it is less conclusive than is the evidence for the

Alaska-Siberia connection. The latter must have made possible extensive

migrations between Eurasia and North America, which would explain in

large measure the great similarities of animal life observed to occur in

these two great land masses.

Turning to the Southern Hemisphere, we note that inaccessibility charac-

terizes the three southern continents. Widely separated from one another,

such connections as they have are with northern continents.

Of the three, Australia is the most completely isolated. Perhaps it was

at one time connected to the continent of Asia by a land bridge of which

the East Indian islands to the northwest represent the unsubmerged rem-

nants. But the connection, if it ever existed, must have been extremely

ancient. While only shallow ocean separates many of these islands (e.g.,

Borneo, Sumatra, Java) from Asia, there are deeper stretches between

Australia and the islands mentioned. Evidence seems to indicate that Aus-

tralia has been isolated from Asia since at least Cretaceous times (p. 137).

Did the ancestors of the monotremes and marsupials reach Australia by

land before the present isolation of the continent occurred? Such an ex-

planation is possible, though, as Simpson (1943, 1953) has pointed out, it

may be more probable that these ancestors reached Australia by being
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transported from island to island across intervening ocean. Methods by

which such transport might occur are discussed in the following chapter.

"Island hopping" involves a large element of chance. The chances are

against the dispersal of any terrestrial animal in this manner. As we have

seen (p. 191 ), marsupial and placental mammals arose at about the same

time. Why did the marsupials and not the placentals reach Australia

originally? Simpson (1953) has suggested that this outcome was determined

by chance. Once having chanced to arrive, the early marsupial immigrants

were afforded opportunity for the remarkable adaptive radiation described

above.

Until man began his introduction of placental mammals, among the

latter only fliers, bats, and such accomplished stowaways as rodents had

been able to reach the island continent. Even the rodents were few in num-

ber. Simpson (1943) stated that their immigration could not have occurred

before the Oligocene; most probably it began in the Miocene, with occa-

sional rodent immigrants arriving at later dates. At any rate, these rodent

immigrations must have been unaided by any direct land connections.

Some reader may suspect that the reason higher mammals were not

more abundant in Australia was because this continent was not suited to

them. We should point out, therefore, the marked success some species of

placental mammals have had following introduction by man. Rabbits, for

example, introduced by man, have in some regions increased in numbers

so prodigiously as to become a serious economic liability, as well as to cause

extinction in those regions of marsupials dependent upon the food supply

the rabbits have successfully monopolized. A similar situation prevails in

New Zealand, where animals introduced originally for sport have thrived

so mightily that the forest is being destroyed. The worst offender is the

European red deer. Clark (1949) estimated that in 1942 there were at least

90,000 of them on South Island, another 10,000 grazers being composed col-

lectively of fallow deer, Virginia deer, thar (a beardless wild goat from

the Himalayas), chamois, wapiti, and moose. Wild pigs, goats, and sheep

add to the destruction. In some regions overpopulation is so great that the

forest resembles a trampled cattle yard, all young growth being destroyed

and even adult trees sufi'ering devastation. Evidently, then, inaccessibility

rather than unsuitability is the key to explanation of the original unique

fauna in the Australian region.

To a considerable extent the same explanation applies to the peculiarities

of the South American fauna. The connection of this continent to North

America is the tenuous Isthmus of Panama. At various times in geologic

history that isthmus has been submerged, leaving South America isolated
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from its northern neighbor. During most of the Tertiary, South America

was cut oflf in this manner. We recall that this period saw the evolution of

the placental mammals (Chap. 10). The fact that the evolution of South

American mammals followed its own course, largely independently of

that of the rest of the world, is doubtless attributable to the fact that during

long periods South American forms had no contact with those on other

continents. Thus in isolation interrupted only occasionally the peculiar

guinea-pig-like rodents (cavy, agouti, capybara, paca, and their kin), the

distinctive South American monkeys, the porcupines, the armadillos, the

sloths, the anteaters, the opossums, and many other unique animals were

free to undergo adaptive radiation only slightly less striking than that of

Australian marsupials.

In somewhat similar manner the animals in the regions of Africa south of

the Sahara and adjoining deserts have undergone independent evolution

in at least partial isolation. The animals of northern Africa more closely re-

semble those of Europe than they do those of central and southern portions

of the continent. This again is understandable upon a basis of accessibility,

since at various times the barrier presented by the Mediterranean Sea has

been bridged—at the narrow Strait of Gibraltar, for example. On the other

hand, the deserts form an effective barrier to dispersal of mammals

adapted for life in forests, or for life on open plains which are not deserts.

We have been developing the idea that accessibility and inaccessibility

play major roles in the distribution of animals. If an animal is to live in a

certain region, ( 1 ) it must be able to reach that region, and (2) the region

must be suitable for the existence of that animal. The second point is so

self-evident as to need little elaboration. Obviously, for example, animals

like frogs which have no adequate means of preventing loss of water from

the body cannot live in deserts. Or again, since frogs and toads burrow into

the soil to hibernate through the winter, they are not found in regions so

far north that the subsoil remains frozen throughout the year. Examples of

limitation of distribution by unsuitability of environments might be multi-

plied almost endlessly. But from the standpoint of the present discussion

chief interest lies in the observed fact that animals do not inhabit all re-

gions suitable to them. We cannot conclude that because an animal is not

found in a given region the latter is necessarily unsuitable for it. If ani-

mals were separately and specially created, failure to find an animal in

every region suited to it would be mysterious, to say the least. If, on the

other hand, animals have evolved from predecessors which differed in

structure and, frequently, in place of origin, failure to find an animal in a

region suited to it but inaccessible to it is exactly what we should expect.
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Centers of Dispersal

There emerges from our discussion a picture of new forms arising from

old ones in certain regions and then migrating out from the "old home" in

search of new worlds to conquer. We must hasten to add that this migra-

tion and "search" are not to any considerable extent voluntary activities of

individual animals. Rather they represent slowly developing changes in-

volving many generations and produced by many factors, including even-

tual overcrowding of what we have spoken of as the "old home" but

what is more accurately termed the center of dispersal.

As examples of dispersal from such a center we may cite the evolution-

ary history of placental mammals. We recall that the evolution and dis-

persal of placental mammals occupied the center of the stage during the

Cenozoic era (Chap. 10).

If we look at the continents of Eurasia and North America on a map

drawn with the North Pole as a center (Fig. 12.4), we note that these lands

form the greater portion of a circle around the pole and if Bering Strait

were dry land would form one continuous land mass. Lowering the level

of the ocean, or raising its floor, by only 150 feet would provide a dry-land

connection across the strait. This land connection is believed to have arisen

at various times in the past, most recently during the Pleistocene period

when much water was locked up in continental glaciers. Most of Alaska

seems to have remained free of glaciers. Hence during various periods of

Pleistocene glaciation the land bridge could have afl'orded passage into the

New World to such creatures as bison, musk oxen, goats, moose, woolly

mammoths, and mastodons. Man himself probably also utilized this

bridge, which was last open for the period between 25,000 years and about

10,000 years ago (Hopkins, 1959).

Most students of geographic distribution agree that this circumpolar land

mass has provided the route by which animals have been distributed to the

continents of the world. This land mass forms a hub from which three great

spokes radiate southward, to terminate, respectively, in South America,

Africa, and southeastern Asia with its adjoining islands (Fig. 12.4). What

was the point of origin and center of dispersal for modern orders of mam-

mals? Matthew (1939) concluded that these orders originated in the North

Temperate zone with its variable climate. Thus most of the evolution of the

horse occurred in North America, as did that of the camels (see below).

Other examples might be given. On the other hand, Darlington (1957)

marshalled evidence that animals, including mammals, are on the whole

more diverse and numerous in kinds in the tropics than they are in tem-

perate zones. He concluded that "the main center of dispersal of mam-
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J^o Tap/rs
unt/V Plei'skeene.

FIG. 12.4. Geographic distribution of tapirs. Present range shown in solid black; range

during Pleistocene shown in diagonal lines. Arrows radiate from center of dispersal.

(From Matthew, Climate and Evolufion, Special Publications of New York Academy of

Sciences, Vol. I, 1939, p. 71.)

mals seems therefore to have been the main part of the Old World and

especially the tropical part of it." He concluded that the Old World tropics

was also the center of dispersal of fresh-water fishes, amphibians, reptiles,

and birds.

If dispersal from a center is an actuality we should expect to find evi-

dence of it in the fossil record. Fortunately that expectation is realized,

despite the imperfections of the known portions of the record. From many

possible examples we shall cite only two. They are of particular interest

since they involve striking examples of discontinuity in the ranges of living

animals.

Tapirs

The first example is that of tapirs, animals with which most readers are

not likely to be familiar. Tapirs are the least specialized of the odd-toed

hoofed mammals (Order Perissodactyla); they have four toes on each
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forefoot, three on each hindfoot, being reminiscent of the Eocene peris-

sodactyl Hyracotherium in that respect. In general appearance they some-

what resemble very large pigs. Their most unusual feature is a nose and

upper lip drawn out into a short, flexible proboscis, a sort of incipient ele-

phant's trunk (Fig. 12.1). But perhaps the most remarkable thing about

them is their distribution. They live in only two regions: ( 1 ) Central and

South America and (2) the Malay Peninsula and adjacent islands such

as Sumatra and Borneo. Fig. 12.4 reminds us that these areas, shown in

solid black, are about as distant from each other as two points on this

earth can be. How does it happen that tapirs are found in these two widely

separated areas?

If we are not satisfied with the explanation that the tapirs were created

in the two regions mentioned, and not elsewhere, we find no clue to the an-

swer to our question in the living animals themselves. When we turn to the

fossil record, however, the explanation becomes clear. As indicated by the

diagonally shaded portions of the map, during Pleistocene times tapirs

ranged all over North and South America, and through considerable por-

tions of Europe and Asia. In preceding Cenozoic periods ancestral tapirs

lived in Europe and North America, where they were found as long ago as

the Oligocene. Interestingly enough, tapirs did not reach one of their two

modern havens. South America, until the Pleistocene. This fact correlates

well with the isolation of that continent from North America during long

periods of the Tertiary. Tapirs apparently never reached Africa.

Evidently, then, the present widely separated regions inhabited by tapirs

represent isolated portions of a once widespread range. For some reason

tapirs disappeared from the intervening regions. Doubtless changing en-

vironmental conditions, coupled with competition from animals better

fitted for them, were factors in causing this disappearance.

Camels

Camels and their South American relatives supply another example of

discontinuity in modern range, explicable by reference to the fossil record.

Of the camel-like inhabitants of South America, the llama and alpaca

are domesticated animals derived originally from wild, camel-like forms

inhabiting the continent before the coming of man. The llama (cf.

guanaco, Fig. 12.1) is smaller than a camel and lacks the characteristic

hump of the latter, but its undoubted relationship to camels is revealed by

many anatomical features. The limbs of the camel family are character-

istic, being elongated and having two equally developed toes. All traces of
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lateral digits have been lost; i.e., no "splint bones" are present as they are

in the horse (p. 23). The digits of the one-humped Arabian camel spread

widely, offering effective support on soft desert sands. The feet of the two-

humped Bactrian camel of central Asia, as well as those of the llama, are

harder and less spreading, adapted for firmer and rockier terrain.

Camels and their South American relatives have a highly discontinuous

distribution (Fig. 12.5 ) . As shown by the solid black areas of the map, true

Tertiary A.ncesfr

of the Cam^li^ae.

\Came/s
in

'FUocene.

No CarneTictiEt^

until Pleistocene.

FIG. 12.5. Geographic distribution of the Camelidoe (camels, llamas, etc.). Present range

shown in solid black; range during Pleistocene shown by diagonal lines. Arrows radiate

from center of dispersal. (From Matthew, Climafe and Evolution, Special Publications

of New York Academy of Sciences, Vol. I, 1939, p. 76.)

camels inhabit Africa, to the southern edge of the Sahara desert, Arabia,

and the highlands of Asia. Llamas and their relatives inhabit the high-

lands of South America. The discontinuity between these ranges is almost

as great as that between the two parts of the range of tapirs. As in the case

of the latter, the explanation of the situation becomes evident when the fos-

sil record is consulted. During Pleistocene times camels ranged over North

and South America, Northern Africa, and most of Asia. Apparently they

first reached the Old World in the Pliocene but did not reach South Amer-
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ica until the Pleistocene. Again we note the effect of the isolation of the

latter continent during most of the Tertiary.

Rather surprisingly, perhaps, for an animal we do not usually associate

with our own country, the major portion of camel evolution occurred in

North America. Here the fossil record dates back to the Eocene, to a little

animal, Protylopus, which was in a stage of evolution comparable to that of

Hyracotherium in the horse line. The subsequent evolutionary history of

camels is almost as completely documented by North American fossils as is

the evolution of the horse.

Evidently, therefore, North America was the center of camel evolution

and dispersal. Camels reached the Old World across the Bering Strait

land bridge, and South America across the Isthmus of Panama, when the

latter was elevated above the sea in Pleistocene times (see arrows on the

map. Fig. 12.5). Subsequently, camels became extinct in their center of

dispersal. North America. As for the disappearance of the horses (p. 206),

the reason is not known, although the same factor or factors may well

have operated in both instances.

Barriers

The examples cited above reveal a common pattern underlying much of

evolution and dispersal. An animal arises by evolution in a certain region.

Typically it then attempts to expand its range, under pressure of factors

such as overpopulation in the original center. Whether or not it succeeds in

expanding its range, and the extent of expansion, depends upon many

factors.

First among such factors we may mention physical barriers. Bodies of

water are barriers to land-dwelling animals, the effectiveness of the barrier

depending upon the attributes of the particular animal in question. Con-

versely, dry land is a barrier to the dispersal of aquatic animals. High

mountain ranges, deserts, open plains (to forest dwellers), forest (to

dwellers on open plains), as well as such climatic factors as intolerable ex-

tremes of temperature and many other physical factors serve as barriers

to the dispersal of one animal or another.

No less effective are biological barriers. Among examples of these we

may mention absence from a given region of food suitable to the species in

question, presence in a given region of competitors for the same food sup-

ply or nesting sites, presence in a region of predatory animals, and the like.

The action of barriers may be nearly or quite complete, as in the case of

the barrier to amphibian dispersal presented by sea water, or the barrier

may be only partially effective. The degree of effectiveness depends not
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only upon the nature of the barrier itself but also upon the nature of the

animals concerned. In general, a species can surmount a barrier in one of

two ways: ( 1 ) by being adaptable to a variety of living conditions or (2) by

giving rise to new forms adapted to conditions unsuitable for the parent

species itself.

Adaptability is a most valuable attribute. Animals possessing it can ex-

tend their ranges into regions which offer conditions of life differing from

those in the center of dispersal. Animals possessed of a generous measure

of this quality range widely and change but little in response to the vary-

ing habitats they enter. In this way the various species of Old World rats

and mice, for example, have achieved distribution as world-wide as that of

man himself. And man is the star example of a form able to surmount all

barriers to dispersal by virtue of adaptability.

Lack of adaptability, on the other hand, hinders, when it does not pre-

vent, such dispersal. Furthermore, it may lead to extinction of a species in

its home area if conditions in that area change sufficiently. The geologic

record affords many examples of such extinctions. Between the extremes

are found intermediate degrees of adaptability, contributing to the varying-

desrees of success with which animals meet changing conditions, either "at

home'' or as the species attempts to extend its range into new areas.

Animals which do not possess adaptability enabling them to live in a

wide variety of habitats may be able to solve the problem of invading new

and differing regions in a different manner. They may be able to give rise

to new forms capable of living under conditions which the original spe-

cies could not tolerate. This solution is a much more common occurrence

than is the possession of the high degree of adaptability or versatility just

discussed. Evidence that evolution of new forms has occurred is provided

by the observation that as animals have radiated out from their center of

dispersal they have frequently become modified in various ways so that

they are no longer identical with each other or with their ancestors. The

camels are a case in point. The llama, the Bactrian camel, and the Ara-

bian camel differ somewhat from one another, and each differs somewhat

from the camels which formerly inhabited North America, their center of

dispersal (Fig. 12.5). Such differences, superimposed on fundamental simi-

larities and correlated with the distribution of the forms concerned, offer

eloquent testimony of evolution.

Continuous Ranges

While tapirs and camels afford examples of marked discontinuity in geo-

graphic range, the distribution of many groups of animals is more or less
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continuous, related forms being found in regions between the center of

dispersal and outlying areas. Such a situation is no less interesting for the

study of evolution than is discontinuity of range. In fact, in his brief auto-

biography, Darwin mentioned this fact of "the manner in which closely al-

lied animals replace one another in proceeding southwards over the

Continent" (South America) as one of the three observations which most

strongly directed his thinking into evolutionary lines.

In his Origin of Species Darwin wrote, "The naturalist, in traveling, for

instance, from north to south, never fails to be struck by the manner in

which successive groups of beings, specifically distinct, though nearly re-

lated, replace each other. He hears from closely allied, yet distinct kinds

of birds notes nearly similar, and sees their nests similarly constructed, but

not quite alike, with eggs colored in nearly the same manner."

This observation of Darwin's suggests a frequently observed phenome-

non: that related races or species may be observed to vary in a regular

way as one progresses from one part of their geographic range to another.

For example, in the common zebra inhabiting the southern half of Africa

the black striping of the legs steadily decreases (and in a form now extinct

eventually disappeared) in a progressive series from north to south (Fig.

12.6). Such a character gradient has been called by Julian Huxley a dine.

Multitudes of examples might be cited (for comprehensive summaries see

Goldschmidt, 1940, and Huxley, 1942). A typical example comes from the

work of Alpatov, who investigated honeybees throughout European

Russia. He found that from north to south the tongue increases in length,

the abdomen becomes lighter in color, and the wax gland decreases in

size (Goldschmidt, 1940). These changes were observed to occur in a regu-

lar gradient, intermediate localities having bees with intermediate char-

acteristics. In this case at least some of the changes observed may be

connected with adaptation of the bees to different conditions. The nectar-

secreting flowers in southern Russia may differ from those in northern Rus-

sia sufficiently to necessitate the longer tongue observed, for instance. We
might well expect that when over a wide territory the climate and other

environmental factors change gradually, the nature of the organisms in-

habiting the successive parts of the territory would change gradually also.

This is not to suggest that all characteristics observed to form clines are

adaptive in nature. Some may be neutral (nonadaptive). In the absence

of any evidence to the contrary, for example, we might suspect that the

striping of the legs of the zebras noted above is such a neutral trait. Such

phenomena as the gradual dispersion of genes from a center of dispersal

could give rise to chnes even when the resulting variation in characteristics
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FIG. 12.6. Cline exhibited in the striping of the legs of the common zebra {Equus bur-

chellii or quagga) in the different portions of its range in Africa south of the Sahara

Desert. (Striping patterns redrawn from Cabrera, "Subspecific and individual variation

in the Burchell zebras," Journal of Mammalogy, Vol. 17, 1936, pp. 89-112.)

would be of no value to the organism in aiding its adaptation to the en-

vironment.

Frequently, however, clines do involve adaptive changes; this fact is re-

flected in what have come to be called the zoogeographic rules. Berg-

mann's rule states that in warm-blooded animals the body size increases

with decrease in average temperature. This means in the northern hemi-
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sphere that body size increases in the northern parts of the range, as com-

pared to the size exhibited in the southern portions. Thus our common

deer averages larger in the northern parts of its range than it does in the

southern. The same is true of many other mammals and birds. Large size

in a cold climate has adaptive value in preventing loss of body heat.

Since the mass of a body (e.g., a sphere) increases as the cube of the

diameter while the surface area increases only as the square, larger bodies

have relatively less area through which to lose heat than do smaller ones.

Hence it is of value to a warm-blooded animal in a cold climate to be

large.

Loss of heat through exposed areas of limbs, tail, and ears would also

be disadvantageous to an animal in a cold climate. Allen's rule states that

such exposed portions of the body decrease in size with decrease of aver-
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FIG. 12.7. Head of arctic fox (a), red fox (b), and desert fox (c). (From Guyer, Animal

Biology, Harper & Brothers, 1948, p. 175; redrawn from Hesse, Allee, and Schmidt,

Ecological Animal Geography, John Wiley & Sons, Inc., 1937.)

age temperature. Comparison of the size of ears of an arctic fox, a fox of

the temperate woodlands, and a desert fox illustrates the principle (Fig.

12.7). Of course the large ears of the desert fox may also have some posi-

tive adaptive value for that species.

Gloger's rule states that "among warm-blooded animals those living in

warmer and moister climates develop more melanin pigment [are darker

than are animals in cold, dry climates], whereas forms in dry, hot climates

have more yellow and red pigment" (Goldschmidt, 1940). There are other

trends sometimes stated as "rules,"—e.g., within bird species the num-

ber of eggs in a clutch increases from south to north. All of these rules

are generalizations, and all have their exceptions. They describe tend-

encies exhibited in general by many clines.

The existence of clines themselves is perhaps the most interesting fact
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for our present purposes. They demonstrate a pattern of variability ex-

hibited by species. This variabiUty throughout a geographic region is most

eloquent of evolution, as Darwin recognized. The phenomenon is exactly

what we should expect if dispersal from a center, accompanied by evolu-

tionary change, is a fact. If, on the other hand, all these neighboring,

slightly differing, forms were separately created, what a vast multitude of

separate creations must have occurred!

The variability of species just mentioned forms the basis upon which spe-

cies are commonly divided into geographic races or subspecies (see pp.

320-327 for additional discussion).

Conclusions

We have seen that similar continents are not necessarily populated with

similar animals. Similarity among continents in animal inhabitants de-

pends far more upon the accessibility of those continents to the same ani-

mals than it does upon mere similarity of living conditions. Accordingly,

the faunas of northern continents are more similar to each other than the

faunas of southern continents are similar to each other or to the faunas of

the northern continents. This relationship is explained by the relative ac-

cessibility of all parts of the Northern Hemisphere, contrasted with the

relative inaccessibility of the main land masses in the Southern Hemi-

sphere.

The role played by accessibility is entirely understandable if animals

are found where they are, not because they were created on the spot, but

because they could get there. Presumably some animals originate in a

certain region and never disperse far from their point of origin. But such

a stay-at-home history is the exception, not the rule. Most animals have

attempted to expand their ranges, the attempts meeting with greater or less

success depending upon the barriers encountered and upon the versatility

and adaptability of the organisms themselves.

As animals move into new regions success is frequently achieved by

adoption of bodily changes in structure and function. The changes may be

great enough so that the resulting forms can no longer be considered to

belong to the same species as the stock from which they arose. Such new

races or species will, however, retain many points of similarity to each

other and to the parent form. Since, at first at least, these kindred species

occupy adjoining territories, the phenomenon of similar species replacing

each other as one travels across the face of a continent arises. Eventually

the original and derived species may become extinct throughout a consid-
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erable portion of their range, leaving remnants widely separated from each

other, as in the cases of tapirs and camels. In such instances the original

range can frequently be reconstructed by reference to the fossil record.

All of these phenomena have significance if animals originate in separate

regions (centers of dispersal) and then spread into those territories acces-

sible to them, undergoing evolutionary change as their ranges expand into

new environments.
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CHAPTER 13

EVOLUTION AS SEEN IN THE

GEOGRAPHIC DISTRIBUTION

OF ANIMALS: OCEANIC

ISLANDS

Animal distribution on continents is highly complex.

The situation observed at present is the result of long series of changing

events stretching back through the dim vistas of geologic time. Continents

present a multiplicity of varied habitats open to animals capable of occupy- /

ing them. Periods of isolation of continents, or portions of continents, re-

sulting from submergence of intervening land, alternate with periods of

connection, when the intervening land is again above sea level. Changing

climates over great portions of the earth, extinction of previous inhabi-

tants, appearance of new forms—these and many other factors operating

through the ages have rendered the continental zoogeographic record in-

tricate and difficult to decipher. Accordingly, zoogeographers turn to

oceanic islands^S-Ejagans^oLstudying factors operating in evolution and

distribution .und£g-si-fflfile^-cond44icais. Oceanic islands^ may be thought of

as affording the zoogeographer an approach to laboratory experimentation.

Unfortunately biologists were not on hand to record the birth and subse-

quent population of the oceanic islands upon which we must depend at

present for most of our knowledge of the subject. Consequently inferences
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must be drawn as to the beginnings of most of the "experiments." Never-

theless, the inferences can in many cases be made with considerable con-

fidence. Thus oceanic islands have always held particular fascination for

students of geographic distribution.

Continental Islands

Islands in the oceans of the world are classified into two categories:

continental islands and oceanic islands. Continental islands are those which

were at some time in the past connected to a continent; oceanic islands

are those which have never been connected to a continent. For the most

part, the former are located on the continental shelves of the continents

nearest them; they are usually connected to the neighboring continent by

shallow ocean, 100 fathoms (600 feet) or less in depth. (Note that in

Figs. 12.4 and 12.5, pp. 269 and 271, certain regions of the ocean border-

ing continents and lying between them and neighboring islands have been

left unshaded. These are the regions which are 100 fathoms or less in

depth.) The maps indicate, therefore, that if the land were raised, or the

ocean lowered, by 100 fathoms many islands would be connected to con-

tinents near them. For example, the British Isles would be connected to

Europe (Fig. 12.5); Borneo, Sumatra, Java, and neighboring islands

would be connected to southeastern Asia; New Guinea would be connected

to Australia; Ceylon would be connected to India; Japan would be con-

nected to Asia; and so on. All these, then, are continental islands, since

there is no doubt that the ocean level has in times past fluctuated at least

as much as the amount indicated.

In plant and animal life, continental islands are characterized by resem-

blance to the continent to which they were formerly joined. Naturally the

resemblance is greatest if the connection to the continent was recent in

geologic time, less if the connection was more remote in time, permitting

the appearance meantime of new forms on the continent, and perhaps also

on the island. Of particular interest in comparision to the fauna of oceanic

islands is the fact that continental islands possess amphibians_and also the

large mammals characteristic of the neighbormg continent. Thus, the mam-

Inais^f the British Isles are in the main identical with those of Europe;

and Borneo, Java, and Sumatra have tapirs, rhinoceroses, deer, wild dogs,

members of the cat family, and other mammals found on the neighboring

Asiatic mainland. It is most unlikely that such a mammalian fauna would

have reached these islands except over dry land.
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Nature of Oceanic Islands

281

Typical oceanic islands are not located on continental shelves. Most of

them are far from any continent, with hundreds or thousands of miles of

deep ocean in between. Most of them are the summits of mountain peaks

rising from the ocean floor through thousands of feet of water and thence

on up into the air. Most of them are volcanic, many still actively so.

FIG. 13.1. Birth of a volcanic island. One of a group of new volcanic islands pushing

its v/ay up from the sea floor 200 miles south of Tokyo, Japan. Seen from the USS Nor-

ton Sound (AV-11), Lot. 31-57 N., Long. 140-01 E. (Official Department of Defense

photo.)

A dramatic view of the birth of such an island is shown in Fig. 13.1.

Here the summit of a submerged volcanic mountain is caught in the act of

breaking the surface of the Pacific, like a giant erupting tooth. From such

beginnings oceanic islands are built. Perhaps the one shown in the picture

may not develop into a large island; it may remain a small "bird rock," so

called because the principal inhabitants are sea birds which use the small

island for nesting. On the other hand, it may continue to thrust itself up-
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ward until it becomes a towering mountain rivaling Mauna Kea in the

/ Hawaiian group. Mauna Kea rises^ 31 ,75QJeet above the ocean floor and
' hence is the world's highest mountain, measured from base to summit.

How Oceanic Islands Are Populated

What animals and plants inhabit oceanic islands? The latter are popu-

lated by forms able to reach them by means other than passage across dry

land. This statement follows from our definition of an oceanic island (p.

280). We must hasten to add, however, that there have been in the past,

and are today, students of island life who believe that many of the islands

usually considered_oce^nic nevertheless at one time or another were con-

nected to continents, either by land bridges~or by having actually consti-

tuted a portion of the continent. According to the latter view the island

subsequently became detached from the continent and drifted away from it.

This would be a very difl'erent method of oceanic island formation from

the one described above. It forms part of the theory ofJ^CDOtiflefitaLddftj'^

according to which all the continents and islands at one time were gathered

together into one continuous land mass. Eventually the parts of this mass

separated from each other and drifted away, leaving the oceans in between.

The whole matter is highly controversial; evidence for and against each

theory would be out of place in an elementary discussion (see Darlington,

1957, pp. 606-613). The author will assume responsibility for the state-

ment that the evidence for such drift is to his mind unconvincing, being

derived mainly, not from the researches of geologists, where one would

naturally look for it, but from the researches of students of plant and

animal distribution. Some students of distribution find explanation of ob-

served facts difficult without assuming the occurrence of such original

unity and subsequent separation of the land masses of the earth. Since,

however, there are still many unknown factors involved in the dispersal of

animals and plants, it seems wiser to admit gaps in our knowledge of

how living things reach out-of-the-way places, and to seek to fill those

gaps, than it is to postulate movements of continents and islands like pieces

on a chessboard. This postulate may form an easy way out of a dilemma,

but the easy way is frequently not the correct way.

Accordingly, our discussion of the means by which oceanic islands re-

ceive their inhabitants will dispense with floating continents, as well as

with land bridges and sunken or "lost" continents sometimes postulated

where vast depths of ocean are now found. We fully realize that some

students of the subject will disagree with us.
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Harmonic and Disharmonic Faunas

Faunas of oceanic islands usually present internal evidence of not having

ar^en bylriigration^veriand. The animals are usually a rather haphazard

assemblage. Such a fauna is frequently spoken of as disharmonic, in con-

trast with the harmonic faunas of continents and continental islands. In

harmonic faunas the various habitats and means of livelihood (environ-

mental niches) are uniformly filled by animals, each adapted for its par-

ticular niche. In disharmonic faunas many environmental niches remain

unexploited or are filled by animals which in a harmonic fauna have dif-

ferent habits and means of livelihood. Under island conditions animals

have sometimes "improvised" means of exploiting environmental niches

foreign to them on continents. Examples are given later in the discussions

of the Galapagos and Hawaiian faunas.

Disharmonic faunas seem, then, to indicate absence of land connection.

Where land connections occur, to continental islands, harmonic faunas are

transferred from continents to islands more or less intact, except as island

conditions may be unsuitable for this or that species. It is highly unhkely,

for example, that a land bridge would be used by one species of tree snail

and not by other animals inhabiting the original home of that snail. Yet

land bridges have been postulated to explain just such arrival of single

species on oceanic islands.

Not all faunas of oceanic islands are disharmonic. Some of the larger and

older islands and archipelagos, like the Hawaiian Islands, have faunas

which are quite harmonic. In such cases, however, it is evident that the

harmonic fauna is not like that of any continent but is an evolutionary

achievement that occurred on the islands themselves. It occurs on islands

and archipelagos large enough to provide considerable diversity of habitat

and andentenough so that time has been provided for evolutionaryxhange.^

Absence of amphibians is particularly characteristic of most oceanic is-

lands. Neither amphibian eggs nor adults can survive immersion in sea

water. Transportation on rafts or by other means which avoid contact with

sea water is possible and doubtless accounts for the presence of amphibians

on those oceanic islands that do possess them. If land bridges had occurred,

on the other hand, there is no reason why amphibians might not have

traversed them, as in fact they must have done in populating continental

islands, where they are usually abundant.

Absence of mammals, particularly of larger species, is also characteristic

of oceanic islands. Had land bridges existed, at any time subsequent to the

Cretaceous period at least (p. 137), such regularly observed absence

J
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would be inexplicable, since most of the islands prove to be entirely suit-

able to mammalian life once mammals are introduced by man or some

other agency. We have seen that continental islands, e.g., Borneo, have

abundant mammahan faunas which reached them over land connections.

Means of Dispersal to Oceanic Islands

If, then, we discount land connections as means by which animals reach

oceanic islahHs, what other means are availaBTe?

Transportation by wind may well be the most important means of popu-

lating oceanic islands. The efficacy of this means will be at once apparent

in the cases of plants which produce microscopic seeds and spores. Dust

from the explosive volcanic eruption which destroyed a large part of the

island of Krakatoa in 1883 encircled the globe, remaining suspended in

the atmosphere for many months. Hence there is no difficulty in accounting

for dispersal of seeds and spores which rival dust particles in minuteness.

Even larger seeds may be carried by winds and air currents. Thus

Click (1939) in connection with trapping insects in airplanes at high alti-

tudes caught plant seeds at altitudes as great as 5000 feet. He concluded

that transportation by prevailing winds in the upper air currents forms the

most important means by which seeds reach oceanic islands. There seems

no reason why this same method of transport may not be effective for

animals and animal eggs which resemble seeds in diminutiveness, providing

"only that the animals or eggs can withstand conditions encountered in the

upper atmosphere. Few people realize the vast multitude of minute land

snails living all around us. Many of these snails are less than a millimeter

in diameter and weigh less than one milligram. It should occasion no sur-

prise that most oceanic islands possess such tiny snails and that in some

cases snails found on these islands are hundreds, or even thousands, of

miles distant from their nearest relatives.

The same situation applies to small insects. One investigator, Elton, has

observed that aphids and flies are blown across the 800 miles between

Europe and Spitzbergen (Zimmerman, 1948). In the investigation men-

tioned previously, Click trapped thousands of specimens at heights up to

14,000 feet. Included were flightless larvae and nymphs, wingless adults,

mites, and spiders. Significantly, the forms taken at greatest heights were

weak fliers, while the stronger fliers, having heavier bodies, were found at

lower altitudes. Thus for the most part transportation through the higher

atmosphere was being accomplished with relatively little cooperation on the

part of the insect.
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Storms which reach hurricane intensity have great carrying power. Zim-

merman states that a wind of 75 miles per hour has a lifting force of 16

pounds per square foot and that hurricane winds may exceed twice that

velocity. The same author also recordsjiurricane action which tore large

she£t5_Di-iron rooting from a church on an island in Samoa and deposited—

it on another island 6 miles distant. We should not be surprised, therefore,

that large insecfsand birds may be carried great distances by winds. Insects

such as butterflies, grasshoppers, and beetles have been found as far as

1000 miles from their homes, and land birds are blown far out to sea.

Zimmerman records that a pair of North American kingfishers flew ashore

on Hawaii a few years ago. Many additional examples might be given,

serving to support the view that windstorms transport small objects for

long distances and blow flying animals far from the regions they normally

inhabit and to which, if undisturbed, they would confine their flights.

A second means by which plants and flightless animals can reach oceanic

islands is through transportation by some animal capable of flight. Exam-

ples have been observed occasionally for many years, and the matter was

discussed by Darwin. Birds may carry mud and included small objects,

attached to their feet or feathers. Zimmerman records that a mallard duck

shot in the Sahara was found to have snail eggs on its feet. The same author

states that he picked a living bark beetle from the feathers of an owl. Seeds

may pass undamaged through the digestive tract of a bird. Accordingly,

migratory birds, or birds blown by storms from their normal ranges, may

account for occasional introductions of plants and animals on oceanic

islands.

But neither winds nor migrating birds can aftord means of transportation

for such creatures as land mammals and reptiles. Although land mammals

are few on oceanic islands, such reptiles as lizards and geckos are common.

For larger land animals, therefore, some means of transportation across the

ocean itself must have been operative. Such means are aff'orded by natural

rafts and "floating islands." In times of flood large masses of earth and en-

twining vegetation, including trees, may be torn loose from the banks of riv-

ers and swept out to sea. Sometimes such masses are encountered floating

in the ocean out of sight of land, still lush and green, with palms 20 to 30

feet tall. It is entirely probable that land animals may be transported long

distances in this manner. Mayr (1940) recorded that many tropical ocean

currents have a speed of at least 2 knots; this would amount to 50 miles in a

day, 1000 miles in three weeks. Heyerdahrs (1950) balsa raft, the "Kon-

Tiki," carried six men from South America to a South Sea island, a distance

of 4300 nautical miles, in 101 days. This is an average of 42.5 miles per
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day. Since a sail was used the steady trade winds augmented motive force

provided by ocean currents.

Probably reptiles are more likely to withstand the vicissitudes of travel

by natural rafts than are mammals, though the latter have occasionally

been seen on rafts of this type. In this connection we may well recall that

man has, from prehistoric times, traveled from island to island and from

continent to island by boats and ships. He has intentionally transported

\j some land animals in his boats, but in addition to these he has undoubtedly

transported unintentionally an indeterminable number as stowaways. This

fact adds difficulty to the problem of determining which mammals, for

example, inhabited a given island before the coming of man. In the case of

the Galapagos Islands there seems no doubt that rice rats, small rodents of

South American relationship, were present before the advent of human

visitors; but Gulick (1932) has concluded that "this may count as the only

unequivocal instance of a mammal that has preceded man across an appre-

ciable stretch of ocean." If such is the case natural rafts need have ac-

counted for but Httle mammalian distribution, even that of small mammals.

We noted earlier that large land mammals, for which natural rafts would

afford inadequate means of transportation, are conspicuously absent from

oceanic islands while conspicuously present on continental islands.

We note that all the means of dispersal just discussed are accidental, in-

volving a large element of chance. It is significant that chance is just the

factor which seems to have been operative in the production of the dis-

harmonic floras and faunas characteristic of oceanic islands. The objection

may be raised that the means postulated are too meager to have accounted

for observed populations on oceanic islands. Yet the original number of

immigrants may have been small, and their arrivals widely spaced in time.

In the long stretches of geologic time even very improbable events, if they

are not impossible, may occur. Thus Zimmerman (1948) concluded with

regard to the rich and varied insect population of Hawaii "that over a

period of several millions of years, only about 250 overseas stragglers suc-

ceeded in becoming established in the several thousand square miles of the

Hawaiian Islands—perhaps only one successful colonization per 20,000

years!"

Some of the smaller oceanic islands bear evidence of relatively recent

formation. This fact precludes the possibility that they were ever connected

to continents or other islands by land bridges. Thus they may be considered

to provide test cases of the efficacy of the accidental means of dispersal de-

scribed above. One such island in the Pacific is Henderson, located some
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150 miles north and east of its nearest neighbojv_Eitcairn. Henderson is

about 2.5 by 5 miles in extent; its greatest elevation is betweeiT75 and 100

feet above sea level. It is certainly a young island, its age numbered in

thousands of years rather than in hundreds of thousands. It appears to have

risen sterile from the sea, hke the island shown in Fig. 13.1. Zimmerman

recorded that today it is densely covered with tangled tropical jungle. The

Bishop Museum expedition of 1934 found more than 250 species of plants, \ /

mostly native, as well as an endemic genus or subgenus of rail, endemic

insects, and endemic land snails. (Endemic species, genera, etc., are those

occurring nowhere else than in the region under discussion.) Zimmerman \

concluded, "Thus, all of the major elements of the Polynesian terrestrial

biota have succeeded in being transported across the sea, colonizing this

tiny bit of isolated land, and have not only established themselves there but

have evolved into new forms quite distinct from their forebears."
|

Thus far in our discussion of oceanic islands we have summarized the

general characteristics of their animal life and discussed the means by

which animals reached them. With these facts in mind we shall now turn

our attention to a particular group of islands which have long held special

interest for biologists, partly no doubt because it was the peculiarities of the

animals inhabiting these islands which gave impetus to Darwin's thinking

upon the subject of evolution. We refer to the Galapagos Islands, which

Darwin visited in 1835 in connection with his circumnavigation of the

globe as naturahst on H.M.S. Beagle.

GALAPAGOS ARCHIPELAGO

The Galapagos archipelago is located on the equator

about 600 miles west of South America (Fig. 13.2). There are five large /
islands in the group, with nineteen smaller ones and forty-seven rocks. The

islands are of volcanic origin; some of the volcanoes are still active. The

topography is rough and mountainous, the highest mountain rising more

than 4000 feet above the sea. The lower regions of the islands are dry and

barren, with a rough, inhospitable surface reminding visitors of an un-

finished planet. Darwin (1839) wrote, "Nothing could be less inviting

than the first appearance. A broken field of black basaltic lava, thrown

into the most rugged waves, and crossed by great fissures, is every where

covered by stunted, sunburnt brushwood, which shows little signs of life."

Elsewhere he expressed himself still more feelingly: "The country was

compared to what we might imagine the cultivated parts of the Infernal
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regions to be." To the hostility of the terrain to shoe leather is added the

inhospitable nature of the vegetation: tree cactus, prickly pear cactus,

thornbushes.

As one progresses inland and upward from the coast on the three

highest islands extensive areas of open country are found. Humid forests

90° W. 85" W. 80°W.

90°W. 83° W. 80° W.

FIG. 13.2. Position of the Galapagos Islands. (From Lack, Darwin's

Finches, Cambridge University Press, 1947, p. 2.)

occur in the interiors of the larger islands. Altogether, then, the archipelago

exhibits considerable variety of habitat.

Despite the fact that the islands are directly under the equator, the cli-

mate is not excessively hot. The ameliorating effect of the cold Peruvian

current sweeping northward along the coast of South America accounts

for this fact in large measure.

Reptiles

The archipelago receives its name from the giant land tortoises which

form some of the most distinctive inhabitants. These huge reptiles, weigh-

ing up to 500 pounds, were formerly abundant but are now becoming

scarce. Their tameness, coupled with their ability to stay alive for months

in the holds of buccaneer and whaling vessels, furnishing a supply of fresh

meat in prerefrigeration days, contributed to their downfall. Darwin re-

corded, "It is said that formerly single vessels have taken away as many

as seven hundred, and that the ship's company of a frigate some years since
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brought down in one day two hundred tortoises to the beach." The size

and strength of the creatures is indicated by the fact that people can ride

on their backs, a pastime indulged in by Darwin, who wrote, "I frequently

got on their backs, and then giving a few raps on the hinder part of their

shells, they would rise up and walk away;—but I found it very difficult to

keep my balance."

Two other distinctive reptiles of the Galapagos Islands are the land,

and marine iguanas. These big, lizardlike creatures are from 3 to 4 feet

long. They contribute much to the feeling experienced by visitors of having

stepped back into Mesozoic times. Formerly both varieties were extremely

abundant. The marine iguanas are still found in large numbers, but the

terrestrial iguanas are now nearly extinct. Yet of the latter Darwin wrote, "I

cannot give a more forcible proof of their numbers, than by stating that

when we were left at James Island, we could not for some time find a spot

free from their burrows on which to pitch our single tent." That was in

1835.

The land iguanas are rather brightly colored, brownish red above, yellow

underneath. The marine iguanas, on the other hand, are black. Both species

are vegetarians, the marine form living on green algae, the land form on a

variety of plant material, such as cactus, and the leaves of acacia trees.

The marine iguana is particularly remarkable as being the only known

lizard to lead an aquatic existence. As adaptations for this mode of life it

has partially webbed feet and a laterally flattened tail. It swims by serpen-

tine movements of the body and tail, after the manner of the most accom-

plished swimmers in all classes of vertebrates, except birds. It seems

reasonable to infer that when ancestral iguanas reached the islands they

increased greatly in numbers until eventually the available food supply on

land was inadequate to support further expansion. Under such conditions

the pressure on the food supply would have been relieved if some of the

iguanas proved capable of taking advantage of the algae abundant in

neighboring shore waters. We may well imagine that the splitting of the

iguana stock into the two forms found today occurred under such an

impetus.

The roll of terrestrial reptiles on these islands is completed by mention

of the fact that there is one genus each of snake, small lizard, and gecko.

Mammals

The disharmonic nature of the fauna is still further attested by the mam-

mals, or rather by the lack of them. There is one genus of bats and one of
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rice rats. As noted before, the latter rodents were evidently the only terres-

trial mammals to reach the archipelago prior to the coming of man. Inten-

tionally and unintentionally man has introduced cattle, horses, donkeys,

pigs, dogs, goats, and black rats. These have run wild over the islands.

That they have found the new home congenial is affirmed by the statement

of Lack (1947): "The characteristic music of the Galapagos forest is not

the song of birds but the braying of donkeys."

It is particularly significant that before these introduced species arrived

there were no large, herbivorous mammals on the islands. The environ-

mental niches usually filled by grazing and browsing mammals (e.g., deer,

moose, antelope, and so on) were not filled by mammals. Probably it was

owing to this fact that the reptiles were able to undergo the remarkable

developments we have just noted. Darwin was impressed with this thought:

"When we remember the well-beaten paths made by the thousands of huge

tortoises—the many turtles—the great warrens of the terrestrial [iguana]

—

and the groups of the marine species basking on the coast-rocks of every

island—we must admit that there is no other quarter of the world where

this Order replaces the herbivorous mammalia in so extraordinary a man-

ner." It was as though this isolated region, being free of mammalian com-

petitors, afforded the reptiles one last chance for an adaptive radiation

recalling, though dimly, the Mesozoic "golden age" of reptiles.

Other Animals and Plants

The small number of land insects and of land molluscs, as well as the

great gaps in the expected types of plants, also bear witness to the dis-

harmonic nature of the fauna and flora. Many widespread plant groups are

notably absent, among them conifers and palms, as well as several impor-

tant families characteristic of tropical America. The islands are old enough

so that the environmental niches left vacant have been filled, at least par-

tially, by plants which did succeed in reaching the islands. Thus, the typi-

cally low-growing prickly pear cactus has, on Galapagos, become a tree.

We have noted previously (p. 283) that the filling of environmental niches

by forms other than those normally filling them on continents is charac-

teristic of floras and faunas of oceanic islands.

How Were the Islands Populated?

How did plants and animals reach the Galapagos Islands? Were the

latter ever connected to America? At the present time no answer can be
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given to which all students of the islands will agree. The depth of the ocean

between the islands and South America is greater than the depth of a sec-

tion of the ocean extending northeast to Cocos Island, in the direction of

Central America (Fig. 13.2). The view that the islands were once con-

nected to Central America has received favorable discussion by Beebe

(1924).

To many other students of the subject the amount of vertical movement

of the crust necessary to form a dry-land connection to America seems

unlikely, during that portion of geologic time concerned in the distribution

of immediate ancestors of the plants and animals inhabiting Galapagos.

Also, as we have seen, the flora and fauna are notably disharmonic, a fact

favoring the view that immigration across the ocean was the means of

population. The affinity of the Galapagos fauna to that of Central America

is attested by many investigations. C. T. Parsons (personal communica-

tion) is of the opinion that ancestral forms were carried by the Panamanian

current, which swings south to include the archipelago every few years.

"This current washes up many floating plants and brings much rain which

would enable many plants and animals, thrown up on the usually barren

shore, to gain a foothold."

Opponents of the view that plants and animals reached the archipelago

by transportation across water have raised particular objection to the sug-

gestion that land iguanas and land tortoises could have reached the islands

in this way. Yet lizards, the group to which iguanas belong, have colonized

most of Polynesia, including very isolated islands. Apparently they can be

carried long distances on floating vegetation, or even perhaps floating in the

water themselves. Much remains to be learned about the means of dispersal

possible to any particular animal. Tortoises have been observed to float

and survive for long periods in sea water. Simpson ( 1943 ) has pointed out

that the great land tortoises probably reached both South America and

the Galapagos Islands in this manner, since they first appeared in South

America in Miocene times, when that continent was not connected by land

with North America. Some other islands (e.g., the Mascarene Islands in

the Indian Ocean) also have giant land tortoises despite the fact that no

evidence exists of former land connection to a continent.

While the aflfinities of the Galapagos fauna are almost exclusively with

the American fauna, one Polynesian form is included. This is a land

mollusc, unrelated to those in America and apparently derived from islands

at least 3000 miles to the west. It seems wiser to state that we do not know

the means by which this creature reached the islands than to postulate a

far-flung land bridge for its exclusive use.
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"Darwin's Finches
'

No group of Galapagos animals is of more interest to students of evolu-

tion than are the birds, partly because of the role played by these birds in

influencing the thinking of Darwin. He was particularly impressed by the

varied adaptations exhibited by the unique finches of the archipelago. In

commemoration of this fact, the most recent investigator of the Galapagos

finches. Dr. David Lack (1947), has had the happy inspiration to term

them "Darwin's finches." To his book of that title we are indebted for

much of the following material on Galapagos birds.

As is true of other animals, the affinities of the birds on the archipelago

are with American forms. There is, however, great variation in the degree

of similarity between the island forms and their continental relatives. Thus,

the cuckoo of the islands is identical with a South American species, and

the single warbler is very similar to one living in Ecuador. The martin is

regarded as belonging to a separate subspecies of a species mainly inhabit-

ing the continent. The tyrant flycatcher is a distinct species, but closely

related to an American species. The mockingbird difl'ers so much from

American mockingbirds that it is placed in a separate genus from the

latter. Furthermore, the Galapagos mockingbird has become differentiated

into nine island forms, "two of which are sufficiently distinctive to be

treated as separate species, the other seven being treated as subspecies of

a third species" (Lack, personal communication). Similarly, the vermilion

flycatcher has difl'erentiated into three island races. Finally, Darwin's

finches are so different from any existing American finch that, as stated

by Lack, "there is considerable doubt as to their nearest mainland rela-

tive."

Thus we see all degrees of similarity between island and mainland spe-

cies: from identity of characteristics to widely differing traits. How can

these facts be explained?

In the first place, how does it happen that Galapagos birds resemble

American ones at all? Surely this resemblance must mean that the Galapa-

gos birds are the more or less modified descendants of American species.

If the birds had been especially created to live on the Galapagos Islands it

is difficult to see why they should have been created to resemble birds

living on the neighboring continent, rather than to resemble birds created

to live on other islands, e.g., other islands in the Pacific, or the Cape Verde

Islands near the coast of Africa. The Cape Verde Islands resemble the

Galapagos Islands in many respects, yet, in the words of Darwin ( 1839),

"the aboriginal inhabitants of the two groups are totally unlike; those of
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the Cape de Verd Islands bearing the impress of Africa, as the inhabitants

of the Galapagos Archipehigo are stamped with that of America." Such

relationships of island faunas to those of neighboring continents are to be

expected if evolution is a fact but are inexplicable upon any other basis.

In the second place, what is the significance of the fact that some Gala-

pagos birds resemble American species more closely than do others? Lack

is doubtless correct in explaining this fact upon a basis of the differing

lengths of time during which the different species have been inhabiting the

archipelago. Thus the cuckoo is probably a relative newcomer, so recently

arrived that it has not had time to develop differences from its South

American ancestors. The mockingbird, on the other hand, arrived much

earlier, a fact evidenced by its greater degree of difference from mainland

mockingbirds as well as by its differentiation into separate species and races

on the various islands. Undoubtedly animals differ in rate of evolutionary

change; conclusions correlating degree of difference with length of time

during which isolation has been operative are probably valid in the main,

however. (See discussion of faunal stratification, p. 261.)

Following this line of thought we conclude that the ancestors of Darwin's

finches were very early migrants to the archipelago, perhaps the first birds

to reach it. These finches differ greatly from any other living finch and have

developed many island forms.

Finches belong to the largest family of birds, the Fringillidae, which in-

cludes many of our most common birds—among them our captive songster,

the canary, the many species of sparrows, the goldfinch, the grosbeaks,

and the cardinal. In the words of Chapman (1920), birds of this family

"generally agree in possessing stout, conical bills, which are admirably

adapted to crush seeds." With this fact in mind we direct our attention to

Darwin's finches, characterized by Lack as follows: "Darwin's finches are

dull to look at, not only in their orderly ranks in museum trays, but also

when they hop about the ground or perch in the trees of the Galapagos,

making dull unmusical noises. Only the variety of their beaks and the num-

ber of their species excite attention—small finch-like beaks, huge finch-like

beaks, parrot-like beaks, straight wood-boring beaks, decurved flower-

probing beaks, slender warbler-like beaks; species which look very different

and species which look closely similar."

How did such diversity arise? When the finches first reached the islands

they found many "unfinchlike ecological niches" open to them. Probably at

first they had few, if any, enemies, though there are now two species of

owls which prey upon them. Under such conditions the numbers of finches

would have been limited only by the available food supply. Since the quan-
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tity of seeds available would have been limited, as numbers of finches in-

creased a premium must have been placed upon ability to utilize sources

of food not usual for finches. Absence of competitors for these other

sources of food made possible a diversity of food habits which finches do

not achieve on continents. For example, continents possess woodpeckers,

specialists in boring into bark and wood of trees after insect larvae. Con-

sequently no continental finch would be likely to take up this mode of

gaining a living; woodpeckers already have a virtual monopoly on it. Yet

on the Galapagos Islands, in the absence of woodpeckers, a finch did de-

velop this woodpeckerlike method of feeding, as we shall see presently.

As indicated above, the chief differences between the various forms of

Darwin's finches are differences in the beaks. The plumage of related spe-

cies of these rather drab little birds is very similar. In fact. Lack presents

evidence that the birds themselves depend upon the shape of the beak in

recognizing members of their own species and distinguishing members of

other species. To a considerable extent, also, differences in the beak are

associated with the differing food habits mentioned previously. Small beak

differences (e.g., those exhibited by different species within one subgenus)

do not seem to be thus associated with food habits, however. The beaks

display much variation; perhaps the struggle for existence on these islands

has not been sufficiently rigorous to result in the rigid standardization

usually characterizing continental species.

Adaptive Radiation of Finch Beaks

In the following series of sketches we present some of the prinicipal beak

modifications connected with differing food habits.

The ground finches (Subgenus Geospiza) have heavy finchlike beaks

(Fig. 13.3). Seeds form the chief item in their diet, although they are not

narrow specialists in the matter. As the three sketches in the figure indi-

cate, great differences in size of beak are found among the ground finches.

To a considerable extent the large ground finches eat the same food as do

the smaller ones, yet Lack presents evidence that the larger ones can eat

larger seeds than can the smaller ones. In correlation with this fact the

larger finches mainly ignore small seeds, such as those of grasses, which

form the staple diet of the small ground finches. Thus competition between

the various ground finches is reduced and they are able to occupy the

same habitat.

The cactus ground finch (Fig. 13.4) has a long, somewhat decurved

beak and a split tongue. It probes the flowers of the prickly pear cactus
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tree for nectar. It also feeds on the soft pulp of this cactus and on a variety

of other food items.

The vegetarian tree finch (Fig. 13.5) has a short, thick, somewhat

'""^

FIG. 13.3. Beaks of three species of ground finches (Subgenus

Geospiza). (From Lack, Darwin's Finches, Cambridge University

Press, 1947, p. 57.)

parrothke beak. Leaves, buds, blossoms, and fruits form its main items of

diet.

The insectivorous tree finches (Fig. 13.6) have beaks much like the

beak of the vegetarian tree finch. They live chiefly on beetles and other

FIG. 13.4. Beak of the cac-

tus ground finch [Geospiza

scandens). (From Lack, Dar-

win's Finches, Cambridge

University Press, 1947, p. 57.)

FIG. 13.5. Beak of the veg-

etarian tree finch (Subgenus

Platyspiza). (From Lack, Dar-

win's Finches, Cambridge

University Press, 1947, p. 57.)

insects, although they are not averse to young leaves, buds, and nectar in

season.

One of the most remarkable of the finches is the woodpecker finch

mentioned previously. Its beak is stout and straight, similar to that of

tree finches, but longer (Fig. 13.7). Almost completely insectivorous, it
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searches bark and leaf clusters and bores into wood like a woodpecker.

When a woodpecker has exposed an insect it uses its long tongue to extract

the insect from the crack or hole. This finch, lacking the long tongue, picks

up a small stick or cactus spine, holds the latter lengthwise in its beak and

probes out the insect, dropping the stick and seizing the insect as it

emerges. This remarkable practice affords almost the only known exam-

FIG. 13.6. Beaks of two insectivorous tree finches (Subgenus

Camarhynchus). (From Lock, Darwin's Finches, Cambridge Uni-

versity Press, 1 947, p. 57.)

pie of the use of a tool by a bird (Fig. 13.8). Clearly we have here an

example of an animal which has "improvised" a means of entering an

environmental niche foreign to it on continents of the world (see p. 283).

This finch is also the only one to climb up and down vertical trunks and

branches like a woodpecker.

The warbler finch (Fig. 13.9) is so much like a warbler that its true

relationship was formerly not recognized. Its

beak is slender and warblerlike. It searches

leaves and bushes for small insects and some-

times catches the latter on the wing like a true

warbler. Nectar and young leaves are also

eaten.

Thus Darwin's finches afford another beau-

tiful example of adaptive radiation, made pos-

sible in this instance by absence of enemies

and competitors on a group of oceanic islands.

As Darwin stated in The Voyage of the Beagle,

"Seeing this gradation and diversity of structure in one small, intimately

related group of birds, one might really fancy that from an original paucity

of birds in this archipelago, one species had been taken and modified for

different ends."

FIG. 13.7. Beak of the

woodpecker finch (Subgenus

Caciospiza). (From Lack,

Darwin's Finches, Cambridge

University Press, 1947, p. 57.)

DREPANID BIRDS OF HAWAII

In concluding our discussion of the light shed on evolu-

tion by the inhabitants of oceanic islands we shall cite another remarkable
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example of adaptive radiation among birds. The Hawaiian Islands are the

home of a distinctive group of birds called "sicklebills," "honey creepers,"

or, better, "drepanids," from the name of the family to which they belong:

Drepaniidae (Drepanididae). The fact that they are thus placed in a sepa-

FIG. 13.8. The woodpecker finch and its stick. (Drawn by

Roland Green from photographs by R. Leacock; from Lack,

Darwin's Finches, Cambridge University Press, 1947, p. 59.)

rate family by themselves reflects their dissimilarity to all other birds.

There is, indeed, considerable doubt as to their closest continental rela-

tives. Present evidence suggests that their ancestors were allied to the honey

creepers of tropical America (Family Coerebidae).

The Hawaiian Islands occupy an isolated position in mid-Pacific, far

from any continent. North America is about 2000

miles away, Japan more than 3000 miles. The

archipelago is even remote from other large oceanic

islands. The view is sometimes advanced that the

Hawaiian Islands were once joined to a still-existing

continent or to a mid-Pacific continent which later

sank below the waves. The more widely held view,

however, is that the islands, of volcanic origin, rose

directly from the ocean floor and were never con-

nected to other bodies of land.

As would be expected in truly oceanic islands far from a continent, the

number of land birds in the Hawaiian Islands is small. Also this avian

fauna would be disharmonic were it not for the fact that the archipelago is

old enough so that a secondary harmony of its own has had time to develop

FIG. 13.9. Beak of the

warbler finch iCerfhi-

dea). (From Lack, Dar-

win's Finches, Cam-
bridge University Press,

1947, p. 57.)
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(p. 283). We have seen that the ancestors of Darwin's finches reached the

Galapagos archipelago so early that a wide variety of environmental niches

was open to them. The same seems to have been true of the ancestors of

the drepanids; it is probable that they were the first land birds to reach the

Hawaiian archipelago. In these earlier times the drepanids, Hke Darwin's

finches, were relatively free from both enemies and competitors. Thus they

spread over all the islands suitable to them and became adapted for a wide

variety of foods. As in the case of Darwin's finches, these adaptations must

have arisen when available food supply, rather than enemies or competi-

tors, formed the important factor tending to limit population size. Thus a

premium would have been placed on ability to utilize foods different from

those being eaten by the majority of the population. Such an interpretation,

at least, gives us a reasonable explanation for the development of the amaz-

ing variety of beaks exhibited by the drepanids (Fig. 13.10).

The beak form believed to be most like that of the ancestral drepanid

is possessed today by such a species as Loxops virens (Fig. 13.11). This

relatively unspecialized little bird lives largely on nectar and insects ob-

tained from the blossoms of flowering trees, such as the ohia. These flowers

have short corollas, hence the nectar is easily reached. Berries are also

eaten.

Nectar feeding is believed to have been the original food habit of ances-

tral drepanids. Beaks such as those already mentioned are entirely adequate

for obtaining nectar from flowers having short corollas, especially when the

tongue is tubular, and frayed at the end into a brushlike tip, as is the typi-

cal drepanid tongue. The effect is that of being provided with a built-in

soda straw.

A unique group of plants belonging to the Lobelia family developed in

Hawaii. Lobelias assume many forms, some herbs, some shrubs, still others

small trees. The lobelia blossoms have long, curved, tubular corollas (Fig.

13.12). Hence the nectar is relatively inaccessible. Feeding on nectar from

these tubular blossoms are found drepanids with one of the most remark-

able of the beak adaptations. The extreme form of this adaptation is ex-

hibited by the genus Drepanis (Fig. 13.10). Such long, slender, strongly

curved beaks are obviously well adapted for reaching the bottom of tubular

corollas. The significance of the common name "sicklebill" is readily ap-

parent when we look at this form. The foreheads of birds having it are

frequently observed to be plastered with the pollen of the lobelia flowers.

Thus the visits of the birds aid in the reproduction of these plants.

Some readers may feel that birds with such slender, sickle-shaped beaks

have paid a very high price for ability to reach the bottom of long, tubular
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FIG. 13.10. Adaptive radiation among the drepanids of Hawaii. (After Keulemanns;

from Lack, Darwin's Finches, Cambridge University Press, 1 947, p. 1 53.)



FIG. 13.11. Beak of Loxops vi-

rens. (After Rothschild; from Ama-

don, "Ecology and the evolution

of some Hawaiian birds," Evolu-

f/on. Vol. 1, 1947.)
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flowers. Obviously such a beak can be used for sucking nectar from short

flowers also, yet its sphere of usefulness is definitely restricted. It is used at

times for capturing small insects, but it is not good for cracking seeds, or for

boring into bark and wood, or for eating fruits. Its possessor is, then,

highly adapted for one mode of feeding

and is likely to remain a successful mem-

ber of the fauna only so long as that mode

of feeding is open to it. It affords us an

example of a high degree of specialization,

spelling success so long as the environment

remains unchanged but carrying with it

the threat of extinction when the environ-

ment changes.

Is there no other way in which the nectar

at the base of long, tubular flowers can be

reached than by developing a slender, curved beak useless for almost every-

thing else? Flowers are not very substantial structures. Why not pierce a

hole through the base of the corolla and reach the nectar directly? Bumble-

bees do it, why not birds? As a matter of fact Loxops virens (Fig. 13. 11)

has been observed to obtain nectar or insects from lobelia blossoms in this

manner. Thus this species has

achieved the result without sac-

rificing what may be termed an

"all-purpose" beak. It is proba-

bly no accident that members

of this species are among the

most abundant and widespread

of the drepanids, while the pos-

sessors of the slender, curved

beaks are among the rarest. "It

is frequently of greater value to

be adaptable than it is to be

highly adapted." (Seep. 13.)

The Family Drepaniidae is

divided into two subfamilies.

Drepanis belongs to one of

these. Birds with long, curved beaks are also found in the other subfamily.

Hemignathus obscurus is an example (Fig. 13.13). Its beak is believed to

have evolved from a shorter, decurved beak such as that possessed by mod-

ern Loxops virens (Fig. 13.11). Comparison of the two figures will reveal

FIG. 13.12. Curved flov/er of the lobelia, C\er-

moniia grandiflora. (After Porsch; from Ama-

don, "The Hawaiian honeycreepers [Aves, Dre-

paniidae]," Bulletin of American Museum of

Natural History, Vol. 95, 1950.)
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that the principal evolutionary change was elongation. The beak of Hemi-

gnathiis obscurus is used mainly for probing bark cavities in search of the

insects which form the principal article of diet. But the beak is also used

FIG. 13.13. Beak of Hemignafhus obscurus. (After Roths-

child; from Amadon, "Ecology and the evolution of some

Hawaiian birds," Evolufion, Vol. 1, 1947.)

at times for obtaining nectar from the tubular blossoms of lobelias. Ama-

don (1950) suggested that the long, curved beaks of Drepanis and Hemi-

gnathus form an example of parallel evolution, the beak of Drepanis having

FIG. 13.14. Beak of Hemignafhus lucidus. (After

Rothschild; from Amadon, "Ecology and the evolu-

tion of some Hawaiian birds," Evolution, Vol. 1,

1947.)

evolved as an adaptation for the obtaining of nectar from long, tubular

flowers, while the beak of Hemignathus evolved as a forcepslike device for

probing after insects living in bark cavities.
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We note (Fig. 13.13) that the lower mandible of Hemignathus obscurus

is slightly shorter than the upper one. In the related species Hemignathus

lucidiis the lower mandible is only about half as long as the upper one

(Fig. 13.14) but is somewhat heavier in structure than is the lower man-

dible of H. obscurus. The feeding habits of these two species are similar,

but the heavier lower mandible possessed by H. lucidus increases its ability

to chip and pry away loose pieces of bark in search of insects. This species

sometimes eats nectar, but less frequently than does H. obscurus, a fact

doubtless correlated with the decreased efficiency of a beak of this type for

nectar gathering. The next species

we shall mention has a still more

highly modified beak and is never

observed to feed on nectar.

The culmination of this evolu-

tionary trend toward shortening and

strengthening the lower mandible is

attained in Hemignathus wHsoni

(Fig. 13.15). In this species the

lower mandible is straight and

heavy, enabling the bird to fill

a woodpeckerlike environmental

niche. Like woodpeckers, and like

the "woodpecker finch" of the Gala-

pagos Islands, these birds climb up

and down vertical trunks and

branches. The straight lower mandible is used mainly to open the burrows

of wood-boring insects. While holding the curved upper mandible to one

side, the bird pounds vigorously with the sharp lower mandible, boring a

hole and exposing the insect larva. Then the upper mandible, so slender

that its tip is slightly flexible, is used as a probe to remove the insect. The

slender tongue, which can be extended to the length of the upper mandible,

aids in the process of extraction. The two mandibles also cooperate in pry-

ing loose bits of bark in search of insects concealed beneath. Perkins

(1903) stated that this species feeds on insects inhabiting dead wood only,

since it lacks the stout beak and huge muscles which enable Pseudonestor

to excavate borers from live wood.

It is noteworthy that these three species have retained tubular tongues,

thus betraying their nectar-eating ancestry.

Of the drepanids which have forsaken the ancestral diet of nectar, some

have developed heavy beaks useful in cracking solid seeds and nuts. In

FIG. 13.15. Beak of Hemignaihus wil-

soni. (After Rothschild; from Amadon,

"Ecology and the evolution of some Ha-

waiian birds," Evoluiion, Vol. 1, 1947.)
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these heavy-beaked drepanids the tongue has largely lost its tubular char-

acter. The extreme was represented by Psittirostra kona (Fig. 13.16).

which lived mostly on the hard nuts of the bastard sandalwood tree. Per-

kins wrote, "As the dried fruit ... is excessively hard, it is probable that

nothing short of the extremely powerful jaws . . . and their great mus-

cles would be able to crack them. In cracking them a sound is produced,

which is audible at some distance, and as it is incessant when the bird is

feeding, by far the most easy way to get sight of this, is to listen attentively

for the sound."

Another extreme adaptation by the heavy-beaked group of drepanids is

represented by Pseudonestor (Fig. 13.17). Its beak suggests that of a

diminutive parrot and is used to expose the larvae, pupae, and immature

FIG. 13.16. Beak of Psiftirosfra

kona. (After Rothschild; from Amo-

don, "Ecology and the evolution of

some Hawaiian birds," Evolution,

Vol. 1, 1947.)

FIG. 13.17. Beak of Pseudonesfor.

(After Rothschild; from Amodon,

"Ecology and the evolution of some

Hawaiian birds," Evolution, Vol. 1,

1947.)

Stages of wood-boring beetles. Perkins described the use of the beak as

follows: "The branch is gripped by the curved upper mandible and the

lower one opposed to it, and the burrow of the larva is exposed, either by

the act of closing the beak or by wrenching with it, the somewhat slender

tongue assisting in extracting the prey." The bird's equipment is powerful

enough to operate on hard wood.

Our brief survey of this remarkable group of Hawaiian birds has in-

cluded mention of but a few of the thirty-nine drepanids found in the

islands. We have selected for mention the extremes of adaptation to dif-

ferent types of food. The species not mentioned possess beaks which fill

many of the seeming gaps between the conservative ancestral type (Fig.

13.11) and these extremes. As intimated above, such extremes of adapta-
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tion to a particular environment are not without danger to the species. Thus

GuUck (1932) wrote concerning these birds:

Adaptation has become completely and narrowly specialized for feeding upon

the nectar, seeds, and insects of their Hawaii. And by the same token, all but a

few of them are now ready to pay the penalty of over-specialization in a re-

stricted environment. Such as are not exterminated by enemy pests like the

mongoose [introduced by man], that they know not how to evade, are doomed

to disappear whenever cattle destroy the particular environmental combination

on which they depend. The Hawaiian woodlands, alive with song in 1850, are

today already largely silent, except to some degree on the single island of

Hawaii, where the destructive forces seem to have moved a little less rapidly.

And Lack, referring to the world's largest museum collection of Hawaiian

birds, commented somewhat sadly, 'The drawers of the Rothschild collec-

tion contain more representatives of some of the Hawaiian sicklebills than

are alive in the islands today."

Conclusion

We have dwelt at some length on the inhabitants of oceanic islands be-

cause they afford examples of evolutionary change occurring within rela-

tively recent times and under conditions still largely observable. The islands

themselves are geologically young; hence any observed evolution of their

inhabitants must have occurred within a relatively short span of time. Thus,

basing his conclusion on the opinion that the Hawaiian Islands are of Plio-

cene and later age, Amadon (1947) estimated that about 5,000,000 years

were available for the evolution of the drepanid birds. Although by human

standards this is a very long time, it is but a small portion of geologic time,

or even of that part of geologic time which has elapsed since the first birds

appeared (p. 187). And the Hawaiian Islands are among the older oceanic

islands.

Owing to their isolation, oceanic islands develop disharmonic floras and

faunas. Taking advantage of environmental niches left vacant in such dis-

harmonic faunas, animals reaching larger and older archipelagos early in

their history underwent adaptive radiation quite unlike that possible to

their relatives on continents. Hence oceanic islands have become the set-

tings for some of the most vivid examples of evolution-in-action available

to us.
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CHAPTER 14

EVOLUTION AS SEEN IN THE

CLASSIFICATION OF

ANIMALS

Man is characteristically the collecting and classifying

member of the animal kingdom. Whether it be stamps, antique automo-

biles, buttons, Chinese porcelain, coins, books, tapestries, or works of art,

there seems to be an innate tendency in human nature leading to the

acquisition of objects of interest. For some the acquisition is in itself

sufficient satisfaction, but for most people, possessed of more tidy minds,

accumulation must be accompanied by classification and cataloguing—the

putting of everything "in its place." We are so constituted that we feel ill

at ease when surrounded by chaos. We are not satisfied until we can intro-

duce organization into the unorganized, "put things to rights," and arrange

things so that they "make sense." Much the same urge which leads one

person to collect stamps leads another to collect animals. And for both,

satisfaction is only complete when the items collected are properly filed and

classified. Without this underlying human urge the great biological collec-

tions which are the pride of our museums and universities would never

have come into existence.

Basis of Classification

Biological classification doubtless had its inception in the desire of the

human mind to put things "in their places," as suggested above. A funda-

306
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mental object of any system of classifying—library books, stamps, or ani-

mals— is to arrange in orderly sequence, to place like with like. Thus in the

library the books on photography are side by side in one place, books on

ceramics in another, biographies in still a third. Similarity, then, of one

kind or another, is the basis of all classification. In the case of animals,

similarity of structure, morphology, has traditionally been the basis upon

which classifications have been built. More recently physiological and

serological similarities have begun to contribute to classification, but it

still remains true that most of the generally recognized classification is

firmly grounded in morphological similarity. Morphologically similar ani-

mals are placed near together in classification; morphologically dissimilar

animals are placed farther apart.

Classifications of one kind or another are probably as old as man's

curiosity about his fellow inhabitants on this planet. During the centuries

of the infancy of biology many classifications were suggested. Indeed, so

many biologists created so many classifications that the resulting confusion

finally became a stumbling block in the way of further scientific progress.

It was the genius of the Swedish biologist, Linnaeus, born in 1707, that he

was able to devise a system of classification which all biologists would

agree to use and which was so logically developed that today, despite ex-

panding horizons of biological knowledge, it still serves the needs of sci-

ence. Addition and amplification have been necessary, but no fundamental

reorganization. Linnaeus laid the foundations well.

Binomial System of Nomenclature

The basis of the Linnaean system is the conferring of two names upon

each kind of animal. Hence this is a binomial system of nomenclature.

Thus Linnaeus named the domestic dog Canis familiaris. The second name

of the two designates a unit of classification called the species, while the

first name of the two designates a larger unit of classification, usually in-

cluding more than one species, called the genus. An analogy lies in the

practice of writing the name of a human individual with the surname first,

the given name second, e.g.. Smith, John. The individual named is one of

the Smiths, the particular one of them he is being John. Similarly the com-

mon dog belongs to the genus of dogs, Canis, his particular species being

familiaris. The prairie wolf or coyote belongs to the genus Canis also, but

not to the same species; his species is latrans. Thus he is known to science

as Canis latrans. Similarly, the jackal of Africa belongs to the same genus

but to a different species; he is Canis aureus.
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A few conventions will be noticed in the binomial system. The names are

always in Latin or in Latinized form. While this practice strikes most

American college students as needlessly cumbersome, it insures uniformity

of naming in writings of biologists of all nationalities. Although Latin is no

longer regarded as the universal language of scholarship, knowledge of it

is sufficiently widespread in all nations to render its use in forming names

generally acceptable. With names agreed upon in this fashion, a biologist in

one country, even though he be writing in Russian or Chinese, can be sure

that biologists in other countries will know exactly what animal he is dis-

cussing. Such understanding would probably not ensue if the Russian biolo-

gist were to employ the Russian name of the animal.

"Common" or vernacular names are notoriously variable even within

the confines of one continent and one language. Consider, for example, the

big American member of the cat family known to biologists as Felis con-

color. According to Seton (1929) that mammal is called in various parts

of America by the following "common" names: panther, puma, mountain

lion, painter, cougar, catamount, brown tiger, varmint, sneak-cat, red tiger,

silver lion, purple panther, deer-killer, Indian devil, mountain devil, moun-

tain demon, mountain screamer, king-cat. When we add to these the varied

names for the animal in the Central and South American languages and

dialects the confusion is truly appalling. We return to the simple appella-

tion, Felis concolor, with a distinct sense of relief.

Another convention is that the scientific name of an animal is usually

italicized (indicated in handwriting or typing by an underline). By conven-

tion, also, the name of the genus begins with a capital letter, the name of

the species with a "small" (i.e., lower-case) letter. Frequently a name or

initial, not italicized, will follow the name of the species, thus: Canis fa-

miliaris L. This name or initial designates the name of the biologist who

conferred the name in the first place. Since Linnaeus himself gave names to

so many animals and plants, L. is sufficient to remind the reader that the

name derives from the founder of the system himself.

Family

We have seen that the dog, the coyote, and the jackal are all grouped to-

gether in the genus Canis because they are all so very doglike in structure

and characteristics. We are reminded again that classification is based on

similarities. There are other mammals which are somewhat doglike but not

sufficiently so to be included in genus Canis. For example, the foxes are

placed in genus Vulpes. The common red fox is Vulpes julva.
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The more or less doglike animals comprising genus Canis and genus

Vulpes, and some others, are grouped together into a higher category in

our classification known as the family. The particular family concerned

here is named Canidae (Fig. 14.1). Another convention is evident at this

point: the names of families always end with "-idae."

Order

Another family somewhat related to the Canidae is that called FeUdae,

including all the catlike animals. This family, like the former, is composed

of several genera (plural of "genus"), each of which is subdivided into

species. The genus Felis has already been mentioned; in addition to the

species concolor within it, we may call attention to the species name of the

common house cat: domestica. Thus our pet is known to science as Felis

domestica. Other families include the Ursidae (bears), Procyonidae (rac-

coons), Hyaenidae (hyenas).

All the animals mentioned in the preceding paragraph are alike in some

respects, some of the most striking similarities being connected with the

nature of their diet. They are all carnivorous—flesh eaters. This fact is

recognized in classification by grouping these families together into a

larger unit of classification, the order. They all belong to Order Carnivora

(Fig. 14.1).

Class

A dozen or so other orders of mammals rank along with the Carnivora.

For example. Order Rodentia (gnawing animals) and Order Lagomorpha

(hares and rabbits) were mentioned in connection with serological studies

(pp. 117-119). Human beings, apes, and monkeys are included in Order

Primates (pp. 220-221 ) ; elephants belong to Order Proboscidae (pp. 206-

207), whales to Order Cetacea, even-toed hoofed animals to Order Artio-

dactyla, odd-toed hoofed animals to Order Perissodactyla, and so on.

Members of all orders just mentioned, and of some not mentioned, have

several characteristics in common. They have hair, they are warm-blooded,

the young develop in the uterus of the mother and then are bom (as con-

trasted with being hatched from eggs). Following birth the young are nour-

ished with milk secreted by mammary glands. Because of these and other

similarities the orders are grouped together into a larger category of classi-

fication called the class (Fig. 14.1 ). The particular class with which we are

concerned is Class Mammalia. Other classes are: Class Aves (birds), Class
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Reptilia (lizards, snakes, crocodiles, etc.), Class Amphibia (salamanders,

newts, frogs, toads), Class Pisces (tishes), and so on.

Subphylum

Members of all the classes mentioned above have a few fundamental

similarities in common; for example, they all possess a backbone or verte-

bral column. Hence they are all grouped together into Subphylum Verte-

brata (Fig. 14.1). Vertebrates, members of this subphylum, possess a

vertebral column as adults, but during embryonic stages this bony column

is preceded by an unsegmented, elastic rod called a notochord (p. 68). A
few animals possess a notochord throughout life. These and a few aberrant

forms which have a notochord only during larval existence (p. 74; Fig. 5.5,

p. 101 ) either are grouped together into one subphylum, or are placed each

in a separate subphylum of its own. Thus in Fig. 14.1 we have shown

Amphioxus, the form with the persistent notochord, as having its own

subphylum: Cephalochorda.

Phylum

The subphyla to which we have alluded combine to form Phylum Chor-

data (Fig. 14.1); the name refers to possession of a notochord at some

time during life. Examples of other phyla are: Phylum Arthropoda (insects,

crustaceans, etc.); Phylum Mollusca (snails, clams, oysters, and all kinds

of "shell fish"); Phylum Protozoa (one-celled animals, or small animals

lacking cellular structure, depending upon one's point of view).

Ascending Categories

Thus we see that the classification of the dog consists of an ascending

series of more and more inclusive categories (Fig. 14.2). Or the classifica-

tion may be looked at from the other point of view, as a descending series

of categories, each one subdivided in turn until the smallest unit, the spe-

cies, is reached. Fig. 14.2 shows the "steps" involved whether we travel

them upward or downward. All of the categories named in the figure are

subdivided, thereby increasing the number of "steps" in the series. Thus

orders are divided into suborders, families into subfamilies, and so on. This

added complexity is not important to the present discussion, however, al-

though one subdivision, the subspecies, will receive special attention pres-

ently (pp. 320-326). Every animal can be classified in a manner similar to
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that employed above for the dog. We see that the higher or more inclusive

categories are shared by large numbers of animals. Thus a dog and its

master both belong to Phylum Chordata, Subphylum Vertebrata, and Class

Mammalia (Fig. 14.1). The "parting of the ways" comes at the level of

orders. While the dog belongs to Order Carnivora, its master belongs to

Order Primates. Within the Order Primates, man is classified as belonging
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CLASS

ORDER
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GENUS

SPECIES

CHORDATA

VERTEBRATA
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CARNIVORA

CAN I DAE

GANIS
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FIG. 14.2. Classification viewed as a series of steps.

to Family Hominidae. Man's genus in this family is called Homo; his spe-

cies within the genus, sapiens. Hence Homo sapiens is his scientific name,

as mentioned previously.

Classification Reflects Evolution

Having reviewed the general principles followed in classifying animals,

we may next ask: what has this classification to do with evolution? As al-

ready noted, the system was designed by Linnaeus as a logical method of

classifying and cataloguing, a method to be adopted by biologists of all

countries, thereby eliminating the confusion which had existed up to that

time. The Linnaean system has served this purpose admirably.

Linnaeus was not convinced of the truth of evolution. He believed that

the species he named had been created as he found them. This view of the

fixity of species was the one commonly held by biologists of his day, al-

though, as we saw in Chapter 1 , ideas of evolution had existed long before

the eighteenth century. Nevertheless, it was not until the nineteenth cen-

tury, bringing the writings of Darwin, that belief in evolution became really

common. It may be of interest to note in passing that before the end of his

life Linnaeus modified his views sufficiently to think it probable that some

new species might have arisen by crossing or hybridization of the species

originally created.

As we have seen, the Linnaean system is based on similarity. Animals
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similar in structure are classed together; animals dissimilar in structure are

separated. Characteristics used in classifying are the fundamental similari-

ties which we termed homologous in Chapter 3. Failure to distinguish

homologous similarity from analogous similarity (i.e., that connected with

similar function, pp. 20-26) results in errors of classification. Such an er-

ror was formerly made when whales were classified as fishes rather than

as mammals.

To Linnaeus, two species which were similar in structure and therefore

to be classed in the same genus were not related to each other in any sense

of inheritance. In creating each separately the Creator had seen fit to make

them similar to each other, just as a carpenter may see fit to build two

houses which are much alike. The houses are not "related"; neither, to

Linnaeus and most of his contemporaries, were the species.

Conceivably, then, fundamental similarities may be shared by two spe-

cies because these species were created to resemble each other, no genetic

relationship being present. On the other hand, fundamental similarities may

be shared by two species because these species were derived from a com-

mon ancestor, or because one species was the ancestor of the other. Com-

mon inheritance as the explanation for similarity accords with the evolu-

tionary interpretation, a matter we discussed at some length in Chapter 3

(see especially pp. 25-26). According to this view, a classification based

on fundamental similarities, as the Linnaean system is, becomes a classifi-

cation reflecting the actual relationships of the animals classified. The spe-

cies included in one genus are similar because they are related to each

other; they inherited their similarities from a common ancestor. Two gen-

era included in one family have many characteristics in common; these

were inherited from a predecessor ancestral to both genera. And so on step

by step through the classification. Creatures as diverse as a fish and a man

are included in one phylum, to pass to the "top" of our classification. Fish

and man have some characteristics in common, notably possession of a

notochord during some stage of life. Why do they and all other members of

Phylum Chordata have this notochord? If the evolutionary explanation is

correct they have it because they inherited it from an ancient form which

once lived on this planet and was the remote ancestor of all of them.

It is customary today to refer to the classification of animals as a "natu-

ral system of classification." By this is meant a system based on the true

(i.e., genetic) relationships of the animals classified. A natural system may

be contrasted with an "artificial system" of classification having as its sole

objective the cataloguing of plants and animals as a librarian classifies and

catalogues books. The system as devised by Linnaeus was essentially an
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artificial system. But the similarities forming the basis for the cataloguing

are now regarded as indicative of genetic relationship—related animals be-

ing classified together, unrelated ones separated from each other. Hence the

artificial system has become a natural system // we agree that fundamental

similarities of structure derive from common ancestry, the evolutionary

explanation.

WHAT IS A SPECIES?

Students of evolution lay particular emphasis upon the

small unit of classification mentioned above, the species. This is reflected

in the fact that Darwin named his great treatise on evolution The Origin

of Species. It is felt that if the origin of separate species can be accounted

for, the origin of genera, families, orders, and so on, can be explained by

the further application of the principles discovered or by extensions of

those principles. To a considerable extent two new species arising from one

original parent species would constitute the first step in evolutionary

change. Two men walking down a road come to a fork in that road; one

man follows the road to the right, the other man the road to the left. For a

little while the two men are near together even though they may eventually

have diverged so that they are thousands of miles apart. Similarly, two

groups of animals starting on divergent courses of evolution would at the

outset be very similar, similar enough to be regarded as two species in the

same genus, even though their remote descendants may be "poles apart"

in structure. Accordingly, if we can account for the first step in developing

diversity of structure, the step which produces enough diversity to separate

groups into distinct, though related, species, we have gone far toward an

understanding of the causes of evolution. The species, then, occupies a key

position in thinking on evolution. It is important that we inquire into the

nature of the species with a view to determining what is involved in the

origin of species.

What is a species? We asked that question earlier, in our discussion of

human evolution (pp. 248-250). There we noted two attributes of species:

(1) some degree of structural difl'erence and (2) reproductive isolation.

From differences of opinion concerning the relative importance of these

two attributes arises most of the controversy over definition of the word. To

focus attention upon the contrasting points of view we shall quote two pro-

posed definitions. The first is that of Tate Regan, quoted with approval by

various subsequent authors (e.g.. Gates, 1948) : "A species is a community,

or a number of related communities, whose distinctive morphological char-



EVOLUTION AS SEEN IN THE CLASSIFICATION OF ANIMALS 315

acters are, in the opinion of a competent systematist, sufficiently definite to

entitle it, or them, to a specific name." We note in this definition entire em-

phasis upon "distinctive morphological characters." We also note a point

mentioned in our earlier discussion—the great amount of individual subjec-

tive judgment which admittedly enters into decisions as to what constitutes

"sufficiently definite" morphological differences.

The second definition is that of Mayr ( 1942 ) quoted earlier: "Species are

groups of actually or potentially interbreeding natural populations, which

are reproductively isolated from other such groups." This definition places

complete emphasis upon reproductive isolation, since the latter is felt to be

primary. Given reproductive isolation, "distinctive morphological char-

acters" will usually arise in due course (pp. 487-489).

These two definitions represent the extremes of a series. Many writers on

the subject have proposed definitions of the word "species," most of them

combining the two attributes of structural difference and reproductive isola-

tion in various manners and degrees. Instead of proposing a definition of

our own we shall discuss the various attributes which usually characterize

species.

At the outset we may note that it is by no means necessary to assume that

all species have "actually" the same properties or attributes, quite aside from

differing human judgments in the matter. Among the one-celled animals

(Protozoa), for example, "the species" may well be quite a differently con-

stituted unit from "the species" among mammals. Indeed, it could hardly

be otherwise. Despite differences, however, species do in general have some

attributes in common. Accordingly we shall list some of the attributes which

on the average are found to be characteristic of the species as a unit both

of classification and of evolution.

In the first place, a species is a group of animals all of which usually pos-

sess some distinctive characteristic or characteristics. The characteristic is

usually morphological, a visible structure, although some species are known

which are not visibly distinguishable from each other. In such cases the

"distinctive characteristic" is chemical or physiological. When, as in most

instances, the distinctive characteristics are structural, the difference in struc-

ture between two closely allied species need not be great. Indeed, the differ-

ence is frequently quite small. The Florida tree snails, popular with many

people because of the bright colors and varied patterns of the shells, may

afford us an example here. These ornate snails all belong to one genus, Lig-

uus, divided into several species. Two of the principal species are distin-

guished from each other by the fact that the apex of the coiled shell of one

species is pink in color, while the apex of the shell of the other species is
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white. One authority on these snails commented, 'This may seem liice a

trivial character on which to found a species, but it is the only constant one"

(Simpson, 1929). Great variety in color pattern is found within the white-

tipped species; the same is true within the pink-tipped one. The color of

the tip, then, is the distinctive characteristic which makes possible classifi-

cation of the varying forms into the two species.

Turning to a very different type of animal, we have an example of species

differences between the two species of "deer mice" or "white-footed mice"

inhabiting Vermont. These familiar inhabitants of woods and fields have

large eyes and ears and long tails. Body and tail are dark-colored above but

white on the under surfaces; the feet are white. Both species belong to genus

Peromyscus. One belongs to species maniciilatus , the other to the species

leucopus. Although the two species are much alike there are a number of

small differences between them. The hair clothing the back of leucopus is

reddish brown, while the color of maniculatus is more predominantly gray,

mixed with brown. Compared to leucopus, maniculatus has a longer tail,

with a more sharply defined black stripe running the length of its upper sur-

face, a more slender skull, with smaller molar teeth. Thus we see again that

the characteristics distinguishing one species from its allies are usually small.

Magnitude is not the important point; it is suflficient that the characteristic,

though small, be possessed by all members of the group in question.

As a second attribute of species we return to the matter of reproductive

isolation. As indicated in our discussion of human evolution (pp. 248-250),

there is great difference of opinion as to the importance to be accorded this

attribute. No statement we can make will be immune to criticism. Hence we

shall make the statement which seems most generally applicable, admitting

that there are exceptions to it. Members of separate species are usually re-

productively isolated from each other, meaning that they usually do not in-

terbreed or hybridize if and when they come into contact with each other.

The wording "do not" was chosen deliberately. In many cases members of

different species cannot interbreed. In the two species of Peromyscus inhab-

iting Vermont, for example, there is no evidence that it is possible for inter-

breeding to occur, either in a state of nature or when members of the two

species are kept together in cages. On the other hand, many cases are known

of species which can interbreed but do not do so under natural conditions.

Referring to Peromyscus again, we find that our species leucopus ranges

southward into Virginia. Another species, gossypinus, is found in the south

Atlantic states, ranging northward into Virginia. In the Dismal Swamp of

Virginia the ranges of the two species overlap so that members of both live

together there. From a study of the mouse population of that swamp Dice
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(1940) has concluded that there is no evidence that the two species breed

together and produce hybrids

—

this despite the fact that when mice of the

two species are kept together in laboratory cages they readily produce

healthy and fertile hybrid offspring. Why do they not hybridize under natu-

ral conditions? It does not seem too anthropomorphic to conclude that when

given a choice each prefers members of its own species to members of the

other. Accordingly we conclude that where morphological or physiological

barriers to interbreeding do not exist, psychological barriers may operate

to the same end (see pp. 471-473).

We readily appreciate that this failure of species to interbreed (reproduc-

tive isolation) is important for the maintenance of the species as a discrete

unit. Without this tendency not to hybridize, whenever two species came

into contact interbreeding would tend to combine the two species into a

varied hybrid population, an amalgamation in which the species concerned

would become inextricably combined, losing identity and individuality. Al-

though this process doubtless occurs at times, the fact that species in general

maintain their individuality indicates that such interbreeding is not the usual

situation.

As intimated above, the statement that members of different species do

not interbreed is subject to exceptions. When hybrids between species are

produced, however, they commonly, but not invariably, have lowered fer-

tility or are completely sterile. Thus, despite the production of hybrids, the

reproductive isolation of the species is maintained. Obviously a sterile

hybrid population could not perpetuate itself and become a "melting pot"

into which the two parent species would sink.

At times, on the other hand, hybridization may play an important role in

evolution just as it does in the breeding programs by which man improves

his domesticated animals and cultivated plants. Hybrids possess new com-

binations of characteristics arising from their mixed ancestry. In cases in

which they are viable and fertile, such hybrids may under some circum-

stances enjoy advantages not possessed by either parent species, and hence

be favored by natural selection (see further discussion on pp. 477-481).

In one way or another, the integrity of species is maintained by reproduc-

tive isolation. Without the latter there would be no species. Hence the justifi-

cation for the primacy given reproductive isolation in Mayr's definition of

species quoted above. Further discussion of the importance of reproductive

isolation and of the mechanisms by which it arises will be found in Chapters

20 and 21.

We should note in passing, however, that the definition of "actually or

potentially interbreeding populations, which are reproductively isolated from
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other such groups" has significance only for organisms that reproduce sex-

ually. Plant and animal groups in which reproduction is asexual are not

"interbreeding populations." In some cases a single individual may give rise

to a whole Hne of descendants (a clone or biotype), all just like the original

individual except as new mutations may from time to time introduce

changes. Since interbreeding is absent, no test of reproductive isolation is

possible. Classifying asexual organisms into species must therefore be based

upon possession of distinctive characteristics as mentioned above. This is

one reason why a species definition suitable for a majority of organisms is

nevertheless not suitable for others (many plants and protozoans, for

example).

Another attribute of species refers to the range or territory occupied. Usu-

ally two closely allied species do not occupy the same territory, though fre-

quently their territories will adjoin. From the preceding discussion we can

appreciate the fact that two closely allied species will usually be very similar

to each other in appearance and habits. This implies that they will be likely

to depend upon the same or similar food supply, seek the same home or

nesting sites, and so on. Thus if they occupied the same territory they would

usually be in direct competition. Such competition doubtless occurs and is

important in promoting evolutionary change, yet in groups of species in a

state of approximate equilibrium at a given stage in evolutionary history,

direct competition is reduced when territories occupied by allied species are

separate. An example may be found in the two species of Peromyscus in-

habiting Vermont. Peromyscus leucopus occupies wooded lowlands and the

lower portions of the mountain slopes; maniculatus occupies the higher por-

tions of these mountains. While the two species both live in the state of

Vermont, they actually occupy separate, though adjoining, territories.

In the case just mentioned, the wooded lowlands difi'er from the higher

portions of the mountains not only geographically but also by environmental

differences. Sometimes closely allied species may occupy the same territory

if their environmental (ecological) requirements difi'er. We noted earlier

(p. 294 and Fig. 13.3, p. 295) that three species of ground finches are en-

abled to live together on the Galapagos Islands because each species special-

izes in eating seeds of a certain size. Thus direct competition is reduced and

we have an exception to the general rule that closely allied species do not

usually occupy the same territory.

A corollary of the reproductive isolation mentioned earlier lies in the fact

that when the territories occupied by two species do overlap there is gener-

ally no interbreeding between the species (recall the two species of Pero-
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myscus inhabiting the Dismal Swamp ) . As a result, jorms intermediate in

structure or transitional between the two species are not usually found. The

body structure of one species is usually separated from the structure of

neighboring species by a '^bridgeless gap." The word "usually" is important

in this statement, since many exceptions occur.

We may summarize our discussion of the species as a unit of classification

and evolution by listing the following attributes which in general character-

ize species: (1 ) members of a species possess in common distinctive char-

acteristics; (2) intermediate or transitional forms are not usually found;

(3) members of separate species do not usually interbreed, or if hybrids

are produced they are usually sterile; (4) allied species usually have sepa-

rate, though frequently adjoining, territories.

It is safe to surmise that any population of animals having all four of the

attributes just fisted will be considered a distinct species by all biologists.

Disagreement enters when a group has some of the attributes but not afi.

Finally, we may mention the practical difficulty of applying the yardstick

of reproductive isolation to populations which are separated geographically

(are allopatric). // such populations came into contact in nature would

they interbreed? One method of answering the question is to attempt arti-

ficial hybridization between them. But here the evidence is one-sided. If

the two populations will not interbreed in the laboratory (assuming that

each population will breed within itself under such circumstances), that fact

would be considered evidence that the populations are in fact separate spe-

cies. Suppose, however, that the populations do interbreed in the laboratory:

that fact is not in itself evidence that the populations should be considered

to belong to one and the same species. For in a state of nature they might

not interbreed, and if they did not they would be as reproductively isolated

as though they could not. For this reason, and because many animals will

not breed in captivity anyway, the experimental approach to the question

has limited usefulness. Hence frequently the question can not be answered

directly. Accordingly, systematists attempt to solve the dilemma by deciding

whether or not the amount of morphological difference between the two

populations is great enough so that they probably would not interbreed //

they did come into contact naturally. But this brings us back to the variable

of differences in judgment between individual biologists as to how much

morphological difference is necessary if populations are to be regarded as

separate species. Truly there is no royal road to classification. Nature is

enormously complex. The complexity of the problems presented affords

much of the challenge and fascination in science. If all the problems were
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easy "there would be no fun in science," as one biologist remarked to the

author. Clearly the study of species is in no immediate danger of being

shorn of "fun."

For discussion of forces and factors operative in species formation see

Chapter 21.

SUBSPECIES OR GEOGRAPHIC RACES

We have referred several times to a division of the spe-

cies called the subspecies. This smallest unit of classification corresponds to

a "race" or "variety." We noted earlier that human races correspond to

this category in classification (pp. 250-255).

FIG. 14.3. Distribution of Peromyscus maniculafus gracilis, with portions of the ranges

of neighboring subspecies (geographic races). Dots indicate areas of intergradation.

(After Osgood, 1909.)

Increasingly the practice is followed of adding the name of the subspecies

to the scientific name of an animal, thereby converting the name from a

binomial to a trinomial. The name applied to the deer mouse inhabiting the

mountains of Vermont then becomes Peromyscus mcmiciilatus gracilis. From

Fig. 14.3 we note that this subspecies ranges west to the Great Lakes. South
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and west of the latter another subspecies is found: Peromyscus mcmiculatus

bairdi. North of Lake Superior and on into Canada is found the subspecies

from which came the first specimen of Peromyscus mcmiculatus known to

science. This specimen is called the "type specimen," and its subspecies is

the type subspecies, being given the name Peromyscus mcmiculatus mani-

culatus.

Returning momentarily to our earlier analogy between scientific names

and human names, we see that the name of the subspecies corresponds in

a sense to a "middle name." Thus in a large city there may be so many

John Smiths that it is necessary to distinguish between them in some way.

Accordingly a metropolitan directory may list: "Smith, John Gregory;

Smith, John Stuart; Smith, John Wilber," and so on.

One of the most distinctive attributes of subspecies is the fact that they

occupy distinct territories, hence the appropriateness of the name geo-

graphic race. For example, the species Peromyscus mcmiculatus is divided

into many subspecies scattered over the face of North America in such

manner that a map of their distribution resembles a patchwork quilt.

Fig. 14.3 shows the range of the subspecies gracilis mentioned above, to-

gether with portions of the ranges of other subspecies found in the north-

eastern part of this continent. We note that the map indicates certain regions

in which intergradation occurs. This is a common feature of areas in which

two subspecies come into contact.

Ordinarily members of different subspecies within one species are com-

pletely interfertile and hybridize readily whenever they come into contact.

This condition stands in direct contrast to that noted previously as prevailing

in regions in which the territories of two different species come into contact

or overlap. Mechanisms of reproductive isolation which keep species sep-

arate have on the whole not developed between subspecies. Our discussion

of lack of reproductive isolation between human races will be recalled in

this connection (pp. 248-250). The principal factor operating to keep sub-

species separate is a geographic one; different subspecies live in separate

regions and hence for the most part do not come into contact with each

other. So long as this condition prevails each subspecies maintains its in-

tegrity.

For the most part subspecies differ from one another in one or more

structural features. Usually the differences are less than those found between

two related species. Indeed, the visible differences may be so small that only

an expert can see any difference at all, and frequently an expert must have

a considerable number of specimens for comparison before he can be sure
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which of two subspecies is represented. One reason for this state of affairs is

the fact that, as stressed earlier in our discussion of human races (pp. 251-

254), subspecies frequently differ from each other in the frequencies with

which certain genes (and hence characters) occur rather than in possession

of certain genes by all members of one subspecies and absence of those genes

from all members of a second subspecies. Varying distributions of the blood

group genes in different human races furnish an example (pp. 251-252).

"Races may be defined as populations which differ in the frequencies of

some genes" (Dobzhansky, 1950).

Frequently the differences between subspecies seem to be more or less

chance differences of no particular significance in the lives of the organisms

(nonadaptive traits). At times we may consider differences nonadaptive

merely through ignorance of their real significance, but there is no reason

to doubt that populations may come to possess characteristics which are ac-

tually nonadaptive (see discussion of genetic drift, pp. 439-447). On the

other hand, differences between subspecies may at times be clearly adaptive.

A most interesting case of this in Peromyscus is afforded by a race of mice

inhabiting Santa Rosa Island off the coast of northern Florida, near Pensa-

cola. This long, narrow island running parallel to the shore and separated

from it in places by only a quarter of a mile of water is covered with an

exceptionally white sand. Living on the island is the lightest-colored race of

Peromyscus known: P. polionotus leucocephalus. "In this race, most of the

hair is white from base to tip, while the pigment of the skin is greatly re-

duced" (Sumner, 1932). Such a white race living in regions of white sand

affords an excellent example of protective coloration, the protection in

this case being against predators that use their sense of sight in locating

prey, especially owls. We shall describe later (pp. 364-365) experiments

which demonstrated that in actuality being light colored on a light-colored

background does protect mice from predation by owls. We may picture this

white race as having arisen during the past few thousand years by the action

of natural selection favoring genes and mutations tending to lighten the

color of the mice inhabiting the island. We may note in passing that leuco-

cephalus is not an albino, differing from normally pigmented mice by a

single gene as albinos commonly do. From the results of breeding experi-

ments Sumner (1932) concluded that leucocephalus differs from the fully

pigmented polionotus (see below) by a number of genes having additive

effects (multiple genes or polygenes, pp. 391-394).

The race leucocephalus was evidently derived from the somewhat similar

race on the neighboring mainland: Peromyscus polionotus albifrons. This

race lives on the beaches and is light in color but not so light as leuco-
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cephalus. Further inland live mice which are still darker in color and are

named Peromyscus polionotus polionotus.

"The Subspecies Versus the Cline"

In the above example we note a regular progression in pigmentation: ( 1

)

in the interior a dark-colored form; (2) on the beaches a lighter-colored

form; (3) on the neighboring island a still lighter form. As noted earlier

(p. 274), such a gradient, or progressive pattern of change, across the face

of the country is called a dine. Actually this cline has more than the three

steps indicated, since Sumner found that intermediate forms between race

polionotus and race albijrons occurred as he collected specimens nearer and

nearer the coast of the mainland. This being the case, can we really draw a

line between P. polionotus polionotus and P. polionotus albijrons?

Two points of view are possible: (1) subspecies polionotus and sub-

species albijrons are realities; they interbreed when they come into contact,

producing intermediate forms; (2) Peromyscus polionotus is not divided

into subspecies but is characterized by ordered variability of hair color in

the form of a cline. In our earlier discussion of clines (pp. 274-275) we

noted the cHne exhibited by zebras in the striping of the legs (Fig. 12.6,

p. 275). The cline is an observable fact. The zebras are commonly con-

sidered to be divided into subspecies, partly upon the basis of this striping,

but the difficulty encountered in delimiting the subspecies is reflected in

the fact that no two investigators seem able to agree on how many subspecies

there are or what shall be considered to constitute each one (cf. Cabrera,

1936; Rzasnicki, 1951). This is an extreme case; the confusion arises in

part from the fact that no two individual zebras are alike in markings.

Wilson and Brown (1953) have stressed the view that subspecies are

artificial creations of biologists' minds. Frequently a species with wide dis-

tribution may exhibit clines in a number of characteristics, e.g., coat color,

ear size, foot length, tail length. From locality to locality the variability in

one characteristic does not parallel variability in another one; the variabili-

ties are independent, not concordant as we should expect them to be if sub-

species (representing a certain coterie of characteristics) were realities.

Nevertheless, considerations of practical usefulness will doubtless continue

to cause biologists to designate as subspecies populations living in certain

territories and characterized on the average by certain "constellations of

characteristics." To some extent this involves putting nature in a strait

jacket and drawing lines where there really are none, a fact which is of it-

self eloquent of the occurrence of evolution.
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Subspecies and Microgeographic Races

Another difficulty in identifying subspecies or geographic races is the

fact that they possess no clear-cut lower limit. They grade insensibly into

microgeographic races, local races inhabiting small areas, e.g., one pond or

one wood lot (Wilson and Brown, 1953). For example, Dice (1937) in-

vestigated populations of Peromysciis inhabiting wood lots only 3 or 4 miles

apart but separated by cultivated land. He found statistically significant dif-

too
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FIG. 14.4. "Profiles" representing the distribution of

seven red-blood-cell antigens in three stocks of Pero-

m-iscvis. Ordinate scale represents percentages of indi-

viduals possessing the respective antigens designated

on the abscissa. (From Moody, "Cellular antigens in

three stocks of Peromyscus maniculafus from the Colum-

bia River valley," Confributions from fbe Laboratory of

Vertebrate Biology, University of Michigan, No. 39,

1948, p. 13.)

ferences between these various subpopulations in a variety of bodily and

skeletal measurements and in hair color. The present author made a sero-

logical study of three populations of Peromyscus maniciilatus living a few

miles apart in the Columbia River valley (Moody, 1948). He identified

seven antigens in the red blood cells somewhat comparable to the A and B
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substances in human blood cells (p. 121). As the profiles in Fig. 14.4

indicate, the three populations differed from one another in percentage of

individuals possessing each of the seven antigens. This is the same sort of

racial difference we noted in percentages of individuals belonging to the

different human blood groups. Whenever genetic tests are made a genetic

basis for cellular antigens is always disclosed. Hence we may feel confident

that Fig. 14.4 represents genetic difference between populations of wild

animals living only a few miles apart.

Many other examples of microgeographic races might be cited (see

Dobzhansky 1950, p. 168 ft'.). Microgeographic races are of great interest

since they represent subpopulations of a type postulated as important in

the process of species formation (see speciation, pp. 484-491).

Microgeographic races are not clearly distinguishable from geographic

races (subspecies). In fact the three populations of Columbia River valley

mice analyzed serologically may be considered to represent different sub-

species at least in part (Dice, 1949). Again we see in this difficulty in draw-

ing lines eloquent testimony to the fact of evolutionary change.

Evolutionary Significance of Subspecies

We have presented several contrasts between species and subspecies:

( 1 ) Members of different species do not ordinarily interbreed when they

come into contact; members of different subspecies within one species ordi-

narily do so. (2) Different species frequently occupy separate territories,

but the latter may overlap, in which case intermediate forms are usually

not found; different subspecies occupy separate territories which do not

overlap, and if the territories come into contact intermediate or transitional

forms are frequently found. (3) Structural differences between species are

usually greater than those between subspecies.

We should note, however, that exceptions are found to every one of the

above statements. In practice, then, it is frequently difficult to be sure

whether two groups of animals should be classed as belonging to two sub-

species in one species or whether they should be regarded as two distinct

species in one genus. Thus again the judgment of the individual biologist

comes into play, and with it opportunity for much disagreement in details

of classification.

The principal interest in the subspecies or geographic race from the

standpoint of evolution lies in the fact that it seems to represent a small step

in the development of diversity. Most clusters of subspecies (Fig. 14.3)

probably arose when descendants from some parental stock migrated out
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from a center of dispersal (pp. 268-272). As animals spread out over the

country groups of them became separated from each other by distance and

sometimes by geographic barriers. These separate groups, being out of con-

tact with each other, gradually came to develop differences, so that each was

no longer quite like the original parent stock or, on the other hand, quite

Hke the other groups. (Recall our discussion of the processes involved in the

evolution of the human races, pp. 250-255.) Each group would then rank as

FIG. 14.5. The ranges of four geographic races forming a Rassenkreis. Where
the ranges come into contact interbreeding occurs in three cases, but it does not

occur in the area where Race D comes into contact with Race A.

a separate subspecies or geographic race. If now the groups became progres-

sively more and more different in structure, and if, especially, these differ-

ences finally became sufficient to prevent interbreeding whenever members

of different groups came in contact, the groups would be considered to have

reached the rank of separate species. In brief, according to this view, the

subspecies is a step in the development of the species.

We have referred to "clusters" of subspecies; sometimes these form more

or less circular mosaics covering a certain geographic area. Such a mosaic

or circle of races has been termed by Rensch (1960) a rassenkreis. Sup-

pose, for example, that a rough circle is formed by races A, B, C, and D
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(Fig. 14.5). Race A interbreeds with race B where their ranges come into

contact. Race B interbreeds with race C, as does race C with race D. But

race D does not interbreed with race A where their ranges come into con-

tact. Are race D and race A to be considered separate species because they

are thus reproductively isolated from each other? Perhaps not so long as

the circle of interbreeding forms (races B and C) connecting them exists.

But if races B and C were not known (had become extinct before biologists

investigated the situation) probably race A and race D would be considered

separate species. We mention this matter ( 1 ) to illustrate the fact that sub-

species are not in all cases clearly distinguishable from species, and (2) to

indicate one way in which species may arise from subspecies. (For further

examples and discussion see Rensch, 1960, p. 23 ff.; Goldschmidt, 1940,

p. 117 ff.; Lack, 1947, Fig. 23, p. 127, and accompanying text.)

We do not wish to give the impression that all subspecies are on the way

to becoming species. For most subspecies, conditions will probably never

be favorable for further development. Opportunity will not knock on their

doors. But for a minority, conditions will favor further evolution leading

to the formation of new species, and even perhaps eventually to new genera,

families, and so on.

In subsequent chapters we shall discuss in more detail the processes in-

volved in subspecies and species formation, as well as in the production of

the major adaptive changes which usually distinguish members of different

higher categories (e.g., different orders).

Conclusion

Let us return for a moment to the question of the manner in which classifi-

cation supports the idea of creation by evolution, as contrasted with the idea

of special creation. We have seen that classification is based upon similarity,

primarily morphological similarity. To most biologists it seems more reason-

able to explain fundamental similarities as based upon inheritance from

common ancestry than as being due to the fact that separately created ani-

mals were created to be similar, or created according to similar patterns.

Again, the difficulty of defining a species, of separating one species from

another, and of telling whether a certain group is a species or a subspecies

seems to indicate a web of interrelationships in nature, interrelationships

most readily explained as arising by divergence from common ancestry. If

each species were separately created it should be much easier than it is to

draw sharp lines between them, and to draw sharp lines between species

and subspecies.



328 INTRODUCTION TO EVOLUTION

References and Suggested Readings

Cabrera, A. "Subspecific and individual variation in the Burchell zebras," Jour-

nal of Mammology, 17 (1936), 89-112.

Dice, L. R. "Variation in the wood-mouse, Peromyscus leiicopiis novebora-

censis, in the northeastern United States," Occasional Papers, Museum of

Zoology, University of Michigan, No. 352, 1937. Pp. 1-32.

Dice, L. R. "Relationships between the wood-mouse and the cotton-mouse in

eastern Virginia," Journal of Mammalogy, 21 ( 1940) , 14-23.

Dice, L. R. "Variation of Peromyscus maniculatus in parts of western Washing-
ton and adjacent Oregon," Contributions, Laboratory of Vertebrate Biology,

University of Michigan. No. 44 ( 1949), 1-34.

Dobzhansky, Th. "The genetic nature of differences among men." In S. Persons

(ed.). Evolutionary Thought in America. New Haven: Yale University Press,

1950. Pp. 86-155.

Gates, R. R. Human Ancestry from a Genetical Point of View. Cambridge:
Harvard University Press, 1948.

Goldschmidt, R. The Material Basis of Evolution. New Haven: Yale University

Press, 1940. (Includes detailed discussion of subspecies formation.)

Huxley, J. (ed.) The New Systematics. Oxford: Oxford University Press, 1940.

Lack, D. Darwin's Finches. Cambridge: Cambridge University Press, 1947.

Mayr, E. Systematics and the Origin of Species. New York: Columbia Univer-

sity Press, 1942.

Mayr, E. "The bearing of the new systematics on genetical problems. The na-

ture of species." In M. Demerec (ed.). Advances in Genetics, Vol. II. New
York: Academic Press, Inc., 1948.

Mayr, E. (ed.). The Species Problem. Washington, D.C. : American Association

for Advancement of Science, 1957.

Moody, P. A. "Cellular antigens in three stocks of Peromyscus maniculatus

from the Columbia River valley," Contributions, Laboratory of Verte-

brate Biology, University of Michigan, No. 39 (1948), 1-16.

Osgood, W. H. "Revision of the mice of the American genus Peromyscus,"

North American Fauna, No. 28. Washington, D.C: U.S. Government Print-

ing Office, 1909.

Rensch, B. Evolution Above the Species Level. New York: Columbia Univer-

sity Press, 1 960.

Rzasnicki, A. "Zebras and quaggas," Annales Musei Zoologici Polonici, 14

(1951), 203-252. (16 plates.)^

Seton, E. T. Lives of Game Animals, 4 vols. New York: Doubleday & Company,
Inc., 1929.

Simpson, C. T. "The Florida tree snails of the genus Liguus," No. 2741, Pro-

ceedings of the U.S. National Museum, Vol. 73, Art. 20, 1929.

Simpson, G. G. "The principles of classification and a classification of mam-
mals," Bulletin of the American Museum of Natural History, 85 (1945),
1-350.

Simpson, G. G. Principles of Animal Taxonomy. New York: Columbia Uni-
versity Press, 1961.



EVOLUTION AS SEEN IN THE CLASSIFICATION OF ANIMALS 329

Sumner, F. B. "An analysis of geographic variation in mice of the Peromyscus

poUonotus group from Florida and Alabama," Journal of Mammalogy, 7

(1926), 149-184.

Sumner, F. B. "Genetic, distributional, and evolutionary studies of the subspecies

of deer mice (Peromyscus) ," Bihliographia Genetica, 9 ( 1932), 1-106.

Wilson, E. O., and W. L. Brown, Jr. "The subspecies concept and its taxonomic

application," Systematic Zoology, 2 (1953), 97-111.



CHAPTER 15

MEANS AND METHODS OF

EVOLUTIONARY CHANGE

The Problem

In preceding chapters we have noted evolution manifested in many guises.

We have seen numerous examples of relatively unspecialized animals

which have given rise to descendants specialized for some particular mode
of life. We have seen that frequently several lines of descendants have arisen

from one ancestral group, and have termed this phenomenon adaptive

radiation.

We have noted independent occurrence of similar evolutionary trends,

and have termed this parallel evolution when the independent evolution oc-

curred in two related groups of animals, convergent evolution when it in-

volved two relatively unrelated groups.

We have observed the complexity of human evolution and suggested that

isolated human populations developed differing characteristics while iso-

lated, and that these characteristics were variously combined and recom-

bined when subsequently the populations came into contact through migra-

tions and conquests.

We have emphasized that the past and present geographic distribution of

animals suggests that a form originates in a certain region (its "center of

dispersal") and as descendants spread out from this center they undergo

modification, so that eventually they differ from one another and from the

parent form.

We have noted ways in which animals finding themselves on oceanic is-

lands have been able to exploit environmental niches they would never

have entered on continents.

330
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We have seen that the formation of geographic races (subspecies) repre-

sents one of the first steps in development of that diversity which is a hall-

mark of evolutionary change, and that formation of the greater diversity

characterizing species seems to be a later step in the same process.

All of these evolutionary manifestations require explanation. It is one

thing to note their occurrence, another to explain the means by which they

occur. Although the manifestations are varied, explanation of them ob-

viously has a common denominator. In every case we are called upon to

explain diversity—how it arises and how it is preserved and perpetuated.

For evolution is the process by reason of which descendants differ from

their ancestors.

We now direct our attention to the various factors contributing to the

production of change in animals and hence to the origin of diversity. In

Chapter 2 we sketched broadly some of the principal factors involved. In

this chapter and the following ones we shall discuss these in more detail

and introduce others not mentioned previously. Rereading of Chapter 2

will form appropriate introduction to the subject matter of these chapters.

SHUFFLING THE GENES

It is common observation that no two individuals are

alike. Even so-called "identical twins," if observed closely enough, will be

found to differ in some respects. And the extreme diversity among the pop-

ulation at large needs no emphasizing. The same diversity exists in the

subhuman portions of the animal kingdom. If "every mouse looks like every

other mouse'' to us it is because we have not observed mice closely enough

to be familiar with their distinguishing features. Recall the comment made

by many Americans that all Chinese look alike, and the similar comment

of Chinese newly come to this country that Americans are difficult to recog-

nize because they all look alike. The individual differences are there; the

difficulty in recognizing them lies in faulty observation, based on inadequate

past experience.

What is the basis of this diversity among individuals? Insofar as it is of

hereditary nature it arises in good part as the result of the operation of the

mechanisms of inheritance.

On an earlier page (p. 10) we mentioned the units of heredity called

genes. These are contained in chromosomes found in all cells composing

the body. The chromosomes occur in pairs, one member of each pair being

inherited from the father, the other from the mother. When germ cells are

formed by an individual the members of each pair of chromosomes separate
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from each other; each germ cell receives one member only of each pair of

chromosomes (Fig. 15.1). Since genes are contained in the chromosomes,

genes also occur in pairs, and each germ cell receives but one member of

each pair (Fig. 15.1 ). The genes composing any pair may be alike, or they

may differ. Thus, to use a familiar example which somewhat oversimplifies

actual conditions, a person may inherit a gene for brown eyes from each of

HETEROZYGOUS
BROWN- EYED MOTHER

HETEROZYGOUS
BROWN- EYED FATHER

Genes in

chromosomes:

Ova
(two kinds)
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eyes is also present. Hence we say that the gene for blue eyes is recessive,

the gene for brown eyes dominant. A recessive gene, then, is one that does

not produce a visible effect in an individual who also possesses the corre-

sponding dominant gene. As a consequence, an individual must inherit a

recessive gene from both of his parents if he is actually to exhibit the char-

acteristic which that recessive gene produces.

It follows that there are two kinds of brown-eyed people in the world. If

we let B represent the gene for brown eyes, b the gene for blue eyes, we can

represent the two kinds of brown-eyed people as follows: (1 ) BB, (2) Bb.

Both types are said to have the same phenotype: the same visible, bodily ex-

pression of the gene B. But they differ in genotype: in genetic constitution.

Members of the first type have inherited the gene from both of their parents.

Members of the second type have inherited a brown-eye gene from one

parent, a blue-eye gene from the other. (Actually there are more than these

two kinds of brown-eyed people, since more than one pair of genes are in-

volved in producing the varying shades of brown eyes observable. But for

present purposes concentration of attention on the one pair of genes will

suffice. ) Following this scheme, blue-eyed people have the formula bb, the

gene for blue eyes having been received from both parents. Blue-eyed

people, and brown-eyed people of the first type (i.e., BB), having both

members of the pair of genes alike, are said to be homozygous. Brown-eyed

people of the second type (Bb), having one gene for brown eye, one gene

for blue eye, are said to be heterozygous.

Now suppose that two heterozygous brown-eyed people marry (Bb x Bb;

Fig. 15.1). The mother produces some ova which contain B, some ova which

contain b. Similarly, the father produces sperm cells which contain B, others

which contain b. What kinds of children are possible? A 5-containing ovum

may be fertilized by a fi-containing sperm cell; the resulting child will have

the BB combination and will be brown-eyed. Or a fi-containing ovum may

be fertilized by a /^-containing sperm cell; the result will be a brown-eyed

child (Bb). A heterozygous brown-eyed child will also result from the com-

bination of a /^-containing ovum with a 5-containing sperm cell. Finally, a

/j-containing ovum may be fertilized by a /^-containing sperm cell, the result

being a blue-eyed child. This latter result is the most interesting from our

present standpoint since it illustrates the mechanism by which children

frequently differ from their parents. In general terms, heterozygous parents

can transmit to their offspring recessive genes which have no visible effect

in the parents themselves. Some children, receiving two such genes from

their parents, will consequently differ from the latter in the characteristic

concerned.

So far we have concentrated upon but one pair of genes, B and b. Another
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pair of genes, carried in a different pair of chromosomes, has to do with

the color of the hair, determining whether it shall be red or some one of the

other shades characteristic of human hair (we shall group them together

under the term "non-red"). Accordingly, if parents are heterozygous for

both these pairs of genes they can have children who have ( 1 ) blue eyes

and red hair, (2) brown eyes and red hair, (3) blue eyes and non-red hair,

(4) brown eyes and non-red hair. Other pairs of genes in other chromo-

somes are concerned with curliness of the hair. Thus heterozygous parents

may have children who have (1) curly red hair and blue eyes, (2) curly

non-red hair and blue eyes, (3) straight red hair and blue eyes, (4) curly

non-red hair and brown eyes, (5) straight red hair and brown eyes—and

so on; the reader can complete the series for himself. If such an amount of

diversity is possible on the basis of just three pairs of genes, what a vast

amount must be possible on the basis of the approximately 24,000 pairs of

genes which each human being is estimated to possess!

One source of diversity in a population, then, lies in the mechanism of

inheritance by which thousands of pairs of dominant and recessive genes

are reassorted and reassembled generation after generation. The process is

analogous to the shuffling of playing cards. How many different "hands" is

it possible to obtain from one pack of fifty-two cards? How many different

kinds of individuals can arise by the shuffling and "dealing" of many-times-

52 pairs of differing genes?

A little thought will convince one that the diversity arising from the proc-

ess just described is primarily a matter of new combinations—new combina-

tions of characteristics already in existence. Shuffling and dealing cards re-

sults in new combinations of cards, not in new cards; the latter are still the

familiar aces, kings, jacks, and so on. To a considerable extent the "shuffling

and dealing" of genes occurring in the production of each new generation

is primarily a matter of producing new combinations of old characteristics.

For the most part the combinations are new, the individual characteristics

entering into the combinations are not. Yet the analogy to playing cards is

not perfect, since genes do influence each other. The presence of one gene

causes another gene to produce a different result from that which it would

produce if the first gene were not there. Because of this interaction of one

gene with another the diversity actually produced by the shuffling de-

scribed above is greater than it would be if the genes were entirely inde-

pendent in their activities. Nevertheless, much of the diversity produced by

the mechanism of heredity is a diversity of new combinations of old charac-

teristics.

In our discussion of blood groups (pp. 121-125) we noted that the red
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blood cell substances A and B are present in varying proportions in different

human populations and in different species of apes. Being gene determined,

these substances afford excellent examples of the type of diversity we are

discussing. We noted much the same type of diversity in our brief discus-

sions of human races (pp. 250-255), and of the characteristics which dis-

tinguish Peromyscus leucopiis from Peromyscus maniculatus (p. 316). In

these latter instances the genetics of the differences has not been analyzed

as it has in the case of the blood groups, but we may feel confident that an

underlying diversity of genes (and of chromosome structure) forms the

basis for the observed diversity of adult characteristics. Much evidence of

this has been accumulated in animals whose genetic constitutions have been

more thoroughly analyzed than have those of man, apes, and Peromyscus.

Interbreeding of Populations

We have seen that much diversity is possible as a result of the shuffling

and recombination of different genes possessed by members of one popu-

lation. Suppose that in addition two different populations, having somewhat

differing genes, come into contact so that the members interbreed. Such an

occurrence will greatly increase the possibilities for diversity. Examples

spring to mind of individuals in such crossroads of the world as Hawaii

who exhibit a combination of characteristics inherited from, for example,

Polynesian, Japanese, and Irish ancestors. Indeed, on an earlier page we

surmised that interbreeding of originally separate human populations has

occurred repeatedly during the course of human evolution, and that the

occurrence explains much concerning the origin of observed diversity of

mankind past and present (pp. 246-248).

Significance for Evolution

Of what significance for evolution is this recombining of genes? In Chap-

ter 2 we noted that the positive aspect of natural selection consists of the

favoring of animals possessed of hereditary characteristics that are bene-

ficial, either in the environment in which the animal finds itself or in some

other environment open to it. The cumulative result of this favoring is post-

adaptation in the former case, preadaptation in the latter. While our earlier

discussions concentrated attention on single hereditary characteristics, we

readily appreciate that the same principles apply to combinations of charac-

teristics. Animals havino beneficial combinations of characteristics will be

favored by natural selection over those having less favorable combinations.
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Indeed, natural selection always operates on whole animals, never on sepa-

rate parts of animals. Hence in a given environment the successful animal

will be the one that combines the greatest number of qualities tending to

adapt it to the environment in question. Accordingly, the shuffling of the

genes is a means of producing a continuous supply of new combinations to

be "tried out" by natural selection. Deleterious combinations are weeded

out; beneficial combinations are favored. In this way progress, in terms of

adaptation to environment, is made.

But continual reshuffling has its drawbacks as well as its utility. Once a

beneficial combination of genes is formed will it not be broken up again

in the very next generation by continuation of the shuffling process which

created it? It is a matter of common observation that children do not inherit

all the characteristics of one parent. A particularly gifted parent seldom if

ever can endow a son or daughter with all the attributes which combined

to produce his own unusual talent. To a considerable extent this recombin-

ing of characteristics does serve to break up favorable combinations.

There are, however, hereditary mechanisms tending to decrease the fre-

quency of such dissolution of combinations. We have mentioned the fact

that genes are contained in visible structures called chromosomes. One chro-

mosome contains many genes, and the genes in one chromosome tend to

stay together in inheritance. The tendency is, however, counteracted by

processes making possible exchange of genes between chromosomes. These

processes (crossing over and translocation, pp. 395-398) contribute to the

reassorting of genes but they act with relative slowness. More, they are some-

times prevented or still further slowed by other genetic factors (such as the

presence of inversions—see pp. 397-398). The subject is a complicated

one, involving for its understanding considerable knowledge of the mecha-

nisms of heredity; these receive further attention in Chapter 17. The point

we wish to make here is that mechanisms preventing, or at least hindering,

the breaking up of beneficial combinations of genes do exist.

In summary, in the reassorting and recombining of genes lies a means

whereby natural selection is provided with raw materials in the form of

varied combinations of hereditary characteristics. The diversity is increased

whenever populations having somewhat difTerent genes interbreed. We
must next inquire how the differing genes arise in the first place.

NEW GENES FROM OLD

As noted earlier (Chaps. 2 and 5), genes occasionally

undergo a change called mutation. In its commonest form this is a chemi-

cal change in the gene; as a result the changed or mutant gene has an efTect



MEANS AND METHODS OF EVOLUTIONARY CHANGE 337

different from that of the unchanged gene. In the fruit fly, Drosophila, for

example, a dominant gene producing red eye color undergoes mutation,

changing to a recessive gene which fails to produce the necessary pigment.

Eyes of flies homozygous for this new gene remain white. We should note

carefully that the primary change occurs in the genes. As a result of a

change in a gene a change is later found in the bodies of all offspring con-

taining the altered gene if the latter is dominant, or of all offspring homo-

zygous for the altered gene if the latter is recessive. Since they arise as

changes in genes, all mutations are, by definition, inheritable.

Spontaneously occurring, inheritable changes were known long before

we knew anything of genes. Darwin mentioned "sports" of this kind in his

Origin of Species, including among them the Ancon ram, a male sheep

which appeared in the flock of Seth Wright, a Massachusetts farmer, in

1 79 1 . Its legs were much shorter than those of other sheep. This characteris-

tic proved an advantage to the farmer, since short-legged sheep were less

able to scale the stone-wall fences of the day than were other sheep. The

ram passed on the new characteristic to his offspring and thereby became

the sire of a short-legged race of sheep once common in New England. Here,

then, was the appearance of a new, inheritable characteristic. While Darwin

recognized that such "sports" occurred he placed little importance upon

them, believing them to be too rare to be of much sionificance.

It remained for the Dutch botanist De Vries to focus attention upon the

importance of mutations. Studying the evening primrose, Oenothera la-

marckiana, De Vries observed that in a population inhabiting a field near

Amsterdam individuals occasionally appeared which differed markedly from

their fellows. Some were larger, some smaller; there were differences in

flowers, in leaves, and in many other characteristics. When De Vries grew

offspring from seeds produced by these unusual plants he found that the

characteristics were inherited and that consequently new varieties of several

kinds were produced. Here, then, was a species of plant which seemed to

be caught in the act of producing new varieties or, as he called some of

them, "elementary species." On the basis of these studies De Vries advanced

his "mutation theory" of evolution. While later investigation has revealed

that the phenomenon of occurrence of mutations does not in itself constitute

a complete theory of evolutionary change, De Vries deserves much credit

for focusing attention upon such inheritable changes in structure.

Subsequent to the investigations of De Vries many mutations have been

discovered in other plants and in animals. Most of our modern science of

genetics grew out of analysis of the mechanisms involved in inheritance

of mutations. Details may be sought in books dealing with genetics; it

must suffice us to note some of the attributes of mutations which render



338 INTRODUCTION TO EVOLUTION

them valuable "raw materials" for the construction of evolutionary change.

Of primary importance is the fact that mutations are inheritable changes.

As noted above, they are inheritable because they are ( 1 ) changes in the

germ plasm (genes) followed by (2) changes in the bodies of offspring

arising from the altered germ plasm.

What is the nature of this change in the germ plasm? Two main types of

change may be distinguished. The most common type, and the one of

greatest significance in the evolution of animals, is called gene mutation. It

is the type mentioned in the first paragraph of this section—a chemical

change in a single gene. As a result of its changed nature the gene then pro-

duces something other than it produced previously—black body color in-

stead of gray in an insect, for example. By far the most common gene muta-

tions involve the change of a dominant gene to a recessive one, although

the reverse sometimes occurs.

Aside from changes in individual genes, changes in numbers and arrange-

ments of genes sometimes occur through what are called chromosomal muta-

tions or, better, chromosomal aberrations. Chromosomes are bodies in the

nuclei of cells; unlike the genes within them, they are visible with the ordi-

nary compound microscope. As noted previously (p. 336), each chromo-

some contains many genes—a thousand or so, frequently. Chromosomal

aberrations arise in various ways: Chromosomes break into fragments which

later join together but in arrangements diff'erent from the original ones.

Small chromosomes fuse together to form large ones. Chromosomes in-

crease in number, by addition of one or two extra chromosomes or, on the

other hand, by addition of multiples of the number originally present. Dis-

cussion of the processes and of their effects upon inheritance will be found

in books on genetics. Chromosomal aberrations seem to be of considerable

importance in plant evolution (see pp. 418-420). The "mutations" of the

evening primrose discovered by De Vries were later found to be mainly of

this type. For further discussion of the mutation process see Chapter 17.

Mutations vary greatly in magnitude of effect produced. The change in

length of legs in the Ancon ram and the changes observed by De Vries in

the evening primrose were large changes. Subsequent research has shown,

however, that by far the most abundant mutations produce only small

changes.

What Causes Mutations?

We have spoken of mutations as being "spontaneous"; they arise unex-

pectedly for reasons which we do not know. The darkness of our ignorance
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on the subject is being dissipated, however, through discoveries of means by

which the rate of mutation can be increased. In forms investigated inten-

sively mutations have been observed to occur spontaneously at an extremely

low but relatively constant rate. For example, a given mutation will occur

spontaneously in one of a million individuals of the fruit fly, Drosophila.

Muller has discovered that the rate can be greatly increased by bombarding

the parents with X rays. Apparently the X rays penetrate to the germ plasm

and there induce mutations, both gene mutations and chromosomal aberra-

tions. Subsequently, other radiations, such as ultraviolet light, have been

found to produce similar eff'ects. The same is true of some chemicals, notably

such carcinogenic (cancer-inducing) chemicals as mustard gas. The number

of chemicals and physical forces found to induce mutation will undoubtedly

increase as investigation continues.

We should note that present methods of inducing mutations are "shot-

gun" methods; the investigator never knows in advance which genes will be

afl'ected. He cannot single out a particular gene and cause it to mutate at

will. Obviously such an ability would be highly desirable. There is some

evidence that antibodies (p. 109) are among the substances capable of in-

ducing mutations. Since antibodies have a degree of specificity, they may

possibly be more selective in their action than are the radiations and chemi-

cals just mentioned. Antibodies formed against lens proteins of the eye, for

example, might react selectively with genes concerned with lens formation,

causing mutations in those genes only (see discussion of experiments of

Guyer and Smith, pp. 344-345 ) . Only the future will disclose whether con-

trol of the mutation process in this way can actually be achieved, however.

In the meantime it is important to note that radiations, some chemicals, and

antibodies form examples of environmental agents which can cause inherita-

ble changes in germ plasm. It is to be emphasized that these agents act on

the germ plasm directly, not through the intermediacy of body tissues which

have been subjected to change.

We know that our bodies are constantly being subjected to bombardment

by radiations in extremely low concentrations—by cosmic rays, for example.

Is it possible that such radiations induce "spontaneous" mutations? While

there is no reason to doubt that such natural radiations have an effect on

the germ plasm, their concentration is so low that they can hardly account

for the observed rates at which mutations occur. Other forces must also be

involved.

Another property of mutations is the fact that as far as we know at

present they occur in random or haphazard fashion without regard to use-

fulness or the needs of the organism. This randomness has caused some
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biologists to conclude that mutations do not afford likely materials for con-

structive evolutionary change. We shall see, however, that the objection is

not insuperable.

Are mutations always random, at all times and under all circumstances?

Or can such factors as antibodies direct the course of mutation (see above,

and pp. 345-346)? It would be worth much to be able to answer these

questions.

A word of qualification is necessary in referring to the mutation process

as random. Mutations are random in the sense that they may occur when

they are not "needed," and may fail to occur when they are "needed," but

their randomness has limits. As emphasized by Blum (1955, Chap. 9),

the kinds of mutation which any one gene is capable of producing are

limited by the physical and chemical structure of the gene itself and by its

thermodynamic properties. Randomness occurs within definite limits. Such

limitations on the mutation process impose limitations on the course of evo-

lution itself, helping to determine what directions evolution can take and

what directions it cannot take.

Inheritance of Acquired Characters

The foregoing discussion has stressed the fact that mutations are inherit-

able changes arising in the germ plasm (genes) and that these germinal

changes later express themselves in altered body structure of subsequent

generations. The sequence of events is important: (1) change in the germ

plasm, (2) change in the body, of later generations.

Exactly the reverse sequence of events has sometimes been postulated

as a factor in evolution: (1) change in the body, followed by (2) corre-

sponding change in the germ plasm. In fact, this idea represents a distinct

theory of evolution termed Lamarckism, after its originator, the French

biologist Lamarck, who lived from 1744 to 1829 and hence preceded

Darwin.

The essence of Lamarckism is the idea that changes acquired or devel-

oped by individuals during their lifetimes are transmitted to their offspring;

this is the so-called "inheritance of acquired characters." We know that as

organs or parts of the body are used they develop and increase in strength

and size. Thus the college sprinter has at the peak of his training more

powerful muscles than he would have had if his most strenuous sport had

been bridge. Conversely, organs or parts of the body degenerate if unused.

The powerless leg muscles of a person bedridden for a protracted period

form a case in point. Lamarck's thesis was that bodily changes of this kind



MEANS AND METHODS OF EVOLUTIONARY CHANGE 341

are passed on to offspring, who therefore are different from what they other-

wise would have been. We see readily that this theory, if correct, provides

a simple and direct means for the production of diversity.

An example may help to make the application clear. We have seen that

the ancestors of the modern horse left the woods and took to life on the dry

plains of the West (pp. 201-206). The change was accompanied by change

in length and structure of the legs, making possible increased speed in run-

ning over hard ground. In line with Lamarck's theory we may postulate that

the first ancestral horses to venture forth on the plains were chased by

predatory animals, packs of wolves, perhaps. In running to evade these

predators they would have increased the power of their legs (as our college

sprinter increases the power of his by practice). Any gains in muscular

strength and efficiency, and in length, of leg acquired in this manner would,

according to the theory, be passed on to the offspring of the animals which

acquired them. Thus the offspring would begin life with better legs for

running than their parents had had when they began life.

But still the chase by predators would continue. By continued use of their

legs for running away, the horses of this second generation would add

another increment of strength and length, which would be passed on to the

third generation. And so on, generation after generation, each generation

improving on its heritage slightly and passing its gains on to its offspring.

An analogy would be increase in a family fortune passed on from father to

son in pre-inheritance-tax days, each generation adding to what had been

received from its immediate predecessor. So after many generations the

elongated and efficiently muscled legs of the modern horse evolved, // the

Lamarckian explanation is correct.

The Lamarckian theory appeals because of its directness and relative

simplicity. Biologists confronted with manifold instances of animals, past

and present, adapted to their particular needs and environments with exqui-

site nicety find in the theory a satisfying means of visualizing how perfect

adjustment between animal and environment can be achieved. What more

natural than to suppose that whales developed the perfection of their

streamlining through the action, for millions of years, of water pressure

against their bodies as they swam? May it not be that the water molded

the body gradually, the changes in shape, once acquired, becoming heredi-

tary? Such a direct process of evolution is easy to visualize and has a forth-

rightness about it which to many biologists seems lacking in the means and

methods of evolution to be described presently. But should we expect nature

to be simple and forthright?

We return to the central question: Are characteristics developed by an



342 INTRODUCTION TO EVOLUTION

individual during its lifetime inherited by its offspring? Our everyday ob-

servations would lead us to answer in the negative. It is fortunate, for

example, that mutilations are not inherited. A man who loses a finger need

not fear to father a family lest his children be born with fewer than the

usual number of digits. Weismann, the German critic of Lamarckism, re-

moved the tails from mice for many generations. Of course the mice in the

last generation were born with as long tails as the mice of the first genera-

tion had had at birth. Such evidences against Lamarckism have been

criticized on the ground that the mutilation is something done to an animal,

something in which the animal does not participate actively. Developments

produced by the activity of the individual do not seem to offer more con-

vincing evidence in support of Lamarckism, however. If our hypothetical

college sprinter continues training after he leaves college and marries will

his sons be born with more highly developed leg muscles than they would

otherwise have had? We know that they will not. Is the son of a concert

pianist bom with more skill in his fingers than would have been his if his

father had been a lawyer? While we know that aptitude for music is in-

herited, we are equally certain that the son will have to begin with simple

finger exercises just as his father did before him, despite the years of train-

ing the father received before the son's birth.

In this connection we may well consider a series of experiments which

have been interpreted as demonstrating inheritance of effect of training.

McDougall (1938) trained white rats in performance of a simple problem:

escape from a tank of water following a certain route. The trained rats were

mated and offspring were raised. The offspring, in turn, were taught the

problem; they then became the parents of a third generation. And so on for

forty-five generations. McDougall found marked and progressive decrease

in number of errors made in learning the problem as generation followed

generation. Taken at its face value, this finding would seem to indicate that

offspring were really profiting from training given their parents, that an

acquired character (training) was being inherited.

This experiment has been repeated by Agar and his colleagues (1954),

whose final report records results for fifty generations, covering a period of

twenty years. They started with a single pair of albino rats of the Wistar

strain. The offspring from this pair were divided into two groups. Members

of one group were trained and then used as parents of a second generation.

Members of the other group were not trained but were used as parents to

start a control line running parallel with the trained line. In each generation

some of the rats in the trained line were trained, and then mated to produce
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the next oeneration. In each feneration some of the rats in the control line

remained untrained and were mated to produce the next generation in that

line, while other rats were trained, to provide a measure of learning ability

in the control line in the veneration concerned. In the control line trained

rats were never used as parents.

The investigators found that during the first fifteen or sixteen generations

the number of errors in both trained and control lines decreased progres-

sively. The causes of this decrease are obscure, but it was certainly not due

to inheritance of the effects of training, since parents in successive genera-

tions of the control line were not trained at all. The greatest deficiency of

McDougall's experiments was lack of a control line. In the light of this re-

cent investigation, therefore, there remains no reason to consider that his

results afford evidence of inheritance of the effects of training.

The experiments of Agar and his colleagues continued beyond the six-

teenth generation. In later generations the number of errors fluctuated;

generations in which few errors were made were followed by generations in

which the number of errors was larger, and vice versa. The noteworthy fact

is that both trained and control lines fluctuated similarly. Factors affecting

both lines must have been operative. The experimenters concluded that en-

vironmental factors (such as seasonal fluctuations in temperature) and

fluctuations in the health and vigor of the rat colony from year to year

were reflected in the observed variations in speed of learning. At any rate,

clear evidence was obtained against the hypothesis that the effects of

training are inherited.

Through the years many experiments of varying kinds have been per-

formed as attempts to demonstrate inheritance of acquired characters, and

results of some of them have been interpreted as affording evidence of it.

Nevertheless, deficiencies in planning or technique, overlooked sources of

error, possibility of interpreting experimental data in more than one way

have invalidated all experiments known to the author.

The line of attack which came nearest to yielding an exception to this last

statement deserves special attention. From an a priori standpoint it seems

difficult to visualize a mechanism by which changes in the body can be

transferred to the germ cells and thus become inheritable. The germ cells

are shut away in one small organ of the body (ovary in females; testis in

males). How can changes in the body get to them? Since they are supplied

with blood as are the other parts of the body, it is conceivable that sub-

stances carried by the blood might serve as "go-betweens," conveying to

the germ cells the effects of changes in the body. Years ago it occurred to
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Guyer that antibodies (pp. 109-110) might function in this way. Perhaps

antibodies, if produced by changes in the body, would react with the germ

cells in such a way as to change the latter.

In their experiments Guyer and Smith (1918-1924) concentrated atten-

tion on the crystalline lens of the eye. In earlier experiments a solution of

lens substance (obtained from rabbits) was inoculated into fowls. The

fowls formed antibodies against the foreign substance (p. 109). The fowl

serum containing these antibodies was inoculated into pregnant rabbits.

Some of the offspring of the latter were born with degenerate or mal-

formed eyes. It looked as though the anti-lens antibodies had interfered

with eye formation in the developing embryos. Had an inheritable change

been produced in these embryos? When the young were raised and bred

it was found that the eye defects were indeed inherited by subsequent gen-

erations. The nature of inheritance approximated that characteristic of re-

cessive genes. Of particular significance was the fact that males passed the

defect on to their offspring. If only females had done so the "inheritance"

might have resulted from direct transference of antibodies from the blood

of a mother to the blood of her offspring, since the two bloods are in

close contact during all embryonic development. But no such close con-

tact exists between a father and his developing offspring; his sole contribu-

tion to the latter is a sperm cell, consisting almost wholly of chromosome

material. Hence anything a father passes on to his offspring must be con-

tained in his germ plasm.

Was this, then, a case of inheritance of acquired characters, the ac-

quired character being eye defect? Inheritance of acquired characters in

the Lamarckian sense would involve a change in the body which would

then be transferred to the germ plasm. In the present instance it is possi-

ble that the outside agent, the antibodies, acted on the eyes of the embryos

and on the genes of those embryos directly. If so this would not constitute

inheritance of acquired characters in the strict sense.

Guyer and Smith performed one experiment which came closer to meet-

ing specifications for a demonstration of inheritance of acquired charac-

ters. They took advantage of the fact that the crystalline lens is not in

contact with the blood stream, and that an individual will form antibodies

against the lens material of his own eye if his blood is artificially brought

into contact with that lens material. This contact was made when the lens

of the eye of an anesthetized male rabbit was broken up by means of a

needle; surrounding blood vessels then penetrated the damaged area. The

male was subsequently mated to a normal female. Seven young were born

to this pair of parents; four of the young had defective eyes. Unfortunately
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the experiment was terminated by a fatal epidemic before the inheritance

of the defect by later generations could be proved. But the defects were

similar to those whose inheritance had been proved in previous experi-

ments. Here, then, was an instance in which an external agent (the experi-

menter's needle) produced a change in the body (destruction of the lens)

which was then apparently transferred to the male rabbit's germ cells, pre-

sumably through the agency of antibodies. Taken at its face value, was this

an instance of inheritance of acquired characters in the Lamarckian

sense? Perhaps the antibodies had induced the formation of mutations in

the genes controlling eye formation, as mentioned previously (p. 339). If

so, would this condition constitute inheritance of acquired characters? If

antibody formation resulted from a change in the body, and then the anti-

bodies induced changes in the genes concerned with the characteristic in

question, we should have something which to all intents and purposes

would be inheritance of acquired characters. But the foregoing statement

begins with "If"; indubitable proof that such a sequence of events can

actually occur is lacking, though its possibility is suggested by these pio-

neer experiments of Guyer and Smith, supplemented by investigations

of others on antibody induction of mutations.

Critics of the experimentation of Guyer and Smith have not been lack-

ing. Other investigators have repeated the experiments, usually with some

variations, and have not obtained the same results. One objection raised

is that since rabbits sometimes carry recessive genes for eye defects,

perhaps the stock used by Guyer and Smith was thus contaminated, the

defects coming to light just at the time of experimentation but not because

of the experimental procedures. Guyer has replied in rebuttal that control

animals from the same stocks as the experimental animals did not show

eye defects. He recorded seeing one rabbit with defective eyes among a

total of 2000 individuals. Nevertheless, future experimenters must employ

highly inbred stocks so that all recessive genes will be brought together in

homozygous state and thus betray their presence by producing visible ef-

fects.

What is our verdict concerning the efficacy of inheritance of acquired

characters as a means of producing new characteristics? Evidently we

must bring in the Scotch verdict of "not proven." But it will be well to

leave our minds open to the possibility that, in the particular circum-

stances in which antibodies may serve as intermediaries between change-

in-body and the germ plasm, something amounting to inheritance of ac-

quired characters may yet be demonstrated. If later investigation proves

the occurrence of mutation directed by antibodies, mutations and acquired
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characters will at long last have been brought together into one synthetic

theory of evolution. (See also "Genetic assimilation of acquired charac-

ters," pp. 420-424.)

WHAT HAPPENS TO MUTATIONS?

If we regard mutations as the raw material of evolu-

tionary change, we may next inquire how that raw material is utilized.

What happens to mutations once they occur? Our answer will be far from

complete even though most of the remainder of this chapter and the greater

part of the following chapters will be devoted to it. Incompleteness of the

answer will arise in part from the fact that this is a relatively new field of

investigation, in part from the fact that full understanding of what is

known necessitates a more thorough knowledge of the science of genetics

than is presumed of readers of this book.

At the outset we should recall two facts about mutations: (1) Most of

them involve a chemical change in a single gene; (2) the changed gene

usually behaves as a recessive in inheritance. When an individual inherits

a changed gene from one parent and an unchanged gene from the other

parent (i.e., is heterozygous), he actually exhibits the characteristic pro-

duced by the unchanged gene (the dominant gene). Suppose, for example,

that in one member of a population of animals one gene undergoes muta-

tion. For purposes of illustration we may say that the members of this pop-

ulation all possess a certain pair of dominant genes which we shall desig-

nate as AA. In the germ plasm of one member of this population a

mutation occurs, changing one of the A's to a. The individual will then

produce some germ cells containing A, some containing a. But the other

members of the population will still produce only germ cells containing

A. Consequently the fertilized ova from which the next generation arises

will all be either AA or Aa, the latter being in exceedingly small minority.

If A is completely dominant to a, both these types of offspring will actually

exhibit the characteristic produced by the gene A . In other words, the new

mutation a, while present, will not produce any visible effect. Evidently

this situation could continue for many generations; so long as an A-contain-

ing germ cell always combines with an /i -containing one the new mutation

will continue to be "covered up" by the original characteristic (produced

by A). Only when eventually two Aa individuals chance to mate together

will an aa individual arise (by fertilization of an a-containing ovum from

one parent by an a-containing sperm cell from the other). The aa individ-
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ual will, of course, exhibit the new characteristic. We see, then, that muta-

tions may remain hidden for many generations following the time of actual

change in the gene concerned.

Evidence accumulates, however, that many, if not most, mutations are

not completely recessive but rather exhibit some degree of dominance (see

Muller, 1950). That is, they produce some effect in heterozygous individ-

uals. In terms of our example: Aa individuals are not exactly like AA
individuals in characteristics. The o gene in the heterozygote modifies the

action of the A gene. When this is the case a new mutation will make

its presence felt at once, even before any aa individuals appear. If the ef-

fect of the a gene, in combination with the A gene in a heterozygote, is

beneficial, natural selection will favor the heterozygotes; if the effect of the

a gene is harmful, natural selection will tend to eliminate the heterozy-

gotes. In the former instance the frequency of the a gene in subsequent

generations will tend to increase; in the latter instance the frequency will

tend to decrease.

As we shall discuss more fully later (pp. 457-469), evidence is being ob-

tained that in a state of nature organisms are heterozygous for many pairs

of genes, and that in many cases the phenotype (p. 333) of heterozygotes

is superior to the phenotype of homozygotes (e.g., Aa is superior to AA
and aa). When this is so, what gene a produces when combined with A
is more important than what it produces when combined with another gene

of its own kind (a). Thus completely recessive genes, "covered up" in

heterozygotes as mentioned above, may turn out to be the exception rather

than the rule.

Natural selection can act on new mutations which have phenotypic ef-

fect in heterozygotes. This includes not only the partially recessive genes

just mentioned but also changes of normally present recessive genes to

completely dominant ones (e.g., change of gene a to gene A). In our pres-

ent state of knowledge such mutations seem to be rarer than do mutations

of dominant genes to genes having some degree of recessiveness or, to ex-

press it differently, somewhat lessened dominance, as described above.

The Ancon ram (p. 337) may have constituted an example of a completely

dominant mutation, since all offspring seem to have exhibited the short-

ened less.

Returning to our recessive, or largely recessive, mutation a, we may
now inquire: After the gene a has become widely enough distributed in

the population so that aa individuals occasionally arise, what will happen

to these individuals and to the "new gene" itself?
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Genetic Equilibrium

Our answer to the question just raised will involve further consideration

of the action of natural selection, but before we discuss the latter it will

be well to consider forces acting on mutations in the absence of, or in

addition to, natural selection. Unlike natural selection, these forces oper-

ate without regard to considerations of usefulness or harmfulness of the

mutations concerned. They depend upon the operation of the laws of

chance or probability in the "shuffling of the genes" discussed in an earlier

section of this chapter.

In that discussion we noted the manner in which pairs of genes are re-

assorted generation after generation. The genes of heterozygous brown-

eyed parents (Fig. 15.1 ), for example, are separated and then combined in

various ways in their children and grandchildren. The genes remain the

same (except for the rare occurrence of new mutations) but they are re-

assorted generation after generation to produce a collection of homozy-

gous brown-eyed individuals, heterozygous brown-eyed individuals, and

blue-eyed individuals. Suppose that in a given population there are a mil-

lion B (brown-eye) genes and a thousand b (blue-eye) genes. These will

be combined in pairs in homozygous brown-eyed individuals (BB), het-

erozygous brown-eyed individuals (Bb), and blue-eyed individuals (bb).

If these individuals marry at random so far as eye color is concerned

(e.g., if there is no tendency for brown-eyed people to prefer brown-eyed

mates, or for blue-eyed persons to prefer other blue-eyed persons) the

number of B genes and the number of b genes will tend to remain con-

stant generation after generation. The genes will be "shuffled" and recom-

bined but the numbers of the two kinds of genes present will tend to re-

main the same, just as the numbers of aces, kings, queens, jacks, and so

on, in a deck of cards remain the same despite the varied assortments of

them which may be dealt as hands during a long evening of play.

The tendency of gene frequencies to remain in equilibrium in succeed-

ing generations finds mathematical expression in the Hardy-Weinberg

law, discussed at greater length on pages 427-435. Our present purpose

will be served by calling attention to the existence of this tendency to es-

tablishment and maintenance of genetic equilibrium. This equilibrium will

tend to be maintained generation after generation unless disturbed ( 1 ) by

fresh mutations from the dominant gene to the corresponding recessive

one, or vice versa; (2) by natural selection; (3) by chance (see below).

If the dominant and recessive genes are both common in the population

the contrasting characteristics produced will both occur commonly, as is
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the case with blue and brown eyes in many parts of the world. If, on the

other hand, one gene, for example the recessive one, is rare, most mem-
bers of the population will exhibit the characteristic produced by the domi-

nant gene and only occasional individuals will show the recessive charac-

teristic. Thus among sheep, although the predominant color is white, black

individuals appear now and then. Occasional appearance of albinos in

almost all species of higher animals affords another example. Other ex-

amples will be found in the discussion of polymorphic species (pp. 375-

376). In this connection we should stress the fact that there will be no

tendency for the recessive gene, though rare, to "die out." This fact is

particularly pertinent to our discussion in view of the fact that all "new

mutations" are rare at first.

The question under discussion is. What will happen to new mutations

when they occur? We may now conclude that they will be incorporated

into the genetic structure, the "gene pool," of the population, and that

there will be a tendency for establishment of an equilibrium between the

number of "new" genes and the number of "old" ones.

Genetic Drift

The genetic equilibrium just described is most effectively maintained

when the size of the population is large. When the population is small,

chance may cause radical deviations from the expected equilibrium. In a

small population, confined, for example, to a small island, or to one moun-

tain valley, or to one pond (in the case of an aquatic form), one of two

things may happen: By the action of the laws of chance the gene a may

be lost entirely, or, contrariwise, the gene A may be lost entirely, all mem-

bers of the population coming eventually to have the new characteristic,

i.e., to be aa. This phenomenon is known as "scattering of the variabiHty"

or genetic drift. Our knowledge of it is based largely upon the mathemati-

cal studies of Professor Sewall Wright and others in the field of population

genetics. Without recourse to mathematics we may cite a simple example

illustrative of the fundamental idea involved. We noted previously that a

heterozygous individual (Aa) will produce two kinds of germ cells, some

containing the dominant gene (A), some the recessive gene (a). These

two types of germ cells will be produced in about equal numbers; hence

on the average about half of the individual's offspring will be expected to

receive gene A from him, about half will be expected to receive gene a

from him (cf. Fig. 15.1 ). But that statement is true only if the individual

contributes genes to large numbers of offspring. Suppose, by contrast,
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that an A a individual is the parent of just two offspring Hving to maturity.

It might easily happen that in both cases an /4 -containing germ cell would

be involved. Thus as far as that one Aa parent is concerned the a gene

is lost right there; none of the next generation will inherit a from him. Al-

ternatively, of course, this single A a individual might contribute only gene

a to each of his two offspring. If this happened the frequency of gene

a would be increased, that of gene A diminished. This example merely

illustrates the way in which chan.ce, involved here in determining just

which germ cells shall actually be used, produces an effect upon the even-

tual fate of a new mutation. More complete discussion of the subject will

be found in the following chapters.

As a result of genetic "drift," then, a new mutation arising in a small

population either may be lost or, alternatively, may become the prevailing

characteristic of the population. Our discussion of species and subspecies

in the preceding chapter pointed out the fact that differences between re-

lated species or subspecies are usually small; frequently they involve char-

acteristics which seem unimportant to the animals concerned. Insofar as

they really are unimportant, characteristics may become established in a

population largely as a result of this phenomenon of drift. We should note

that breeding populations of animals are usually small. Physical barriers

divide animals into small groups, as do intervening regions lacking food,

shelter, or other factors necessary to the life of the animal in question.

The effect is enhanced by the tendency of most animals to establish home

areas from which they rarely wander, particularly during the breeding sea-

son. Various factors combine to insure that even what seems to be a widely

ranging group is actually composed of many rather small subgroups which

constitute the population units of significance in mate selection. Even in

man propinquity is an important factor in determining whom a given

person will marry. Thus animals exhibit small size of breeding popula-

tion—the situation most conducive to the operation of genetic drift. Hence

we conclude that many of the "unimportant" or "indifferent" characteris-

tics distinguishing one species or subspecies from its neighbors may have

arisen as mutations which eventually became established by operation of

the laws of chance in the phenomenon of genetic drift.

We should not leave this subject without a word of caution about clas-

sifying characteristics as "unimportant" and "indifferent." Although many

characteristics probably "make no difference" to their possessors, intensive

study of some mutations has shown that they have several effects on their

possessors aside from the visible change by which the gene is identified.

For example, the first mutation observed in Drosophila goes by the name
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of "white eye." It changes the color of the eye from red to white, but it

also changes the color of the testicular membrane, changes the shape of

the spermatheca, and afifects the length of life. So while it may be a mat-

ter of indifference to a fly whether its eyes are red or white, some of these

other changes may well be of importance to the individual. Genes which

affect more than one characteristic are called pleiotropic. Another exam-

ple is Keeler's (1942) discovery that in rats genes which change color of

the hair change the animals' disposition, increasing or decreasing tame-

ness. Castle (1941) has shown that the gene which produces brown pig-

mentation in rats, mice, and rabbits accelerates growth and thus results

in attainment of increased body size. Hence although brown color might

be of no consequence to a mouse, the gene in question might be favored if

it were of advantage to the mouse to be large. Examples might be added

indefinitely. The more we learn about genes the more of them we discover

to have effects in addition to the one which originally attracted our atten-

tion. Although the point is not established as yet, it may be that all

genes have several effects, some of them indifferent or unimportant, some

of them important, under certain circumstances at least.

Thus chance, operating particularly in small populations, may alter the

genetic equilibrium which would otherwise prevail. An even more potent

cause of genetic change in populations is natural selection. We have re-

ferred to its action repeatedly in earher discussions (pp. 10-18); now we

shall consider in more detail the factors involved.

NATURAL SELECTION

In Chapter 2 we noted that the concept of natural selec-

tion was Darwin's great contribution to thinking on evolution. In The Ori-

gin of Species by Means of Natural Selection Darwin compared the selec-

tive action of nature to selection employed by man in improving strains of

plants and animals (artificial selection). When a breeder of cultivated

plants or of domestic animals wishes to improve them he selects the indi-

viduals showing the desired qualities to be parents of the next generation

and prevents individuals lacking the desired characteristics from contribut-

ing to the next generation. Thus Luther Burbank when developing im-

proved varieties of plants, such as stoneless plums and spineless cactus,

raised seedlings in large numbers. From these he selected only a few

which to his practiced eye offered promise of possessing the qualities he

desired. The rest of the seedlings were immediately burned; as many as

50,000 condemned plants might be destroyed after a single selection.
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It was Darwin's thought that nature selects animals and plants in much

the same manner, preserving those individuals which have characteristics

best fitting them for life in the particular environment in which they find

themselves and eliminating individuals less adequately equipped. If such

natural selection does indeed occur, what is the driving force back of it

and by what means is it accomplished?

Tendency to Rapid Increase in Numbers

The driving force, according to Darwin, is provided by the tendency of

all living things to increase their numbers rapidly. A few examples will

typify prevailing situations in most animals. Fishes are noted for the laying

of large numbers of eggs. A 25-pound carp in an Iowa lake was found to

contain 1,700,000 eggs; the similar prodigality of the salmon in egg produc-

tion is common knowledge. One female toad may lay as many as 12,000

eggs. It has been calculated that one pair of houseflies breeding in April

would have by August, if all eggs hatched and all resulting individuals

lived to reproduce in their turn, 191,010,000,000,000,000,000 descendants.

Turning to animals which breed more slowly and have longer intervals

between generations, we may quote Darwin's statement concerning ele-

phants: "The elephant is reckoned the slowest breeder of all known ani-

mals, and I have taken some pains to estimate its probable minimum rate

of natural increase; it will be safest to assume that it begins breeding when

thirty years old, and goes on breeding till ninety years old, bringing forth

six young in the interval, and surviving till one hundred years old; if this

be so, after a period of from 740 to 750 years there would be nearly nine-

teen million elephants alive descended from the first pair." Other examples

might be quoted almost endlessly.

Limiting Factors

Why, in actual fact, do we not find our lakes choked solidly with fish,

our fields carpeted with toads, the earth overrun with elephants, and so

on? Because there are for each species certain checks or limiting factors

opposing such increase in numbers.

One of the most important of these checks is limited food supply. Dar-

win himself was greatly influenced in his thinking by the essay of Malthus

on population. It was the thesis of Malthus that population tends to in-

crease in geometric ratio (e.g., by successive multiplication) while the

food supply tends to increase in arithmetic ratio (e.g., by successive addi-
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tion). Hence the population tends to increase at a more rapid rate than

does the food supply available to that population. Whatever the truth of

this much debated generalization, there is no doubt that limited food sup-

ply is an important factor in preventing unlimited increase in numbers of

individuals in a given species.

Predatory animals constitute another check on population size. If the

lions were exterminated on the plains of Africa the zebra population

would doubtless increase rapidly for a time, until a new limit imposed by

available food, and perhaps disease, was reached.

Disease is another limiting factor; epidemics occur among animals, par-

ticularly if they become overcrowded.

Space restrictions form another check on unlimited increase. Not only

does overcrowding favor disease and starvation, but a certain amount of

"elbow room" is required if animals are to live and reproduce normally.

In many species the home or nest is surrounded by a certain area of home

territory over which the occupant of the nest dominates and in which all

other members of the same species and sex are treated as intruders. The

density of population which a given region can support is determined in

part, not by the amount of "standing room" available, but by the number

of these home territories which can be provided without undue disturb-

ance of the normal living and reproductive habits of the species in ques-

tion.

Under the term inanimate environment we may include such limiting

factors as climate, seasonal changes, and catastrophes of various kinds.

Drought and severe heat in summer and severe cold in winter are exam-

ples. It has been estimated that during a severe winter half the wild horses

inhabiting the southeastern region of the state of Washington perish. This

example may suggest the questions: Is it purely a matter of chance which

ones perish and which ones survive? What determines which of these

horses shall live, which die? And we are led to the next element in the

process of natural selection.

"The Struggle for Existence"

We have seen that in each generation each species attempts to produce

many more individuals than can hope to live to maturity under the limit-

ing conditions prevailing. The result is a competition among the offspring

for food, mates, home territories, and the like, and a striving to survive the

aggressions of predatory animals, disease, and the severities of inanimate

nature. This process was called by Darwin "the struggle for existence." In
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this "struggle" what determines which individuals shall succeed, which

fail?

We may answer this question by stating that those individuals will suc-

ceed which have favorable or advantageous inheritable variations of struc-

ture, physiology, and so on. Those individuals will fail which lack such

variations or which have unfavorable or harmful ones. In this statement

we have mentioned that the variations must be inheritable; while it is

true that noninheritable, favorable variations might enable an individual

to survive, such variations have no "future" so far as improvement of the

species is concerned. (See, however, the "Baldwin effect," pp. 420-425.)

The inheritable variations arise as new mutations and as new combina-

tions of genes originating in various ways (pp. 396-402). Darwin himself

placed great stress on the importance of variations, including individual

differences, and he recognized that to be useful in evolution they must be

inheritable. He was well acquainted with the fact that variation is uni-

versal, that "no two individuals are alike." In his day it was not known

to what extent these differences between individual and individual are in-

heritable, to what extent they are caused by environment and hence not

inheritable.

The fact that many of the little variations in structure are not inherita-

ble was brilliantly demonstrated by the Danish geneticist, Johannsen. He
chose to work with the characteristic of weight, in beans. Taking advan-

tage of the fact that beans are self-fertilizing, he established a number of

pure lines, each descended from one bean. In general, pure lines de-

scended from heavy beans had greater average weight than did pure lines

descended from light beans. Since each pure line bred true to a certain av-

erage weight generation after generation, hereditary factors must have

been involved in the differences in weight. Since in any one pure line, de-

scended from one bean, the hereditary factors must have been identical

in all individuals, why were not all individuals identical in weight? Be-

cause superimposed upon the identical heredity were the effects of dif-

ferences in environment (in sunlight, moisture, food supply, etc., available

to individual plants and branches as they grew). When Johannsen took the

heaviest beans in a certain pure line and raised progeny from them he

found that the average weight was the same as that of the pure line itself,

or the same as he obtained when he took a light bean from the same

pure line and raised progeny from it. In brief, selection within a pure

line was not effective in producing change. Of the many implications of

Johannsen's work the one of most significance for us is the demonstration

that many observed variations in structure are produced by environment,

and that selection based on these environmentally induced variations does
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not result in changes in the resultant progeny. To be effective, selection,

either by man or by nature, must utilize inheritable variations, i.e., muta-

tions.

What Constitutes Success in the "Struggle for Existence"?

Darwin laid most stress upon survival; individuals having favorable in-

heritable variations survive, while their less highly endowed contempo-

raries perish. This phenomenon has been termed "the survival of the

fittest." The "fittest" were thought of as those individuals which possess in-

heritable characteristics enabling them to succeed in the "struggle for ex-

istence" in the particular circumstances and environment in which they

find themselves. Since they are the survivors, the "fittest" then become the

parents of the next generation, members of which inherit the favorable

characteristics from their parents.

A moment's reflection, however, will convince us that survival in itself

is not the only, or even the chief, concern. The real point is not survival

but contribution to the next generation. Obviously a dead animal cannot

become a parent, but some living animals cannot, or do not, become par-

ents either. So far as contribution to evolution is concerned, a living ani-

mal which does not reproduce might just as well be dead. Indeed, from

the standpoint of his species it would probably be better if he were dead,

since he consumes food without making any contribution to the species in

return. This statement must be qualified for species in which individuals

live together in societies. In such species individuals which do not repro-

duce may nevertheless contribute to the success of the species by render-

ing essential services to the society of which they are a part. Notable ex-

amples are such social insects as ants and bees, and man himself (see

discussion of the role of cooperation, pp. 520-522). It is the social unit as

a whole whose success is measured in terms of contribution to the next

generation. Thus, be it on the individual or on the social level, success in

the "struggle for existence" means success in contributing to the next gen-

eration. Included among the determinants of this success are all factors

favoring efi'ective reproduction. The reproductive process is a complicated

one, subject to many influences. Fertility is afl"ected by the health and

well-being of the individual, and these in turn depend upon a variety of

physiological, and even psychological, factors. In the "struggle for ex-

istence" premium is placed, then, both on characteristics which make for

survival and on characteristics which make for high fertility.

A somewhat extreme example may help to emphasize the point. Imagine

two competing groups of animals, each group consisting at the outset of
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1000 young individuals. Of group A, 800 individuals survive to maturity; of

group B, only 500 individuals survive. But in group A the reproductive

rate is such that each individual is replaced by one descendant, whereas

in group B each individual is replaced by two descendants. Which is the

more successful group? Obviously group B is, since in the next generation

it will number 1000 individuals, while group A will number only 800.

The most successful individuals or groups are those which contribute

their genes in greatest number to the building of the next generation.

"Individuals having most offspring are the fittest ones" (Lerner, 1959).

It is well to remember that this is what "fittest" means in natural selection

theory, and all that it means. Much mistaken thinking to the contrary not-

withstanding, "fittest" does not mean "strongest" or "fastest" or "health-

iest" or "most intelligent." Of course individuals or societies lacking in all

such traits may not be likely to leave the most offspring. But the measure

of their fitness is not possession of the attributes listed; it is the leaving of

offspring.

Nature of "the Struggle for Existence"

The phrase "struggle for existence" is unfortunate. It carries too many

overtones of "Nature red in tooth and claw." True, predatory animals do

play a part in reducing the number of surviving members of a population,

and hence in determining which members shall contribute most to the

next generation. But competition for available food supply is also a factor,

operating principally in times of exceptional stringency, as, for example,

during droughts, floods, exceptionally severe or prolonged winters, or as a

result of extreme overpopulation of a given territory.

So far we have stressed competition between individuals in the same

species (for food, territory, etc.): intraspecific competition. We should

also note that interspecific competition occurs and may at times be impor-

tant in evolution. Two closely related species (recently arisen from a com-

mon ancestral species, perhaps) may compete for the same food supply.

If this competition is keen it may lead to changes in the two species so

that competition will be lessened. Thus two species of ground finch living

on the same Galapagos island may come to differ from each other in beak

size by virtue of the fact that it is advantageous for one to specialize on

large seeds, the other on small seeds. Or alternatively, one species may

be so much more efficient than the other in utilizing the food supply that

the less efficient species becomes extinct (at least in the territory originally

shared in common). (See Hardin, 1960.)

Many important characteristics are less obviously related to struggle
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and competition than are the examples we have given. Resistance to dis-

ease is highly important. Any structural or physiological improvement con-

tributing to vitality and fecundity will tend to confer a differential ad-

vantage on some individuals as compared to others. Ability to produce

large numbers of viable offspring confers an advantage, particularly in

species in which the parents do not care for the young after hatching or

birth. Alternatively, increased perfection of postnatal care confers ad-

vantages in species which produce few offspring per parent. In the former

instance more than the laying of large numbers of eggs is involved. The

eggs must be viable, and they must be efficiently fertilized. Young which

develop quickly have an advantage over those which develop slowly.

When two competing strains differ in speed of individual development, that

strain which produces mature offspring in less time will, other things being

equal, contribute more of its genes to future generations than will a

strain in which sexual maturity is attained more slowly. Offspring of the

first strain may already have mated in their turn before offspring of the

second strain have matured sufficiently to do so.

These examples are given to emphasize the fact that complex and subtle

factors are involved in determining which individuals shall contribute

most to the next generation. The familiar matters of escape from preda-

tors and competition for food are but two among many important factors.

Essence of Natural Selection

A brief statement of natural selection may help to bring our discussion

into focus. Reduced to its essentials, natural selection results from the cu-

mulative action of all forces tending to insure that individuals possessing

one genetic constitution shall leave larger numbers of offspring than will

individuals possessing some other genetic constitution. Thus if a mutation

contributes in any way to the leaving of larger numbers of offspring it will

be perpetuated in increased proportion in the next generation, since it will

be carried by those "larger numbers of offspring." Contrariwise, if the mu-

tation interferes in any way with the leaving of larger numbers of off-

spring it will be perpetuated in decreased proportion in the next genera-

tion, since it will be carried by but a decreased number of individuals in

that seneration.

We readily appreciate that if natural selection continues for several gen-

erations, individuals lacking the favorable mutation may be completely

eliminated, with the result that the mutation becomes "standard equip-

ment" for the entire population.

It will be evident, moreover, that these principles apply not only to indi-
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vidual mutations but also to those combinations of mutations (genes) dis-

cussed earlier in the chapter (pp. 334-336).

Origin of Races and Species

So far we have not accounted for a great amount of evolutionary

change; we have shown how a population might come to possess a new
mutation or combination of mutations. But we have noted previously that

one mutation is usually a small change. Few, if any, races or subspecies

differ from each other by a single mutation. How can we account for the

origin of larger differences such as those distinguishing separate races and,

especially, separate species, genera, and so on? Addition of one mutation

to another probably accounts for many of these larger differences. Our
hypothetical population acquires a certain favorable characteristic, as de-

scribed above. In later generations a second mutation arises which is an

improvement on, or addition to, the first one. Natural selection now works

on this second mutation until some generations later the whole population

comes to possess it. Thus step by step through the long expanses of geo-

logic time greater and greater evolutionary change is produced by natural

selection. The change as we have described it will be in the nature of

more perfect adaptation to the environment in which the animals are \i\-

ing, i.e., postadaptation (pp. 12-13).

Continuing with our hypothetical population, let us suppose that the ani-

mals' environment changes

—

(1) as a result of geologic change in the re-

gion or (2) as a result of the animals' migration into a different region

from that formerly inhabited. Now a premium may be placed on differ-

ent characteristics from those formerly favored. As a result different muta-

tions will prove advantageous in the "struggle for existence," and in con-

sequence the population will gradually come to differ from its ancestors

living under the conditions formerly prevailing. Thus diversity arises be-

tween a population living in one set of environmental conditions and ances-

tral or "sister" populations living in other environments. The amount of

diversity will at first be slight, but it may increase until the populations be-

come separate subspecies, and even eventually separate species, genera,

and so on.

Earlier in this chapter we saw how the evolution of the long legs of the

horse might be explained according to Lamarck's theory of the inherit-

ance of acquired characters (p. 341). It may help to fix in mind the es-

sentials of natural selection if we ask how the same evolutionary change

can be explained by the theory of natural selection.
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As before, we may postulate that the first ancestral horses to venture

forth from the woods onto the plains were chased by predatory animals.

The action of the predators would constitute one of the checks upon the

too rapid increase in numbers of these ancestral horses. In the resulting

competition to survive and leave progeny which individuals would

succeed? If among the population of ancestral horses a mutation arose pro-

ducing longer legs (just the reverse of the Ancon ram mutation), posses-

sors of that mutation might be able to run faster than could their fellows.

If so, a disproportionately large number of horses not possessing the mu-

tation would become food for the predators before they had opportunity

to mate and reproduce. Thus the horses having the mutation for longer

legs would produce more than "their share" of offspring, with the result

that more of the next generation would inherit longer legs than possessed

them in the parental generation. If selection continued in the same way

for several generations the shorter-legged horses might disappear entirely,

leaving the field to the possessors of the longer legs. If, now, a second

mutation occurred, increasing the length of the legs still more, possessors

of that second mutation would be favored in the "strusgle for existence,"OCT '

with the result that some generations later all horses would have the second

mutation, possessors of the first mutation having been eliminated. And so

step by step the progressive lengthening of leg observed in the evolution

of the horse might be explained through the operation of natural selection

on successive mutations. (For an alternative explanation for this example

see pp. 412-413.)

In the preceding example we have kept the account as simple as possi-

ble in attempt to paint the broad outlines of the picture without including

confusing details. Actually the situation at any time would have been much

more complex, many factors in addition to length of leg entering into the

determination of which individuals should contribute most to subsequent

generations (see pp. 356-357).

A Glimpse of Variables in the Process

We have seen that mutations occur at definite, though usually low, rates.

Diff"erent mutations have different rates of occurrence (''mutation pres-

sures"). Thus the rate at which the raw materials of evolutionary change

are supplied varies for different mutations.

The intensity of natural selection ("selection pressure") varies greatly

from time to time and from place to place. Under some conditions "the

living is easy"; under others survival and reproduction are extremely

difficult.
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What we may call the varying effects of the mutations submitted to the

action of natural selection constitutes another variable factor. Although

most mutations are recessive, some of them produce detectable effects in

individuals heterozygous for them, as noted previously (p. 347). Thus an

individual heterozygous for a recessive mutation (Aa in constitution) may
have lowered, or increased, viability as compared to an individual homo-

zygous for the dominant characteristic (AA). Dobzhansky (1947), and

Reed and Reed (1948) have investigated some configurations of chromo-

somes in Drosophila which seem to be disadvantageous to flies possessing

them in double dose (i.e., homozygous for them). These disadvantageous

chromosomal arrangements are prevented from complete elimination,

however, because individuals heterozygous for the arrangements are bet-

ter adapted to survive under certain environmental conditions than are

homozygotes for the advantageous arrangement. It is as though Aa indi-

viduals were more viable than either AA or aa individuals. (See further

discussion of these experiments on pp. 459-464, and of "The role of het-

erozygotes," pp. 457-469.)

At times, also, a mutation which produces a visible characteristic of nei-

ther advantage nor disadvantage to its possessor may be acted upon by

natural selection because of associated effects of the same gene. Thus a

structural change harmless in itself may be associated with lowered viabil-

ity. Natural selection will reduce the proportion of the population having

the lowered viability and in doing so will necessarily reduce pari passu the

proportion of the population having the harmless structural feature. (See

also p. 350.)

Another variable of importance is the role of chance in the form of ge-

netic drift (pp. 349-351). We recall that the effect of drift varies with

varying population size, being particularly effective when populations are

small, as in isolated animal communities, or following a severe winter

which has killed large numbers of the population.

Mutation pressure, selection pressure, varying effects of mutations, ge-

netic drift, and many other factors combine in varying proportions to pro-

duce the type and degree of evolutionary change observable in any one

animal group at any given time in its history. Further discussion of these

factors will be found in the following chapters.

Mutations with Large Effects

From the foregoing discussion the reader will have gained the impres-

sion that a single mutation always produces a small effect—a small in-
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crement in length of leg of an ancestral horse, for example. It is true that

small effects characterize most well-known mutations, but evidence is ac-

cumulating that there are other mutations which have more far-reaching

effects. Thus, there seem to be genes controlling the rates at which vari-

ous parts of the body increase in size. If a mutation occurs in one of these

genes the relative size of the part of the body affected may be greatly al-

tered as a result of that single mutation. Suppose, for example, that at a

certain point in the evolution of the horse a mutation occurred in a gene

controlling the rate at which the legs increased in length as the body in-

creased in size. Such a mutation might determine, perhaps, that as the

body doubled in size the length of the legs would increase two and a half

times (instead of merely doubling as they had formerly done). Since, as

we know, the body did increase in size during horse evolution, such a mu-

tation would explain the fact that the size increase was accompanied by a

disproportionate lengthening of the legs—such a lengthening as was ob-

served to occur.

According to this idea the cumulative action of many little mutations,

each adding its increment to length of leg, can be replaced by a single

mutation altering the rate at which the leg increases in length as the body

increases in size. Such unequal growth of one part of the body relative

to another is called allometric growth. Allometry (heterogony) presents

possibilities for explanation of some types of evolutionary change with

economy in number of mutations postulated. Mathematical formulation

of the principles involved, additional examples, and further discussion of

the application of allometry to horse evolution will be found in Chapter 18.

In this connection we may mention that one investigator, Goldschmidt

(1940) dissented completely from the idea that "little" mutations can ever

be accumulated sufficiently to account for major evolutionary change. He
divided evolution into "microevolution" (evolution of subspecies or geo-

graphic races) and "macroevolution" (evolution of species, genera, and

so on). He contended that, while "little" mutations can provide the raw

materials for the degree of diversity represented by subspecies, mutations

of an entirely different order of magnitude ("systemic mutations") must be

invoked to explain macroevolution (p. 503 ). The origin of large evolution-

ary changes receives further attention later (pp. 502-506). We may note

at this time, however, the difficulty of distinguishing clearly between

"little" and "systemic" mutations. Is a change in a single gene controlling

the rate of growth of a part of the body a "little" mutation or a "systemic"

mutation? Perhaps we may best describe it as a little mutation with a

big effect. It seems unlikely that a sharp line can be drawn between
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"little" mutations and "systemic" mutations; increase in knowledge will

probably lead to discovery of a complete spectrum of "sizes" of mutation.

Nevertheless Goldschmidt rendered service to evolutionary thinking by

emphasizing the importance of mutations which can produce far-reaching

change.

Conclusion

Owing to the particulate nature of Mendelian inheritance, inherited

characteristics are combined and recombined in great variety. This phe-

nomenon underlies some of the diversity characteristic of evolutionary

change. Really new inherited characteristics arise as mutations (defined

broadly); hence these form the principal raw materials from which

evolutionary change is constructed. The fate of the mutations which occur

is determined by many factors, including the laws of chance (in genetic

drift), and natural selection. Genetic drift may cause a mutation to be

lost from a population or, alternatively, to become established in that

population without regard to considerations of advantageousness and dis-

advantageousness. Natural selection tends to preserve mutations which in

any way contribute to the ability of their possessors to produce a dispropor-

tionately large share of the next generation.

In this chapter we have summarized some of the highlights of modern

thinking as to the means and methods of evolutionary change. The remain-

ing chapters are devoted largely to exposition and discussion of these

principles and of correlated ones, with a view to more complete under-

standing of forces operative in evolution.
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CHAPTER 16

NATURAL SELECTION IN

ACTION

In the preceding chapter we presented a summary of the

theory of natural selection, and in the following chapters we shall develop

the theory in more detail. At the present time we may ask the question:

Granted that natural selection seems logical and probable, can we actually

see it in operation? In Chapter 20 we shall describe some experiments in

which natural selection was observed to operate in the laboratory. In the

present chapter we shall discuss mainly observation of natural selection

at work in a state of nature.

Protection from Predators

As we have seen, predatory animals constitute one factor in "the strug-

gle for existence"; to live and leave offspring, organisms must survive

predatory attacks. Some animals survive by running away. Others survive

by being inconspicuous: by camouflage or protective coloration.

By way of example we may cite the common observation that mam-
mals (e.g., mice) living on light-colored soils are themselves light colored,

while inhabitants of dark-colored soils are dark colored. An example of a

hght-colored race of Peromyscus was described above (pp. 322-323). In

this case an island of white sand is populated by an almost white race ob-

viously descended from darker-colored mice inhabiting neighboring wood-

lands. How did the light-colored race arise? We may hypothesize that the

light color protects the mice from attack by predators, especially owls. If

364
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so, mice having mutations (or other genetic variability) making for light

coat color would be expected to survive on the island in larger proportion

than would mice having darker coloration. Thus the lighter-colored mice

would contribute a larger proportion of genes to the next generation than

would the darker-colored mice. If this trend continued for many genera-

tions, the present almost white race of mice could be accounted for. We
note that in this explanation predators utilizing vision for hunting occupy

a key position. Granted that light coat color causes the mouse to blend

with the light background to our eyes, does it also do this in the eyes of

predators? Does "protective coloration" actually protect?

In order to answer this question Dice (1947) performed a series of ex-

periments with Peromyscus differing in shade, utilizing owls as predators.

A darkroom was divided into halves by a low partition on one side of

which light-colored soil covered the floor, on the other side dark-colored

soil. Both dark-colored and light-colored mice were placed in both halves

of the room. The owl lived in a nest box near the ceiling in the middle of

the room. Would the owl catch more dark-colored than light-colored

mice on the light soil, and more light-colored than dark-colored ones on

the dark soil? At first there seemed to be no tendency of this kind. Grad-

ually the experimenter reduced the dim light intensity used during the

tests until finally there was no light at all. Still the owls caught mice. Evi-

dently, then, they were not using the sense of sight in their hunting. Prob-

ably they located the mice by hearing their movements. Marks on the soil

indicated that in the darkness they used their wings to sweep in mice

located by hearing.

The problem was, then, to force the owls to rely on the sense of sight.

The experimenter did this by covering the floor of the room with an arti-

ficial "jungle," a sort of latticework of light timber arranged so that owls

could reach through the meshes and catch mice when the light intensity

was sufficiently high so that the mice could be seen. This "jungle" simu-

lated the plants and bushes under which mice normally live. In a series

of trials under these conditions 107 conspicuous mice (dark-colored on light

soil, and light-colored on dark soil) were captured but only 65 concealingly

colored ones were. Dice found that "in every experiment in which the

predator was evidently using sight to capture his prey, the conceahngly col-

ored individuals enjoyed more than a 20 percent advantage over the con-

spicuous animals in escaping capture." And he concluded: "such a high

rate of selection, should it be applied to a natural population, would un-

doubtedly result in a very rapid change in the frequencies of the genes

producing the character under selection."
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Previous experimenters, using different predator and prey organisms, had

obtained similar results (Dice, 1947).

Industrial Melanism

We see all around us plants and animals whose adaptations to the con-

ditions of life we ascribe to natural selection. For the most part these

adaptations were perfected long before there were human observers to re-

cord the process. Only seldom in the world around us will conditions have

changed rapidly enough and recendy enough so that biologists can obtain

actual records of the changes and the forces effecting them. Usually it will

be environmental changes produced by man that will lead to evolutionary

change discernible within historic times. One of our best observed exam-

ples of natural selection in a state of nature concerns an effect of the In-

dustrial Revolution upon the color of moths.

Most people are acquainted with the fact that albinos (individuals com-

pletely lacking pigment) occur from time to time in most kinds of animals

including man himself. Fewer people are acquainted with melanics, indi-

viduals having heavier pigmentation than their fellows. Difference in a

single pair of genes is commonly involved in the difference between nor-

mal pigmentation and melanism (pp. 376-377). Such melanism is found in

many animals, including many species of moths. Usually the proportion

of melanic individuals is very low, but in certain regions the proportions

have become high within historic times. These are predominantly regions

in which pollution of the atmosphere by large industrial centers has al-

tered the appearance and color of, for example, the tree trunks upon

which the moths normally rest during their daytime period of inactivity.

Kettlewell (1958) stated that in England some seventy species of moths

are now in process of increasing the proportion of darker individuals in

their populations. Of these the peppered moth {Biston betularia) has

been most intensively studied. Fig. 16.1 shows the normal hght and the

melanic form of this moth against a normally lichened tree trunk in a re-

gion free from pollution, while Fig. 16.2 shows the same two forms on a

blackened tree trunk, upon which no lichens grow, in an industrial region

(near Birmingham, England). Evidently, to the human eye the light form

is inconspicuous and the dark form conspicuous against the background of

lichens, and the reverse is true against the blackened trunk. Does this dif-

ference in visibility also apply to visibility by birds, the principal preda-

tors of these moths?

Kettlewell has demonstrated by careful observation, recorded photo-
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FIG. 16.1. Dark-colored (melanic) and

light-colored "typical" specimens of the

peppered moth (B/s/on befularia) at rest

upon o lichen-covered tree trunk. (Photo-

graph by courtesy of Dr. H. B. D. Kettle-

well.)

FIG. 16.2. Light-colored "typical" and

dark-colored (melanic) specimens of the

peppered moth (6/'sfon befularia) at rest

upon a lichen-free, blackened tree trunk

in an industrial region. (Photograph by

courtesy of Dr. H. B. D. Kettlewell.)

graphically, that birds do search out and eat motionless moths on tree

trunks, a fact that had been doubted. This being true, does coloration

which renders moths inconspicuous to our eyes also serve to protect them

from being seen by birds? Careful observation indicates that the coloration

is of protective value. Thus Kettlewell and his colleagues kept eighteen

moths under continuous observation. Nine were of the light form, nine of

the dark, and they were all on blackened tree trunks. During the day of

observation all nine of the light individuals were found and eaten by

birds but only three of the dark individuals were. On another occasion a

pair of redstarts and their young were observed for two days in a polluted

locality. Light and dark moths had been reared by the experimenters and

were released in equal numbers. During the two days forty-three of the

light individuals were found and eaten but only fifteen of the dark ones

were. On the other hand, similar observations in unpolluted countryside

yielded results which were just the reverse. Again the light and dark indi-
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viduals were released in equal numbers but in this case 164 dark indi-

viduals were observed to be eaten, while only twenty-six of the light ones

were. Thus it seems that coloration which renders the moths inconspicu-

ous to our eyes has the same effect in the eyes of birds.

In addition to experiments in which predation by birds was directly ob-

served, experiments were performed in which large numbers of light and

of dark male moths were released into a countryside (Kettlewell, 1955,

1956). These males were marked so that they could be identified if they

were caught subsequently. After a time the males in the region were at-

tracted to lights, or to cages containing females, and were trapped. In

this way the investigator could determine whether or not more of the re-

leased males of one kind or the other had fallen victim to predators. Dur-

ing two different summers hundreds of marked males were released into

the polluted countryside near Birmingham. The proportion of dark moths

recaptured was twice as high as the proportion of light moths recaptured,

demonstrating that more of the unconcealingly colored individuals had

been killed by predators. The same conclusion, based on converse find-

ings, was drawn from similar experiments in an unpolluted region. Here

it was the light-colored males which were protected: three times as many
of them as of dark-colored ones were recaptured. Kettlewell noted that

to human eyes the light individuals were less easily visible on lichen-

covered tree trunks than the dark individuals were on blackened trunks.

But in both instances blending with the background afforded some pro-

tection to the moths.

The most common melanic form of the peppered moth differs from the

normal light form by possession of a dominant gene. The first melanic

specimen on record was caught near Manchester in 1848. For many years

following that date black specimens were rare; but by 1900 they had be-

come common in many localities, forming as high as 83 percent of the

population in some localities. At the present time black individuals con-

stitute at least 85 percent of the population in all industrial areas of Eng-

land; in some places the percentage reaches 98. Here, then, is an instance

in which man's activities have altered an environment and a species has

altered its characteristics in response to the changed conditions. Evidently

what happened was this. Since, as we have seen, melanic individuals are

in less danger of death from bird predation than are light-colored ones,

they had a tendency to survive in greater numbers in the polluted re-

gions, and to pass on their genes to a greater proportion of offspring.

Hence in polluted regions the dominant gene for melanism increased in

frequency as the generations passed until the present high percentages

were reached.
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Not only have the melanics increased in numbers, they have appar-

ently become blacker. Comparison of specimens caught many years ago

with modern ones indicates that formerly the melanic specimens had more

white markings than do modern melanics (Kettlewell, 1958). Probably

this "improvement" in matching black backgrounds has been brought

about by natural selection acting on genes which modify the effect of the

main dominant gene.

It is of interest that in no populations do the melanics constitute 100

percent of the population. Why is this? Perhaps, as Kettlewell suggests,

the heterozygous melanics have some advantage over both homozygous

melanic and homozygous light individuals. Heterozygote superiority has

been mentioned previously (pp. 346-347) and will be discussed more

fully below (pp. 457-468). It forms the basis for balanced polymorphism

in, for example, fruit flies having the M-5 chromosome (p. 459), ebony

fruit flies (p. 457), and the chromosome types of Drosophila pseudo-

obscura (p. 460).

Other forces may also be at work to maintain a balanced polymorphism

of light and dark forms. Working with a different species of moth, Kettle-

well ( 1957) found that in a certain unpolluted region the light individuals

were inconspicuous when at rest but were much more visible when flying

than were the dark individuals. Thus the respective advantages of the

two types would tend to maintain an equilibrium in their respective num-

bers; neither would completely supplant the other.

The example just given is also of interest in that it demonstrates that

melanic forms may have an advantage in environments unaffected by in-

dustriahzation. Nevertheless most localities in which the percentage of

melanism is high are either located near industrial centers or in portions

of eastern England subject to "long continued smoke fall-out carried by

the prevailing south-westerly winds from central England" (Kettlewell,

1958).

We have emphasized the importance of predation in the natural selec-

tion of melanic individuals. Other forces may also be at work. There

are physiological differences between melanic and normally colored indi-

viduals. Thus Ford (1940) found that larvae of melanic moths withstand

partial starvation better than do larvae of normally colored ones. Behav-

ioral differences manifesting themselves in differences in success in mating

also seem to be present (Kettlewell, 1957). Evidently, however, any ad-

vantages conferred by the gene for melanism were offset in normal coun-

trysides by the added conspicuousness to birds. When, however, man
blackened the environment then natural selection led to the establishment

of the melanic form in the changed environment.



370 INTRODUCTION TO EVOLUTION

Additional evidence that coloration is, in part, at least, controlled by

predators using the sense of sight is afforded by the studies of Cain and

Sheppard (1954; and Sheppard, 1955) on bright-colored, polymorphic Eu-

ropean snails of the genus Cepaea. In this case the predator is a song

thrush. The investigators found that the color patterns of snails most com-

monly found and eaten varied with the background. Interestingly enough,

no such correlation existed in localities in which snails were preyed upon

by rabbits rather than by birds. Apparently color as such was not in-

volved in the locating of snails by rabbits.

Mimicry

Another situation in which natural selection can be seen at work in the

predator-prey relationship is that in which organisms resemble, not their

backgrounds or surroundings, but each other. The simplest example is that

in which an edible species resembles an inedible one, a situation empha-

sized by Bates and hence called Batesian mimicry. If one species of butter-

fly is unpalatable to birds, another species which is palatable would find it

of advantage to resemble the unpalatable one and thus be spared from

predation by birds. This being so, natural selection would favor the ac-

quisition by edible species of markings and behavioral traits which

would cause them to resemble inedible species.

Sometimes two or more inedible or unpalatable species resemble each

other; this is called Miillerian mimicry. Fig. 16.3 presents a striking exam-

ple; the insect has remarkable resemblance to a wasp, yet is a moth. Beebe

and Kenedy (1957) reported that they found this moth unpalatable to a

lizard, a bird, and three species of ants. Wasps are also highly inedible.

Of what advantage is it for two inedible species to resemble one another?

According to the theory of Miillerian mimicry the advantage stems from

a reduction in the number of "lessons" required by a young bird in learn-

ing to avoid inedible species. Once a bird has learned not to eat wasps it

has automatically also learned not to touch the Ctenuchid moth shown in

Fig. 16.3. Thus moth individuals are not destroyed by the bird in learning

that they are inedible. Conversely, if a bird learns that the moth is un-

palatable it will also avoid wasps, and such avoidance will be of advantage

to wasps. Thus Miillerian mimicry is of advantage to both, or all, species

concerned, while Batesian mimicry is of advantage only to the edible

species (the mimic) which resembles the inedible one (the model). In

actuality the sharpness of distinction between Batesian and Miillerian

mimicry is reduced by the fact that there are all degrees of edibility and

palatability.
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The most widely known example of mimicry in North America is that

of the Monarch and Viceroy butterflies. The striking similarity of these ac-

tually unrelated species is evident in Fig. 16.4. This is usually cited as an

example of Batesian mimicry, the Monarch being said to be inedible, the

Viceroy edible. This conclusion has been challenged, however, on the

ground that the Viceroy is also inedible. Brower (1958a) in an extensive

series of experiments with captive jays, found that the Monarch is indeed

unpalatable to these birds, and also that the birds do not distinguish be-

FIG. 16.3. Mullerian mimicry: a moth which mimics a wasp. (Drawn
from a photograph in Beebe and Kenedy, "Habits, palatability and
mimicry in thirteen Ctenuchid moth species from Trinidad, B.W.I."

Zoologica, Vol. 42, 1957, pp. 147-158, Plate II.)

tween the Monarch and the Viceroy. Thus birds that had learned to avoid

the Monarch also avoided the Viceroy. Brower found that birds which had

not been given experience with Monarchs ate Viceroys but that on the

whole Viceroys seemed to be less palatable than were other species of

butterflies tested (e.g.. Tiger Swallowtails). Hence this example seems to

fall somewhere between classical Batesian and classical Miillerian

mimicry.

Brower (1958b) tested other cases of mimicry with her captive jays. She

demonstrated one example of classical Batesian mimicry. The butterfly

Battus philenor was unpalatable to the birds; having had experience with



FIG. 16.4. Mimicry. Monarch butterfly, the model (upper); Viceroy, the

mimic (middle); a relative of the Viceroy showing a color pattern more usual

for the group to which the Viceroy belongs (lower). Stippled areas of the

Monarch and Viceroy are brown in color. (Drawn by Halcyon W. Heilbaum;

from Guyer, Animal Biology, Harper & Brothers, 1948, p. 105.)
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this model, the birds tended to avoid two other species which mimicked

it in markings. These latter two species, however, were completely pal-

atable to birds which had not had experience with the unpalatable model.

Mimicry is a widespread phenomenon among insects. In view of ex-

periments such as those cited we may conclude that resemblances evident

to human eyes are also effective in deceiving such predators as birds.

Hence development of resemblances of this kind will be favored by natu-

ral selection. While, as we have seen, some mimicry is remarkably de-

tailed, more general resemblances and partial similarities will also have

selective value insofar as they reduce the chance of attack by predators.

There is experimental evidence (e.g., Brower, 1958c) that birds have some

ability to generalize—once having learned to avoid an unpalatable model

they will avoid other species that to our eyes have some, but not striking,

resemblance to that model.

So far we have been discussing protective mimicry, mimicry which pro-

tects from predators. There is also the possibility that mimicry may be

aggressive. If, for example, a predator resembles its prey, that predator

may be able to approach its victim more easily than it could otherwise do.

Some predatory flies lay their eggs in colonies of bees; when the larval

flies emerge they feed upon the immature stages of the bees. If, as is some-

times the case, the fly resembles the bees, its entrance into the bee colony

to lay its eggs may be facihtated. The bees may not be "suspicious" of the

beelike fly. Brower, Brower, and Westcott (1960) have discussed this ques-

tion, citing a probable example. In this case the adult fly attacks and feeds

upon adult bumblebees. The authors concluded that the resemblance of

the fly to the bee, extending even to the tone of its buzz, probably makes

capture of the victim easier than it would otherwise be. The authors dem-

onstrated that protective mimicry of the Batesian variety is also involved

in this instance. Toads which had learned to avoid bumblebees (unpalat-

able because of their stings) also avoided the mimicking flies, whereas

toads lacking experience with bumblebees usually ate the flies readily.

Conclusion

In this chapter we have summarized investigations which demonstrate

that protective coloration, including mimicry, does protect. The results

demonstrate that when predators utilize the sense of sight, prey organisms

which, for example, blend with the background are afforded sufficient

protection so that their greater success in survival and reproduction can

account for origin of evolutionary changes, as postulated by the theory of

natural selection. And in the case of industrial melanism we see differential
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predation as a factor which has ahered the nature of populations within

historic times.
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CHAPTER 17

GENETIC FACTORS IN THE

ORIGI N OF DIVERSITY

POLYMORPH IC SPECIES

Examples of genetic diversity encountered in a state of

nature are afforded by polymorphic species. These are species in which

an individual may possess one or two or more possible sets of character-

istics. The polymorphism of moth species in which both light-colored

and dark-colored individuals occur was discussed in the preceding chapter

in connection with industrial melanism. Additional examples are repre-

sented by the "color phases" of some birds and mammals. Most of the

individuals of our common little screech owl are speckled gray in colora-

tion, but occasionally reddish individuals appear. These are said to be

in "the rufous phase." Again, most of the fox squirrels of the American

Middle West have a reddish coloration, but occasionally melanistic (dark)

individuals occur. Most of the black bears of North America have glossy

black coats, but brown individuals are also found
—"cinnamon bears."

In some regions the cinnamon individuals may be fairly common. Ex-

amples might be multiplied almost indefinitely, but we shall find con-

venient as a focal point for discussion the polymorphic condition of a

rodent which occurs in vast numbers in parts of Europe and Asia: the

common hamster. This hamster belongs to the same genus as does the

golden hamster from Iran, recently popularized as a pet in the United

States. The European hamster is larger, and important as a source of fur,

much as is the muskrat in this country. Great numbers of hamsters are

trapped annually in Russia.

375
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"Normal" hamsters vary from gray to grizzly brown in appearance, but

black individuals frequently occur. In some regions the black (melanistic)

individuals are rare, in other regions they occur with varying frequencies,

the extreme being reached in localities having populations in which

nearly all individuals are black.

Genetic experimentation has demonstrated that the color difference be-

tween a normal and a black hamster depends upon a sing'.e gene. Thus,

inheritance is of the type discussed in the first part of Chapter 15.

Melanism (blackness) is dominant to normal pigmentation (Gershenson,

1945). Accordingly, gray hamsters are homozygous (see p. 333) for a

recessive gene; we may indicate their genetic formula as m/??. Black ham-

sters may be homozygous for the corresponding dominant gene (i.e., MM),
or they may be heterozygous (i.e.. Mm). It is probable that the color

phases of other animals mentioned above depend upon similar genetic

mechanisms, but in most cases the genetic analyses necessary to demon-

strate the point have not yet been made.

MENDELIAN INHERITANCE

Single-Gene Differences

What will be the result of mating homozygous black hamsters to gray

ones? The homozygous black individuals have the formula MM, the gray

individuals the formula mm. Thus the cross becomes: MM X mm. Each

germ cell (sperm or ovum) produced by the black parents will contain

one of the M genes; each germ cell produced by the gray parent will

contain an m gene. The basis of this separation of members of pairs of

genes so that each germ cell receives but one member is expressed in

Mendel's "law of segregation" (see below). As a result, each offspring

produced by the fertilization of an ovum by a sperm will be of the

formula Mm, i.e., will be heterozygous. Since black coloration is dominant

to gray, all these Fi (first filial generation) offspring will be black (Fig.

17.1).

germ
cells

MM X mm

Z' germ

\ [cells

M-^mj
Fi offspring Mm, Mm, Mm, Mm; all have black coloration.

Suppose that the Mm males are now mated to the Mm females. What
will be the result in the next, or F-j generation? As we noted in a pre-
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germ
cells
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germ
cells

M

m

M
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' cells

HOMOZYGOUS
BLACK "MM"
(about 14)

HETEROZYGOUS
BLACK "Mm"
(about 2/4)

GRAY
mm

(about 'U)

FIG. 17.1. Mendelian inheritance of melanism (black color) in the European
hamster.
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ceding chapter (p. 333), heterozygous individuals produce germ cells of

two kinds in approximately equal numbers. About half of the sperms

produced by the Mm males will contain M; about half will contain m.

Similarly, half of the ova produced by Mm females will contain M; half

will contain m. The reason is that sperms and ova arise from cells which

contain the pair of genes Mm. In such a paired arrangement the number

of M's equals the number of m's. Accordingly, when the members of these

pairs separate in the formation of germ cells, M-bearing germ cells and m-
bearing ones should be about equal in number.

Mm male X Mm female

[M-^M]

Xsperms >ova

We may now ask: What are the chances that an M-containing ovum
will be fertilized by an M-containing sperm cell? The question may be an-

swered in three stages: ( 1 ) What are the chances that any given fertilization

will involve an M-containing ovum? Since half the ova are M-containing

this chance is 1 in 2, or ^4. (2) What are the chances that any given fertili-

zation will involve an M-containing sperm cell? Again, since M-containing

sperm cells and m-containing ones are equal in number, the chance that an

M-containing one will be involved is i/{,. (3) What, then, is the chance that

both an M-containing ovum and an M-containing sperm cell will be in-

volved? The probability that two independent events will occur together is

the product of the probabilities of their occurring singly. Thus the chance

that an MM fertilized ovum will occur is the chance that an M-containing

ovum will be involved ( % ) multiplied by the chance that an M-containing

sperm will be involved ( V2) J /{>
' V2 = /4- A similar situation arises when

two coins are tossed together. What are the chances that both will come up

"heads"? The chance that one coin will be "heads" is Y>; the chance that

the other coin will be "heads" is X>- Thus the chance that both will be

"heads" is 14 • 1/2 or 14.

Similarly, what are the chances that an w-containing ovum will be fer-

tilized by an m-containing sperm? The answer is exactly the same as in the

case just described. The chance that an m-containing ovum will be involved

is 1/2 ; the chance that an m-containing sperm will be involved is also Y>- So

the chance that an mm fertilized ovum will arise is Y^ •
/{> or ^.

We have seen that the chances that offspring will be MM are Y4, and the

chances that they will be mm are V^. Thus on the average % of the off-

spring may be expected to be homozygous black, 14 to be homozygous
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gray. The remaining % will be expected to be heterozygous black: Mm.

Such individuals can arise in two ways: ( 1 ) by an M-containing sperm

cell's fertilizing an m-containing ovum (chances of this Y^ ' !{> = M);

(2) by an m-containing sperm's fertilizing an M-containing ovum

(chances of this ]{,
• ^j = %). Since the chance that two mutually ex-

clusive events will occur is the sum of the chances that either event will

occur alone, the chances that Mm offspring will arise is Y^ + Y^ or 74.

Mm male X Mm female

IM^M]
sperm

-

/•ova

m -^ m

F2 offspring: MM Mm mm
^i H ^:

black, y4. gray, M
The above results are sometimes expressed as ratios. The fundamental

ratio among offspring of parents both of whom are heterozygous is 1:2:1

(1 homozygous dominant to 2 heterozygotes to 1 homozygous recessive).

When dominance is present, this fundamental ratio is masked, since

homozygous dominants {MM) look like heterozygotes (Mm). Thus on

the basis of phenotype (p. 333) the ratio becomes 3 black-colored off-

spring to 1 gray one (Fig. 17.1).

Sometimes dominance is not present. In such cases the 1:2:1 ratio is the

ratio of phenotypes as well as the ratio of genotypes. For example, when

red snapdragons (RR) are crossed with ivory ones (rr) the F, offspring

(Rr) are pink in color. Pink may be regarded as intermediate between red

and ivory, a sort of diluted red. Evidently in this case having one R gene

results in less red pigment than does having two R genes. When the

F-j ofTspring are produced by mating these pink heterozygotes together

(Rr X Rr), the ratio of Y red (RR) to 74 pink (Rr) to Y ivory (rr) is

obtained. Similarly, Blue Andalusian fowls are heterozygotes (Ww).

When Blue Andalusians are mated together the ratio obtained is: ^4 black

(WW) to -Y blue (Ww) to 14 splashed white (ww).

We should emphasize that these 1:2:1 and 3 : 1 ratios, so prominent in

writing concerning Mendelian inheritance, depend upon the operation of

the laws of chance as set forth above. The ratio expresses the ideal or

perfect outcome when two types of sperms fertilize two types of ova.

Ratios obtained in actual experiments approach the ideal ratio but seldom

conform to it exactly. On the whole, the larger the number of offspring

produced, the more closely will the ideal ratio be approached. As is well
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known, Mendel himself experimented with garden peas. During the course

of his experiments he produced about 20,000 individuals as offspring of

heterozygous parents. The ratio he obtained from them was 2.996:1.004,

certainly a near approach to the ideal 3:1.

During some years of teaching an elementary course in heredity the

present author has utilized the coin model mentioned above. Students are

asked to toss two coins and record the number of times both coins come

up heads; the number of times one coin comes heads, the other tails; and

the number of times both come up tails. To date, a cumulative total of over

57,000 such tosses has been amassed. Adding together the tosses in which

there is ot least one head (as in combining the MM and Mm groups

above) we obtain a ratio of 2.987:1.

Thus we see that the distribution of genes from parents to their offspring

is dependent upon the operation of the laws of probability (chance). The

1:2:1 ratio (and its modification the 3:1 ratio) is the ideal ratio ap-

proached when two equally numerous kinds of sperms fertilize two equally

numerous kinds of ova.

In our examples so far we have noted that genes occur in pairs in the

genotypes of parents, while in germ cells produced by those parents the

members of pairs are separated so that each germ cell receives but one

gene of each pair. This means that while genes occur in pairs in the body

(somatic) cells of animals, they occur singly in the mature reproductive

cells. What is the explanation? To answer this question we must learn

something of the behavior of the chromosomes which contain the genes.

Meiosis

As a specific example, let us take the heterozygous black, male hamster

just mentioned. His body cells contain chromosomes arranged in pairs;

one member of each pair came from his mother, one from his father.

Early in his embryonic development certain cells were set aside to form

the sperm cells which he would require when he reached sexual maturity.

These primordial germ cells are called spermatogonia. They contain

chromosomes in pairs just as do the body cells. At the top of Fig. 17.2

we see spermatogonia containing a long pair of chromosomes and a short

pair. (For sake of simplicity only two pairs are shown.) One member of

each pair is white, one is shaded. The white member may be thought of as

the one derived from the mother, the maternal one, the shaded member

as the one derived from the father, the paternal one. Somewhere on each

chromosome there is a centromere or spindle fiber attachment. This is

represented as a large dot in the diagram.
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The spermatogonia, originally few in number, multiply by the ordinary

process of cell division, mitosis. For sake of simplicity in the diagram only

one of these mitoses is indicated, and this is done without including all the

SPERMATOGONIA
(many mitoses)

PRIMARY SPERMATOCYTE
(shown at metaphase)

SECONDARY
SPERMATOCYTES
(shown at metaphase)

SPERMATIDS

SPERMS

FIG. 17.2. Meiosis (spermatogenesis) in the male.

Stages in the process (see Fig. 5.2, p. 83). Eventually each resulting

spermatogonium becomes a primary spermatocyte. By this time each

chromosome has duplicated itself. The two resulting duplicate chromo-

somes (chromatids) are for the time being held together by the centromere
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(Fig. 17.2). As the primary spermatocyte prepares to divide, the chromo-

somes come together in pairs; e.g., the two chromatids representing the

maternal "long chromosome" pair with the two chromatids representing

the paternal "long chromosome." This pairing is called synapsis and during

it the chromatids are frequently twisted around each other instead of

lying smoothly side by side as shown in the diagram. At this time part of

one chromatid may be exchanged with part of another one. This exchange

is called crossing over and has important genetic consequences, as we
shall see below.

Eventually each primary spermatocyte divides to form two secondary

spermatocytes. In this division each centromere remains intact, carrying

with it its two chromatids. Thus, in terms of our diagram, each secondary

spermatocyte receives the chromatids representing one "long chromosome"

and one "short chromosome." The chromatids representing the maternal

"long chromosome" (white) go to one secondary spermatocyte, those

representing the paternal "long chromosome" (shaded) go to the other. It

is important to note that what the "long" chromatids do in this respect does

not influence what the "short" chromatids do. In the diagram of the pri-

mary spermatocyte we have shown the maternal "long" chromatids on

the right, the paternal ones on the left, and the paternal "short" chromatids

on the right, the maternal ones on the left. This is a matter of chance.

About half the time this arrangement would be expected; about half the

time the maternal members of both "long" and "short" chromosomes

would line up on the same side, the paternal members of both on the other

side.

Each secondary spermatocyte divides to form two spermatids. In this

division each centromere splits so that the chromatids separate, one

"long" chromatid and one "short" one going into each spermatid. Each

spermatid undergoes a metamorphosis, developing a swimming tail, and

becomes a mature sperm cell. We note that each sperm cell contains only

half as many chromosomes as did the spermatogonium and that one mem-
ber of each pair of chromosomes present in the spermatogonium is present

in the sperm cell. The number of singly occurring chromosomes in a

mature germ cell (e.g., sperm) is called the haploid number. In our

diagram the haploid number is 2. On the other hand, the number of

chromosomes occurring in pairs in primordial germ cells, and in body

cells, is called the diploid number. In our diagram the diploid number is

4. The process we have described is called meiosis; it results in the produc-

tion of haploid germ cells from diploid primordial ceUs.

As noted above, we have pictured meiosis in a heterozygous black,
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male hamster. Let us suppose that he inherited the gene for mehmism

(M) from his mother, the gene for grayness (m) from his father, and that

these genes are in the "long chromosomes" (Fig. 17.2). When each

chromosome duplicates itself to form a pair of chromatids the genes are

duplicated, too (as shown in the primary spermatocyte of Fig. 17.2). In

the figure the maternal "long chromosomes," with their duplicated M
genes, are shown going to the secondary spermatocyte on the right, the

paternal "long chromosomes," with their "m" genes, to the secondary

spermatocyte on the left. Then when the chromatids separate, each of the

pair of spermatids on the right receives a maternal chromosome contain-

ing M, and each of the pair of spermatids on the left receives a paternal

chromosome containing m. As a result, half the sperm cells in such a

heterozygous male receive maternal chromosomes containing gene M,

half receive paternal chromosomes containing gene m. It will be readily

appreciated that the hamster in which this occurred might have inherited

m from his mother and M from his father, in which case the m gene would

have been contained in the maternal chromosome, the M gene in the

paternal one. But the genetic results would have been the same: half

the sperm cells would contain M, half would contain ni.

Meiosis in females differs from meiosis in males only in details. The

primordial germ cells are called oogonia. These multiply by mitosis. Even-

tually each daughter oogonium increases in size, and the chromosomes

duplicate themselves and pair in synapsis, forming a primary oocyte

stage (Fig. 17.3). Whereas the primary spermatocyte divides into two

secondary spermatocytes of equal size, the primary oocyte divides into two

cells of very unequal size: the secondary oocyte and the first polar body.

The secondary oocyte contains practically all the cytoplasm of the primary

oocyte, the polar body containing only enough cytoplasm to enclose the

chromosomes. Despite the unequal partitioning of cytoplasm, the secondary

oocyte and the polar body contain equivalent chromosomes: in our exam-

ple each contains the chromatids representing one "long chromosome" and

one "short chromosome" (Fig. 17.3).

When the secondary oocyte divides, the cytoplasmic division is again

unequal, the products being the large ovum and the tiny second polar body.

But, as shown, each receives one chromatid of each pair contained in the

secondary oocyte. The polar bodies disintegrate; hence each primary oocyte

gives rise to but one ovum. This ovum contains one chromosome for each

pair of chromosomes contained in the oogonium from which it arose. Thus

meiosis in the female resembles meiosis in the male in that haploid germ

cells are produced from diploid primordial cells.
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Fig. 17.3 pictures meiosis in a heterozygous, black female hamster,

which inherited the gene M from its mother, the gene m from its father.

In the figure the paternal "long chromatids" with gene in are shown as

OOGONIA
(many mitoses)

PRIMARY OOCYTE
(shown at metaphase)

SECONDARY OOCYTE
and 1st POLAR BODY

OVUM and

2nd POLAR BODY

FIG. 17.3. Meiosis (oogenesis) in the female.

passing into the secondary oocyte, the maternal "long chromatids" with

gene M as being discarded in the first polar body. The result is that the

ovum shown contains m. But the fate of the chromosomes when the pri-
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mary oocyte divides is determined by chance. Thus it is as likely that the

paternal "long chromosome" will be discarded in the first polar body as it

is that the maternal one will be. In this case the secondary oocyte, and hence

the ovum, would contain M. Hence in the long run half the ova produced

by such a heterozygous female may be expected to contain M, half to con-

tain m.

As a result of meiosis in both sexes haploid germ cells are produced.

When a sperm cell (haploid) fertilizes an ovum (haploid) the two cells

fuse and the diploid number is restored (Fig. 17.4). The fertilized ovum

undergoes mitosis, dividing into two cells each with the diploid number.

Such mitoses continue and eventually an embryo takes shape, the cells all

SPERM
(haploid)

OVUM
(haploid)

FERTILIZED OVUM
(diploid)

FIG. 17.4. Fertilization. Haploid germ cells (gametes) unite to form a diploid

ovum (zygote).

containing the diploid number of chromosomes derived from the fertilized

ovum. Some of the cells in the embryo are set aside as primordial germ

cells, which in time undergo meiosis, and so the cycle is continued genera-

tion after generation.

Returning to the genetic implications of meiosis, we note that the

behavior of the chromosomes in this process provides the mechanism for

Mendel's "law of segregation" (p. 376)—the means by which each germ

cell receives but one member of each pair of genes. The chromosomes

also provide the mechanism for the Mendelian "law of independent

assortment." This is the principle that different pairs of genes are inde-

pendent of each other in the manner in which they are distributed to the

germ cells.

Independent Assortment

As an example we shall employ the guinea pig, a form whose genetics

is more thoroughly known than is the genetics of the European hamster.
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Two pairs of contrasting characteristics in guinea pigs are ( 1 ) black

versus white and (2) short hair versus long. Individuals heterozygous for

both pairs of characteristics are black and have short hair. This shows

that the gene for black (B) is dominant to the gene for white (b), and the

A B

FIG. 17.5. Chromosomal basis of the independent assortment of genes in meiosis.

gene for short hair (S) is dominant to the gene for long hair (s).

Fig. 17.5 is a diagram of meiosis in a doubly heterozygous, black, short-

haired male. As with the hamster, the diagram is simplified by showing

only two pairs of chromosomes, a long pair and a short pair. It is assumed

that the male inherited blackness and short-hairedness from his mother,

the opposite characteristics from his father. Thus the gene B is in the

maternal (white) "long chromosome" and the gene S is in the maternal
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"short chromosome." In the diagram the spermatogonia have been omit-

ted, the first stage shown being the primary spermatocyte. The pairs of

chromatids are shown in synapsis. In Fig. 17. 5A they are lined up in such

a manner that the paternal pairs of chromatids are on the left in both

cases. As a result two kinds of sperm cells are produced in equal num-

bers: (1) those containing the maternal "long chromosome" (with gene

B) and the maternal "short chromosome" (with gene S); (2) those

containing the paternal "long chromosome" (with gene b) and the

paternal "short chromosome" (with gene s).

It is to be noted, however, that the arrangement of chromatid pairs

in synapsis is a chance affair. Sometimes they will line up as shown in

Fig. 17.5A, but they are equally hkely to line up as shown in Fig. 17.5B,

with the pair representing the paternal "long chromosome" on the left, the

pair representing the paternal "short chromosome" on the right. As a result

of this arrangement sperm cells containing one maternal chromosome and

one paternal one are formed, with the accompanying Bs and bS combina-

tions of genes.

The two arrangements of chromatid pairs are equally Hkely to occur,

hence the four kinds of sperm cells shown in Fig. 17.5 will occur with

equal frequency: BS, bs, Bs, and bS. By a somewhat comparable operation

of the laws of chance in female meiosis, a doubly heterozygous, black,

short-haired female will produce ova of these same four types.

What offspring will be expected when doubly heterozygous males and

females are mated to each other? In other words, what combinations of the

four types of sperms with the four types of ova will occur? This is

diagrammed in Fig. 17.6 in the form of a "checkerboard" having four

squares on a side. Across the top are placed the four types of ova, along

the left-hand margin the four types of sperms. Each square in the diagram

represents a fertilized ovum; in each case the genetic formula (genotype)

is indicated without drawing the enclosing chromosomes. The squares are

numbered. At the bottom of the diagram are shown the four expected

types of offspring with the numbers of the squares corresponding to each.

We note that nine of the sixteen fertilized ova contain at least one B
and at least one 5 and so give rise to black, short-haired offspring; while

three of the sixteen contain at least one B but are homozygous ss, and

hence result in black, long-haired offspring. Similarly, three of the

fertilized ova are homozygous bb but have at least one S; they have the

phenotype white, short-haired. Finally, one of the sixteen fertilized ova is

homozygous bbss and hence gives rise to a white, long-haired individual.

We may note that this 9:3:3:1 ratio is merely two 3 : 1 ratios multiplied



388 INTRODUCTION TO EVOLUTION

together. Considered alone, the mating of heterozygous black females to

heterozygous black males results in an expected % black offspring and 14

white (as with melanism in hamsters; see p. 379). Similarly, considered

Black Short-haired {BbSs) Black Short-haired (BbSs)

OVA

SPERMS

BBSS

BBSs

BbSS

13

BbSs

BBSs

BBSS

10

BbSs

14

Bbss

BbSS

BbSs

11

bbSS

15

bbSs

BbSs

Bbss

12

bbSs

16

bbss

Black

Short-haired

Black

Long-haired

(Nos. 1, 2, 3, 4,5, (Nos. 6, 8, 14)

7,9, 10, 13)

Ratio 9 : 3

"^JtM.. J
White

Short-haired

(Nos. 11, 12, 15)

White

Long-haired

(No. 16)

FIG. 17.6. The effect of independent assortment of genes in determining the

offspring to be expected whein doubly heterozygous guinea pigs ore mated to

each other.

alone, the mating of heterozygous short-haired females to heterozygous

short-haired males results in an expected % short-haired offspring and

^ long-haired. Combining these expectations:
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y^ (black) + U (white)

3| (short) + I4 (lonff)

51 6 (black, short) + Ke (white, short) + ^f e (black, long) + Ke (white, long)

When additional pairs of contrasting characteristics are considered, still

more complicated ratios are obtained. Another pair of characteristics in

guinea pigs is rough hair versus smooth hair. The gene for rough {R) is

dominant. Thus when heterozygous rough guinea pigs are mated together

% of the offspring are expected to be rough-haired, ^/^ smooth. What will

be expected when triply; heterozygous black, short, rough (BbSsRr)

guinea pigs are mated together? We may answer the question by the

checkerboard method (c.f.. Fig. 17.6), noting that in this case three pairs

of chromosomes are involved, and that the females will produce eight

types of ova, the males eight types of sperms. Or we may answer the

question by multiplying the 9:3:3:1 ratio already obtained by another

3:1 ratio:

%6 (black, short) + ^i^ (white, short) + ^le (black, long) + ife (white, long)

% (rough) + K (smooth)

The reader will find working this out completely an instructive exercise.

We may note that the first and largest item will consist of offspring showing

all three dominants (black, short, rough) and that %y; • % or -%4 of the

offspring will be expected to be of this type.

Still more complicated ratios result when more than three pairs of

contrasting characteristics are being considered. Since in actuality every

individual is heterozygous for many pairs of genes (p. 466) the amount

of genetic diversity produced by the "shuffling" of chromosomes, with their

contained genes, is enormous. This is part of the raw material for evolu-

tionary change.

Lethal Genes

We note that these more complicated ratios are elaborations of the 1:2:1

ratio (and its modification the 3:1 ratio). These ratios may be modified in

various ways. For example, one homozygote or the other may be lethal.

A lethal gene is one which kills fertilized ova or embryos homozygous

for it. Such homozygotes are not hatched or born, or at best they die

young. Yellow mice, for example, are always heterozygous (for present

purposes we may designate their genotype as "Fv"). When yellow mice

are mated together the following results are obtained:
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In dogs there is a dominant gene, B, for black hair color; its recessive,

b, results in brown color, in homozygotes. Another dominant gene, /,

inhibits the action of the genes just mentioned causing the coat to remain

unpigmented, white, despite the presence of genes B or b. Dogs having the

genotype // will be colored if the proper genes for color are present. Thus a

brown dog has the genotype iibb. Some white dogs have the genotype

IIBB. What would be expected from matings of dogs of these genotypes?

As a result of meiosis the brown dog produces germ cells having the

constitution ib, the white dog produces germ cells of IB constitution. The

resulting fertilized ova have the genotype liBb, and give rise to white

dogs, because of the presence of /.

When these Fi white dogs are bred together the offspring shown in

Fig. 17.7 are expected. We note that twelve of the 16 combinations contain

at least one / and hence result in white dogs. Of the four combinations

which are homozygous //, three contain at least one B, and hence are

black, while one is homozygous bb and hence brown. Thus the 9:3:3:1

ratio (p. 388) has been modified to a 12:3:1 ratio.

Epistasis is not the only type of gene interaction. The expression of

many genes is modified by the action of other genes. An example of such

modifier genes is afforded by the genes affecting the size of the pigmented

areas of hooded rats. Hooded rats are white with black heads and

shoulders and a black stripe down the middle of the back and tail. They

are homozygous for a recessive gene, //. But in addition to this gene

there are other genes which determine the size of the pigmented areas

—

whether, for example, the black stripes down the back shall be narrow or

broad. Such interaction of genes is very common, in fact it is probably the

rule. When we speak of a gene "for" a certain characteristic we mean that

without the gene the characteristic can not develop but we do not imply

that the gene in question works alone in producing the characteristic.

A type of gene interaction which is very common is the addition of the

effect of one gene to that of another. Genes which have cumulative effects

of this kind are called multiple genes or polygenes. Many quantitative

characteristics have polygenes as their genetic basis.

Suppose, for example, that a certain species of plant has a tall variety

and a dwarf variety, the tall variety averaging 34 inches in height, the

dwarf variety 10 inches. Thus the difference between them is 24 inches.

We shall also suppose that the dwarf variety has the genotype aabb, the

tall variety the genotype AABB. In this case each "capital letter" gene

contributes a certain increment in height. If the effect of each "capital

letter" gene is the same, each one contributes 6 inches increase in height
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over the height of the dwarf variety having the aabb genotype. What

will be expected from a cross between the two varieties?

As shown in Fig. 17.8, the F^ offspring from the cross will have the

genotype AaBb. Each "capital letter" gene adds 6 inches to the 10 inches

Genotype
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the offspring are intermediate, the mean or average height being 22 inches.

Connecting the tops of the columns in the graph results in an approxima-

tion to a normal frequency curve. Many of the quantitative characteristics

determined by polygenes exhibit such a normal distribution. The greater
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only a few of them has been analyzed. The difference in pigmentation

between Negroes and "whites" seems to depend upon several pairs of

genes with cumulative effects, inheritance following a pattern like that of

our hypothetical tall and dwarf plant varieties.

Linkage and Crossing Over

So far we have been discussing pairs of genes which are independent in

inheritance even though they may not be independent in their effects upon

the phenotype. The reason the genes considered were independent in

inheritance was because each pair was contained in a separate pair of

chromosomes (Fig. 17.5). But since the number of gene pairs far exceeds

the number of chromosomes, it is obvious that many genes must be

contained in each chromosome. The genes in one chromosome do not

exhibit the independent assortment discussed above; they are said to be

linked to each other.

A hypothetical example of such linkage is represented in Fig. 17.9, show-

ing a pair of chromosomes in a cell. The maternal (white) member of the

FIG. 17.9. Chromosomal basis of linkage. Genes may be linked in various ways,

close together or far apart, on the chromosomes, as shown.

pair is shown as containing the dominant genes A and B, the paternal

(shaded) member as containing the corresponding recessives, a and b.

Fig. 17.9 may be taken as representing the constitution of a spermatogo-

nium. What will be the result of meiosis of such a cell? Fig. 17.10A shows

what will usually happen (starting with the primary spermatocyte, having

each chromosome represented by a pair of chromatids). As a result of

meiosis half the sperm cells contain A and B, half contain a and b.

In our discussion of meiosis, however, we mentioned (p. 382) the

fact that during synapsis part of one chromatid may be exchanged with

part of another one. As the chromatids separate following synapsis cross-

shaped configurations called chiasmata can frequently be observed. Such

a chiasma is shown in the primary spermatocyte of Fig. 17.1 OB. If the
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chromatids break and recombine at the point where they cross each other,

chromatids having the constitution (Ab) and (oB) will be produced.

Such exchange of genes between homologous chromosomes is called

crossing over. As a result of crossing over in our example a few sperm cells

having the constitution (Ab) and (ciB), respectively, will be produced.

PRIMARY
SPERMATOCYTES

SECONDARY
SPERMATOCYTES

SPERMATIDS

SPERMS

FIG. 17.10. Effect upon linkage of (A) meiosis without crossing over, and (B) meiosis

with crossing over.

We see, accordingly, that a group of linked genes tends to behave as

a unit in inheritance but that crossing over tends to disrupt this unit. The

chromosomes may be thought of as long chains of genes. Crossing over

leads to a regrouping of genes in the chain and hence is one of the

forces making for genetic diversity.
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MUTATIONS

Changes in the genetic materials are known as muta-

tions in the broad sense of that term. They may be conveniently divided

into those which produce visible changes in the chromosomes and those

which do not. Mutations involving visible changes in the chromosomes

are called chromosomal mutations or perhaps better chromosomal aber-

rations. Mutations which do not involve such visible changes and which

are presumably chemical changes in single genes are called gene mutations

(pp. 400-402).

Chromosomal Aberrations

Chromosomal aberrations are of two main types: (a) changes in

structure of individual chromosomes, and (b) changes in number of

chromosomes.

Turning our attention to structural aberrations, we may note that a

piece of a chromosome may become detached and lost. Such a loss is

called a deletion or deficiency. The diagram in Fig. 17. 11A represents a

normal chromosome. The dot near the center represents the centromere

to which the spindle fiber attaches. The letters of the alphabet represent

genes. The second diagram shows a deletion. The part of the chromosome

containing genes D, E, and F has become detached. Since it has no

spindle fiber attachment this fragment will probably be lost, though it

might possibly become attached to another chromosome.

Deletions are harmful to their possessors. If an individual is heterozy-

gous for a small deletion (i.e., has one normal chromosome and one

deficient one, Fig. 17.11 ) that individual will probably be viable but is likely

to be abnormal in some way. For example, the missing genes D, E, and

F on one chromosome are likely to be compensated for, but usually not

completely so, by the corresponding genes in the other chromosome. On
the other hand, homozygosity for a deletion is likely to be lethal (e.g.,

both chromosomes of a pair like the second one in Fig. 17.1 IB). Normal

viability requires that the full complement of genes be present.

The opposite of a deletion is a duplication or repeat. In Fig. 17.1 IC the

section of chromosome containing the genes B and C is present twice.

The repeated section may have come from another chromosome that

suffered a deletion. Duplications do not necessarily lower the viability of

their possessors, although they may result in abnormalities of structure or

function. It is possible that repeats of this kind have been important in the
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evolution of chromosomes—that chromosomes were originally small and

that in the course of evolutionary history they have increased in size by

the formation of repeats, accompanied by gene mutations of the con-

tained genes.

Sometimes the number of genes in a chromosome is not changed but the

order or sequence of genes is altered. Such an inversion is shown in

A. Normal chromosome

B. Deletion or deficiency

D. Inversion

FIG. 17.11. Chromosonfial aberrations—three struc-

tural types.

Fig. 17.1 ID, where the middle section of the chromosome, involving genes

D through J , has become reversed or inverted. Since all the genes are

present in normal number, the eflfects of inversions are not so drastic as are

the effects of deletions and duplications. Effects on the phenotype may be

produced, however, because of what is known as position effect. A gene
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in one location on a chromosome does not necessarily have the same

action it would have in another position. (Gene D, Fig. 17.1 ID, when

located next to gene K may not have the same action it would have

when located next to gene C.)

Inversions have another interesting genetic effect: they tend to suppress

crossing over (p. 395). In a heterozygote for an inversion (an individual

having in a certain pair one "normal" and one inverted chromosome)

normal pairing at synapsis is difficult and hence the likelihood of crossing

over is reduced. Thus inversions tend to cause chromosomes to remain

intact. This might have evolutionary significance since if a chromosome

came to contain a superior arrangement of genes it might be of advantage

not to have the arrangement destroyed through crossing over. At times

experimenters deliberately introduce inversions into their experimental

stocks so that the chromosome in which they are interested may remain

intact (pp. 460-464).

Crossing over involves exchange of parts of homologous chromosomes,

chromosomes which constitute a pair. Sometimes part of a chromosome

may become detached, and then become attached to another chromosome

which is not homologous to the first. This is known as translocation. If

nonhomologous chromosomes exchange parts the exchange is known as

reciprocal translocation. A case is illustrated in Fig. 17.12; two chromo-

somes (not homologous, as evidenced by the differing genes) are shown

as exchanging their entire right "arms." Reciprocal translocation of this

type seems to have been important in the formation of varieties within

some species of plants.

The second class of chromosomal aberrations involves changes in num-

ber of chromosomes. Rarely a whole chromosome may be lost and the

organism still survive. But loss of chromosomes is usually lethal, as we

have noted that loss of pieces of chromosomes (deletion) is likely to be.

Increase in number of chromosomes may occur at times and may have

genetic and evolutionary significance.

A gamete may come to possess an extra chromosome by an error in

meiosis. In Fig. 17.3, p. 384, normal meiosis is shown. Suppose, however,

that when the secondary oocyte divided to form the ovum and second

polar body, the short pair of chromatids failed to separate and that both

were retained in the ovum. Such failure of chromatids to separate and be

distributed normally is called nondisjunction. As a result the ovum

would contain one long chromosome and two short ones. When fertilized

by a normal sperm the fertilized ovum would contain two long chromo-

somes but three short ones. Such an individual is called a trisomic (Fig.
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17.13). Such increase in ciiromosome number by addition of one or more

single chromosomes is called aneuploidy; it seems to have been important

in producing varieties of plants.

Suppose that both pairs of chromatids in the secondary oocyte of

Fig. 17.3 failed to separate. As a result the second polar body would be

Before

FIG. 17.12. Reciprocal translocation of entire right "arms" of two nonhomolo-

gous chromosomes.

empty of chromosomes, the ovum containing two long chromatids and

two short ones. Such an ovum would be diploid, instead of haploid,

containing as many chromosomes as the oogonium and the other cells of

the body contain. When such a diploid ovum is fertilized by a normal

haploid sperm the resulting fertilized ovum has three of each kind of

TRISOMIC

FIG. 17.13. Production of a trisomic fertilized ovum (zygote). Nondisjunction of

"short" chromosomes (see Fig. 17.3) resulted in an ovum containing two of them.

This ovum was fertilized by a normal sperm cell.

chromosome, and is called a triploid (Fig. 17.14). Diploid sperm cells may

also arise by suppression of normal meiosis. When a diploid ovum is

fertilized by a diploid sperm cell a tetraploid is the result (Fig. 17.14).

Increase in chromosome number by addition of complete haploid sets is

called polyploidy. In our diagrams a haploid set has consisted of two

chromosomes, one long one and one short one. The actual number varies
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from species to species, however. The somatic (body) cells of man each

contain forty-six chromosomes, for example. These are comprised of

twenty-three pairs. Following meiosis each sperm and ovum contain

twenty-three single chromosomes. Thus in man a haploid set of chromo-

Triploid

Tetraploid

FIG. 17.14. Polyploidy. Formation of a triploid fertilized ovum when a haploid

sperm cell fertilizes a diploid ovum (upper diogroms). Formation of a tetraploid

fertilized ovum when a diploid sperm cell fertilizes a diploid ovum (lower dia-

grams).

somes numbers twenty-three. In the fruit fly, Drosophila, a haploid set

numbers four.

Polyploidy seems to have been important in the evolution of plants, as

discussed below (pp. 418-420).

Gene Mutations

Evidence accumulates that genes consist of molecules of deoxyribose

nucleic acid (DNA). These are very large molecules having complex

structure. When the molecular structure is altered the result is a gene

mutation. On the whole, gene mutations produce more fundamental

changes than do chromosomal aberrations, and hence are of more im-

portance to evolution.

Genes exert their control of living processes by controlling the nature or

production of enzymes. As we have seen, enzymes catalyze all living
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processes. Since this is true in embryos as well as in adults, the develop-

mental processes depend upon enzymes and hence upon genes. (This is

not to minimize the importance of the environment in which the

embryo develops, but in the last analysis the capability of an embryo to

respond to environmental stimuli is determined by genetic constitution.)

Changes in genes result in changed enzymes which, in turn, result in

changes in metabolism and developmental processes. Hence mutations may

affect any aspect of metabolism and development.

Because they are most easily observed, we think most frequently of

structural changes resulting from mutation. An insect's eye is changed in

color, or a wing is changed in shape, for example. Changed enzymes dur-

ing embryonic development have resulted in these changes in morphology.

At least as important as changes in structure, however, are changes in

function, physiological changes. These are usually less easily observed

and measured than are structural changes, but they may be of even

greater significance to their possessors. Mutations, for example, have

given rise to strains of the bread mold, Neurospora, unable to utilize the

sugar lactose as a source of food (Bonner, 1948), or to manufacture

various vitamins and amino acids as normal strains do (Beadle, 1946,

1959). The "temperature races" of Drosophila funebris have no structural

differences distinguishing them but are characterized by different tolerances

to external temperatures (pp. 453-454). These races doubtless arose by

mutation.

A special case of physiological effects of mutation is aftbrded by develop-

ment of resistance to disease, or to antibiotics. The colon bacillus,

Escherichia coli, is susceptible to streptomycin. Demerec (1950) has

found that on the average one in many millions of cells undergoes a

mutation to streptomycin resistance. Such individual cells can live and

multiply in medium containing streptomycin. Indeed some of these strains

must have streptomycin in order to live—they have become "streptomycin

addicts." Doubtless the development of strains of houseflies resistant to

the insecticide DDT has also occurred through processes utilizing muta-

tions.

Many other examples of physiological effects of mutations might be

given. Probably there is no aspect of metabolism that can not be altered,

for better or for worse, by mutation. Of great importance for evolution are

the viability and fertility aspects of mutations. We have already referred

to lethal genes. These are genes, arising originally by mutation of "normal"

genes, which result in death of homozygotes. Death results from some

lack, probably in most cases a physiological or metabolic lack. Lethality
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is viability reduced to zero; other mutations reduce viability less drasti-

cally. In our discussion of natural selection (pp. 450-469) we shall enlarge

upon the viability relationships of mutations. Mutations may also affect

fertility. Since success in natural selection is measured by relative num-
bers of offspring produced, fertility effects of mutations are of great

importance to evolution.

Since structure and function are so intimately related, a single mutation

may frequently affect both, or it may affect more than one structure or

more than one physiological process. Examples of such pleiotropic genes,

arisen by mutation, were given in Chapter 15 (pp. 350-351). Evidence

accumulates that it is the genotype as a whole, all the genes working

together, which determines the phenotype. Hence we may anticipate that

alteration of one gene may have far-reaching effects upon developmental

and metabolic processes.
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CHAPTER 18

GENETIC CHANGE AND

EVOLUTIONARY CHANGE

In the preceding chapter we noted that genes act by

determining the presence or the nature of enzymes. Enzymes, in turn,

control the processes of metabohsm and of development. Hence, changes

in genotype result in changed enzymes and so in changed phenotype—and

changed phenotypes are the raw materials of evolution. Consequently

understanding of the nature of gene action is important to understanding

of evolution.

Gene Action

We have mentioned a strain of the bread mold, Neurospora, lacking the

ability to utihze lactose in its nutrition (p. 401). Normal Neurospora can

use this compound sugar; an enzyme called lactase splits lactose to the

simple sugars glucose and galactose. The strain unable to do this was

produced by irradiation (Bonner, 1948). Chemical analysis showed that

organisms in this strain did not possess lactase, or that if it was present it

was not in its active form. The lactase-less strain differed from normal ones

by mutation of a single gene.

In Chapter 5 we discussed the fact that most metabolic processes in the

body involve a long chain of chemical reactions each one of which is cata-

lyzed by an enzyme. One such chain of reactions, involving a whole series

of intermediate chemical substances each synthesized under the influence

of the appropriate enzyme, results in the production of the brown pigment

in the eye of the fruit fly, Drosophila. (The wild-type eye color is a shade

403
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of red resulting from the mixture of red and brown pigment.) If one of the

enzymes in this series is not produced or is changed in some way so that it

does not perform its usual function, the chain is "broken" and no brown

pigment is produced. Such a change in an enzyme may result from mutation

of the gene upon which it is dependent for its presence or its specificity. As

a result of mutation of one of the genes connected with the chain of enzyme-

controlled reactions the eye is left with only bright red pigment, the resultant

eye color being called vermilion. The mutated gene (whose effect is to sup-

press brown pigment formation) is called a gene "for" vermilion eye. But

note that its effect is through alteration of one step in a series of enzyme-

controlled chemical reactions occurring in the body of the fly during its

embryonic development. Similarly, mutation of another gene will cause

failure to produce both brown and red pigment, the eye being left white

in color.

Important for evolution are those genes that control the rates of

metabolic processes and the times in the life history at which the processes

occur. This aspect of gene action is complementary to that discussed in

the preceding paragraph since the so-called "rate-genes" doubtless act by

means of control of enzymes. From the standpoint of evolution we are

particularly interested in rate-genes expressing their effect during the

course of embryonic development, since the phenotype of the adult is a

resultant of the forces (genetic and environmental) that have acted on it

during its embryonic life. Natural selection acts, not on the genes them-

selves, but upon what those genes produce, or as Waddington (1959) has

expressed it, "natural selective pressures impinge not on the hereditary fac-

tors themselves, but on the organisms as they develop from fertilized eggs

to reproductive adults." This is important. Too often we think of individ-

uals as adults only; the individual is an organism, and hence subject to

natural selection, from the time it is a fertilized egg onward.

An easily visualized example of a rate-gene in action is afforded by the

research of Ford and Huxley (Huxley, 1932) on eye color in the crustacean

Gammarus (an amphipod or "scud"). Early in embryonic life these crea-

tures have bright red eyes. At about the end of the first week of develop-

ment deposition of melanin (dark brown pigment) begins in the eyes. This

continues at such a rapid rate that three or four days later the eyes ap-

pear black. The investigators discovered a mutation which causes the eyes

of adults to be red, with a faintly brownish cast. They showed that in this

case deposition of pigment did not begin until the young were 4 weeks old,

and that then it proceeded so slowly that by the time sexual maturity was
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reached the original red color was but slightly modified. Here we see one

mutation with the two effects listed above: it affected the time at which

the reaction occurred and it affected the rate of that reaction.

Of the metabolic processes operative during embryonic development

particular interest centers on those affecting growth of the parts and organs

of the developing individual. Parts and organs grow at different rates,

hence genes controlling these relative rates must have great potency in de-

termining the nature of the resulting adult. If so, mutations of genes con-

cerned with differential growth could be highly important in producing the

variability upon which natural selection operates. Most of the examples

of differential growth rates known at present have not been analyzed

genetically. We can scarcely doubt, however, that rate-genes, probably

complex systems of them, are involved.

DIFFERENTIAL GROWTH RATES
(ALLOMETRY)

The study of differential growth rates of the kind just

mentioned is called allometry (or originally by Huxley, heterogony). Al-

though we may seldom think of it, the fact that different parts of the body

grow at different rates, and that these rates change from time to time, is a

matter of everyday observation. A glance at Fig. 4.14 (p. 66) will remind

us that in the human fetus the head grows much more rapidly than does

the rest of the body, the legs especially having a slow rate of growth. After

birth the situation changes. An adult man is far from being a newborn baby

with all parts of the body increased equally in size. Such an adult would be

a most ungainly creature: enormous head, large trunk, and short, crooked

legs. After birth the head continues to increase in size but at a deceler-

ated rate, while the lower portions of the body, particularly the legs, grow

at an increased rate.

Differential growth of one part as compared to another is common in the

animal kingdom. Fig. 18.1 shows an example among males of a certain

species of beetle. In this species small males have large forelegs as com-

pared to males of most beetles. But larger males of the species have fore-

legs that are proportionately much larger than are those of the smaller

males. In other words, a little increase in body size is accompanied by

much increase in foreleg size. Thus the growth rate of the forelegs must be

greater than that of the body as a whole.

In many cases the differential growth rate of one part as compared to
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that of another is sufficiently precise so that a mathematical statement of

it may be made. The formula employed is: y = bx" (or log y = A: log

X + log b). In this formula, x is the size or dimension used as a basis for

comparison, frequently the general body size; y is the size or dimension

of the part of the body being compared; b is the "initial growth index," i.e.,

a constant expressing the size of y when x is 1 ; A is a constant indicating the

FIG. 18.1. Allometry (differential growth) exhibited by forelimbs of male beetles of

the species Euchirus longimanus. Specimen at extreme right is a female; other specimens

are males arranged in order of increasing size. (After Champy; from Huxley, Problems

of Relafive Growth, Methuen & Co., Ltd., 1932, p. 56.)

ratio that y bears to x (e.g., the ratio of the size of the organ being com-

pared to the size of the body as a whole).

In Fig. 18.2 we present a hypothetical but true-to-life example of the

manner in which differential growth works. Fig. 18.2A represents a small

rhinoceroslike animal with a tiny horn on its nose. As indicated, the horn is

2.5 cm. long, and the length of the head measured from the base of the ear

to the tip of the snout is 25 cm. Since we wish to study changes in length of

horn as the head increases in size, we designate length of head as x in the

above allometry formula, length of horn as y. Thus, at the outset x = 25,

y = 2.5. For the purposes of this example we arbitrarily decide that the

value of the constant k shall be 2. If k were 1, the horn would increase in

length at the same rate as that at which the head increased in length. A k

value of 2 provides that the horn shall increase in length more rapidly than

does the head.
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A. x = 25.0 cm
y= 2.5 cm.

D. x= 75.0 cm

V= 22.5 cm

B. x=37.5 cm.

V^ 5.6 cm.

C. x-50.0 cm.

V= 10.0 cm.

E. X- 100.0 cm.

y= 40.0 cm.

FIG. 18.2. Positive allometry of the nasal horn of a hypothetical rhinoceroslike

mammal.

The initial growth index, b, can now be determined by substituting the

values of x, y, and k in the formula:

V — bx''
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Fig. 18.2C shows the increase in horn length when the head length has

increased to 50 cm. The length of the horn is calculated using the same

constants as before but assigning x a value of 50. We note that y now

equals 10 cm. In other words, while the head has doubled in length, the

horn has become four times as long as it was at the outset.

D and E, Fig. 18.2, show the increase in horn length with additional in-

crease in length of head. In E the length of the head has increased to four

times its original length, but the horn is sixteen times as long as it was at

first.

Our hypothetical example assumes added significance when we note that

Fig. 18.2 may be interpreted in one or all of three difl'erent ways. (1 ) The

series of heads shown may represent stages in the growth and development

of an individual rhinoceroslike animal. In this case A is the head of a

young, perhaps newborn, animal, and the succeeding diagrams show

stages in the animal's development as it becomes adult. In other words, the

diagrams may represent an ontogenetic series (cf. "ontogeny''). (2) On
the other hand, the series of heads may represent adult individuals of vary-

ing sizes. In this case A would represent an adult of a dwarf species of

rhinoceroslike animal, E an adult of a relatively giant species, the inter-

vening forms being adults of species of intermediate size. (3) Or again, the

series of heads may represent an evolutionary series. In this case A would

represent an adult of a prehistoric ancestor, E would be its modern de-

scendant, and the intervening forms would be intermediate steps in the

sequence of forms leading from A to E. Such series of fossils, marked by

increasing size, are frequently encountered; we recall particularly the

evolutionary sequences leading to the modern horse and to the modern

elephant (pp. 197-216). Thus the series of diagrams in Fig. 18.2 may rep-

resent a phylogenetic series (cf. "phylogeny").

Let us turn from a hypothetical example to one based on actual data. In

our discussion of the evolution of the horse (pp. 197-206) we noted that

during evolution the facial or preorbital portion of the skull increased in

length disproportionally to the increase in size of the skull as a whole (Fig.

10.3, p. 199). The same trend is noted in the ontogeny of modern horses.

Line A in Fig. 18.3 shows the increase in length of face as compared to

length of brain case (cranium) in modern horses of diff'erent sizes and

ages. The lowest point on the line represents a foetal horse; other points

represent colts and adults of varying sizes. As the cranium increases in

length the face increases in length at a somewhat faster rate {k = about 1 .5)

until a cranium length of about 15 cm. is reached (in colts 6 to 8 months
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old). From that point on k = 1 ; in other words, growth is isometric, face

and cranium increasing in length at the same rate.

Line B (Fig. 18.3) represents allometry in the phylogenetic line leading

to the modern horse. Here the growth ratio, k, seems to be slightly greater

than it is in the ontogeny of the modern horse (about 1.8). But each point

45

41

37

33

29

26

23

re

55 20
o
E 18
-E

i 16

o
-. 14

:S 12

c

re

Li. 9

8

y

Pliohippus

° Hypohippus

Merychippus

Mesohippus intermedius

Mesohippus bairdi

Hyracotherium

_L
5 7 8 9 10 12 14 16 18 20 23 26 29

Cranium-length (cm) logarithmic scale

FIG. 18.3. Allometry of facial length in horses. Line A: al-

lometry in the ontogeny of the modern horse. Line 6: allome-

try in the ancestral line leading to the modern horse. Plus signs

indicate modern horses (Equus); open circles indicate prehis-

toric horses. (Redrawn from Reeve and Murray, "Evolution in

the horse's skull," Nature, Vol. 150, 1942, p. 402.)

on the graph is based on a single specimen; the difference from 1.5 might

not be found to be significant if a larger number of specimens were meas-

ured. Reeve and Murray ( 1942) pointed out that simple allometry of face

growth to cranium growth seemed to prevail until about the time of

Merychippus, when a change in skull proportions occurred "by an increase
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in size of the facial rudiment at a very early stage of growth." In terms of

the allometry equation this may have represented an increase in the initial

growth constant, b (Simpson, 1953a). We recall that Merychippus initi-

ated many adaptations to life on dry plains. Accordingly, the change in b

seems to have occurred in connection with the acquisition of hypsodont

(continuously growing, high-crowned) molar teeth. From Pliohippus on

through the ancestral species of Equus facial growth and cranium growth

may well have been nearly isometric as they are in later stages of the

ontogeny of Equus (upper portion of line A, Fig. 18.3) but we need more

data on this point.

By way of contrast to the line leading to Equus, the "forest horse,"

Hypohippus, is included in Fig. 18.3. Note that the point representing it

falls at some distance from either of the two lines. Hypohippus did not

have hypsodont teeth; its face was only three quarters as long as that of a

modern horse having the same cranium length (Reeve and Murray, 1942).

What has allometry to do with evolution? As noted previously, genes

control the rates at which developmental processes, including those of

growth, occur in the body. Thus, for example, genes would control the

rate at which the horn of our hypothetical rhinoceroslike animal (Fig.

18.2) would grow; other genes would control the rate at which the length

of the head as a whole would increase. In the example shown we need only

suppose that the genes controlling growth of the horn determine that the

horn shall grow at a more rapid rate than the rate of growth of the body as

a whole. Then, if for any reason the head becomes larger, the horn will

automatically become disproportionately larger, as shown in the figure.

As a result of this phenomenon some of the burden is removed from the

back of natural selection. We need no longer ask: Is it important for a

large rhinoceros to have a proportionately much longer horn than a small

rhinoceros has? Nor need we attempt to imagine how, in evolutionary his-

tory, a horn could be increased in length by gradual accumulation of mu-

tations each of which increased length by a small amount. Perhaps the only

matter of sufficient importance to be acted on by natural selection was the

matter of total body size, including head size. Perhaps it was important

for the animals to become larger. Judging by the number of evolutionary

lines in which increase in size is found, this supposition seems highly proba-

ble. If so, natural selection would favor the production of larger and larger

animals. In this event, and if the animals possessed a horn growth rate

greater than the growth rate of the body as a whole, the disproportionately

longer horn would develop automatically as a sort of by-product. Just so

long as having a longer horn was not positively detrimental, natural selec-
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tion might not be directly involved in the matter of horn length. Theoreti-

cally, the time might come when the horn would become so large as to be a

positive handicap. Then natural selection would tend to eliminate posses-

sors of the oversized horns. Among prehistoric animals some instances are

observed of animals possessing horns and other structures so huge that

they seem to have passed the point of maximum usefulness. The huge

spread of antlers possessed by the Irish stag affords a case in point.

Whether or not the excessive antler development contributed to the

animal's extinction is still the subject of lively debate. But we may feel

reasonably confident that the tendency of these big stags to develop dispro-

portionately huge antlers represented the culmination of such a process of

differential growth as we have been discussing. (See Huxley, 1932, for

discussion of allometry of antlers.

)

We may well mention in passing that the observed tendency of a part

or organ to change progressively in size is sometimes given as an example

of what is called orthogenesis, evolution in a straight line. In such a termi-

nology the steady increase in length of horn in our rhinoceroslike animal

would form an example of an orthogenetic series. Orthogenesis as a de-

scriptive term indicating the occurrence of progressive changes is some-

times useful. But, unfortunately, it has at times been endowed with an oc-

cult meaning and presented as an evolutionary force in its own right, as

though there were some inner force in animals tending to cause them to

evolve in straight lines. Further discussion of orthogenesis is not appro-

priate here; readers are referred to Jepsen (1949) and Simpson (1953a),

for more extended treatment of the controversial subject. We recall

that the "line" leading from Hyracotherium to Equiis (Fig. 10.7, p. 204)

frequently cited as an orthogenetic line, was in reality singled out for atten-

tion from among many other lines actually existing. We may quote with

approval Simpson's conclusion that much apparent orthogenesis is "a prod-

uct rather of the tendency of the minds of scientists to move in straight

lines than of a tendency for nature to do so" and note further that at least

some of the progressive series which are observed are explicable as the

result of differential growth rates. Other progressive series are explicable

as the result of operation of natural selection on organisms living in a stable

environment or an environment that is changins with a constant trend

(e.g., becoming increasingly dry). Under such conditions natural selection

promotes more and more perfect adaptation to that environment and the

resulting changes may take the form of a progressive series. Natural selec-

tion operating in this manner is sometimes called "orthoselection." (See

also "Directive Forces in Evolution," pp. 496-500.)
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Returning to the subject of the evolution of the preorbital portion of the

horse skull (Fig. 18.3), we note that the increase in relative length as the

horses increased in size can be explained by a tendency of the face to in-

crease in length faster than does the cranium. Up to a certain size, small

horses have short faces, larger horses have disproportionately longer ones.

This is true today; it was true in prehistoric times. The observed evolu-

tionary trend through at least the larger Mesohippus (Fig. 18.3) can be

explained without assuming any change in the genes concerned. The larger

the horse the longer the face. Thus, if by evolutionary change we mean

change in the genes, genetic change, we can not say that the horses under-

went evolutionary change in facial length until the Merychippus stage was

reached. Before that, increase in length of face had been an automatic ac-

companiment of increase in body size. Genetic change was evidently intro-

duced with Merychippus, however, connected with development of hypso-

dont teeth (p. 200).

The changes in the feet of horses resulting in the one-toed condition

characteristic of modern horses presents a somewhat similar situation. We
recall (Fig. 10.7, p. 204) that there were many lines of three-toed horses,

one of which eventually gave rise to the one-toed genus. It has been shown

(work of Robb, summarized by Simpson, 1944) that the relationship be-

tween the growth rate of the lateral digits and that of the cannon bone re-

mained constant among these three-toed horses {y — \.5x'^' '" '\ in which

y is the length of the lateral digits, x is the length of the cannon bone).

There was no evolutionary, i.e., genetic, change among them; changes in

proportionate length of digits were the automatic accompaniment of

whatever changes in size of foot (typified by changes in size of cannon

bone) occurred. But in the one-toed horse line there was an abrupt

change in proportion, as compared to the proportions of three-toed an-

cestors. This change took the form of a sudden relative decrease in the

length of lateral digits as compared to the length of the cannon bone. The

change is expressed in the allometry formula by a reduction of the constant

b to about half its former value: y = .76r^'' '" ^
"°. Once inaugurated,

this changed value has continued and is found to apply to modern adult

horses of various sizes, and to size changes encountered in the ontogeny

of modern horses.

Viewed in the light of allometry, horse evolution assumes quite a dif-

ferent complexion from what it has in other lights. According to this view,

the important evolutionary change at first was in size. It is doubtless of ad-

vantage to a horse to be large. For one thing, large animals do not fall so
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easy prey to predators as do small ones. Thus natural selection would tend

to favor genetic changes (mutations) making for increase in size. As the

horses became larger their faces became longer, not because of any

genetic changes, but because genes controlling rate of facial growth deter-

mined greater rate of growth than that characterizing the body as a

whole. Eventually, at the Merychippus stage, hypsodont teeth evolved in

connection with change in diet. This change in tooth structure necessitated

changes in the facial skeleton. At that time genetic changes occurred, but

since then there has evidently been little further change in the relative

lengths of face and cranium.

Similarly, in most horse lines the three toes retained about the same

proportions to each other. But in the Hne leading to the one-toed horses a

sudden genetic change occurred, with the resuU that there was an abrupt

decrease in relative size of the lateral digits. Presumably this change was

favored by natural selection in connection with the development of efficient

foot structure adapted for rapid movement on dry plains (see pp. 197-198).

Thus we see that allometry removes the necessity for postulating large

numbers of more or less independent mutations, each affecting some par-

ticular structure of the body and each acted on by natural selection. In the

evolution of the face and legs of the horse two principal genetic changes

seem to have occurred; (1) increase in growth rate of the face, inaugu-

rated at the Merychippus stage; (2) decrease in growth rate of the lateral

digits when the horses reached a functionally one-toed state. Once inaugu-

rated, these changed growth rates persisted.

So far we have emphasized cases in which the growth rate of a part has

been greater than that of the body as a whole. This is called positive al-

lometry and is exemphfied in Fig. 18.2. In positive allometry the constant

k is greater than 1 . If the value of A' is 1 , growth of the part proceeds at the

same rate as does growth of the whole. This is called isometric growth. If

the growth of the horn in our rhinoceroslike animal had been isometric,

when the head increased in length fourfold (Fig. 18.2E), the horn would

also have increased in length fourfold, i.e., would have been 10 cm. long. If

the value of k is less than 1, i.e., is a fraction, the part in question increases

in size more slowly than does the body as a whole. This process is called

negative allometry. If this had been true of our rhinoceroslike animal, the

horn of the largest animal (Fig. 18.2E) would have been even less than 10

cm. long; it would have been relatively shorter than it was in the smallest

individual (Fig. 18.2A). Negative allometric growth may help to account

for the relative reduction in size observed in some organs during evolu-
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tionary history. Recall that k is slightly less than 1 in the allometry formula

describing the relationship between lateral digits and cannon bone in the

feet of three-toed horses.

Finally, we should note that changes in the genes controlling growth

rates would constitute mutations having large eflfects. The effects might

even be so large that the mutations could rank as examples of the "systemic

mutations" postulated by Goldschmidt (1940) as necessary if drastic evolu-

tionary change is to occur. Yet in themselves these mutations might be ordi-

nary gene mutations requiring no special rubric of "systemic." In Fig. 18.2

we have presented a hypothetical example of horn evolution involving a

gene which determines that the horn shall grow in length faster than the

head increases in length. Suppose that in an immediate descendant of ani-

mal A that gene underwent a mutation, the effect being to lower the rate of

growth so that the horn increased in size more slowly than did the body as

a whole. That is, the mutation changed the allometric growth rate from

positive to negative. Then, through isolation, genetic drift, and other forces

discussed on earlier pages, two populations might become established,

one population possessing the unchanged gene, the other the mutated one.

If body size increased in both populations, we should find them coming to

differ greatly in the character of the nasal horn. The population with the

unchanged gene would develop long horns, as shown in Fig. 18.2. On the

other hand, the population with the mutated gene would develop relatively

short horns; indeed, as the animals became large the horns might have

become reduced to mere blunt, bony calluses (Fig. 18.4A). What a dif-

ference in the end products of the two evolutionary Hnes! And all,

conceivably, the result of a single mutation occurring early in evolutionary

history.

For sake of simplicity we have confined our discussion of allometry to

single dimensions, e.g., length of horn. But material objects have three di-

mensions, and growth in one dimension is not always proportional to

growth in the other two. In drawing Fig. 18.2 we have actually shown the

horn increasing in breadth as well as in length, although the point was not

mentioned previously. Suppose growth in length had been positively allo-

metric, as shown, but growth in breadth had been isometric, relative to

increase of head length. The result would have been a much slenderer

horn (Fig. 18.4B) than that shown in Fig. 18.2E. Or again, we have shown

the head itself increasing in height in approximate proportion to the in-

crease in length. This conception need not have been true. The growth rate

in height might have exceeded the growth rate in length. In that case E
would have had a much higher "forehead" than that shown. Conversely,
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the rate of increase in height might have been lower than the rate of in-

crease in length, in which case E would have had a slender head. The third

dimension, not represented in our flat diagram, may also change at a rate

difi'erent from the rates by which the other two dimensions change. Little

B

FIG. 18.4. A, negative allometry of the nasal

horn of a hypothetical rhinoceroslike mammal.

B, positive allometry in length of nasal horn cou-

pled v/ith isometric growth in v/idth (cf. E, Fig.

18.2).

imagination is needed to picture some of the great variety of shapes and

proportions possible when growth in these three dimensions varies.

In closing this phase of our discussion we may well mention the Carte-

sian coordinate method utilized by D'Arcy Thompson (1942) for represent-
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ing simultaneous change in two dimensions. Fig. 18.5 shows one of his most

famous examples. The figure at the right approximates the outline of a

huge marine sunfish of most unusual proportions. Almost circular in pro-

file, the fish seems to be mostly head, the relatively short body and tail fin

being excessively broad, vertically. A close relative is the fish shown at

FIG. 18.5. Transformation of the body outline of a teleost fish, Diodon (left), to give

the outline of the sunfish, Orf/iagor/scus (right). The outline of Diodon was inscribed in

a framework of rectangular coordinates and the latter were then distorted in a regular

manner as indicated. (Redrawn from Thompson, On Growth and Form, Cambridge Uni-

versity Press, 1942.)

the left, a creature of smaller size and more "usual" proportions, re-

sembling the presumed ancestor of the fantastic sunfish. If this outline of a

"normal" fish is inscribed in a grid of rectangular coordinates, as shown,

and then this system of coordinates is distorted in the regular way indicated

at the right, the result is the shape possessed by the weird sunfish. What
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does such distortion of a system of coordinates mean in terms of biological

processes? The diagram would be interpreted to indicate that a center of

very active growth in the vertical dimension developed in the tail region,

and that the growth rate declined progressively from tail to head. Presum-

ably these changed growth rates arose as the result of mutation occurring in

the evolutionary line leading to the strange sunfish. Consequently, as the

descendants increased in size the posterior regions of the body increased in

height more rapidly than did the anterior regions, with the result observed.

The reader is referred to D'Arcy Thompson's stimulating classic. On
Growth and Form ( 1942), for other and more complicated applications of

the method, including that to changes in skull shape encountered in the

evolution of the horse. The method offers admirable description of ob-

served trends, but the physiologic and genetic forces at work in production

of the trends remain largely undetermined. This condition should not be

permitted to continue. D'Arcy Thompson's studies offer real challenge to

anyone interested in evolution of animals as wholes. That this technique

of analysis is not being entirely neglected is indicated by its application to

changes in skull shape in evolutionary lines of prehistoric mammals (e.g.,

Colbert, 1935; Patterson, 1949).

In conclusion, we would not convey the impression that allometry offers

the key to all evolutionary change. But it illustrates how evolution can oc-

cur by means of mutation of genes controlling growth rates during em-

bryonic development. For example, suppose that in the evolution of a

rhinoceroslike animal a large nasal horn would be useful. How can we

visualize the action of natural selection in providing such a horn? Natural

selection might favor the possessors of a mutation that increased the rate

at which the horn grew as the embryonic head increased in size. Such a

genetic change, once inaugurated, might ultimately have far-reaching ef-

fects if the evolution of the species involved great increase in body (head)

size.

Furthermore, allometry aids in explaining the development of neutral or

nonadaptive characteristics, those which have little or no significance in

the lives of their possessors. Natural selection itself can only account for

characteristics which are useful. But a horn, or a spine on the thorax of a

beetle, may become disproportionately long as the body itself becomes

larger, even though the lengthening is of no value to its possessor. We need

only suppose that the genes controlling growth of the horn or spine deter-

mine a disproportionately high rate of growth. So long as the lengthening

remains neither beneficial nor harmful natural selection will not operate

either for or against the rate-gene. As noted previously, other indifferent or
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nonadaptive traits may be accounted for by the side effects of pleiotropic

genes (pp. 350-351) or by the random fixation of genes through genetic

drift (pp. 349,439).

POLYPLOIDY IN EVOLUTION

In the preceding chapter we discussed the essentials of

the genetical phenomenon of polyploidy, that type of chromosomal aberra-

tion in which the number of chromosomes is increased by multiples of the

haploid number (pp. 399-400). What role has polyploidy played in evo-

lution?

Polyploids may arise in various ways from diploid ancestors. Perhaps the

easiest way to visualize is that by means of the production of diploid germ

cells by these ancestors. Ordinarily germ cells contain one haploid set of

chromosomes. But sometimes owing to abnormality in the process of germ

cell formation the full number of chromosomes characteristic of the par-

ent's cells finds its way into one germ cell. Thus, a parent whose diploid

number is eighteen will ordinarily produce germ cells containing nine

chromosomes (i.e., nine chromosomes comprise one haploid set in this

species). But occasional germ cells may be produced which contain all

eighteen chromosomes. If a diploid ovule of this kind is fertilized by a

diploid pollen grain (also containing eighteen chromosomes), the result is

a fertilized ovum containing thirty-six chromosomes. These thirty-six

chromosomes will comprise four haploid sets (two from the male parent

and two from the female) and the resultant individual will be a tetraploid.

A tetraploid is likely to differ from its diploid ancestors in a number of

ways, presenting quite an altered appearance. Many tetraploids are en-

tirely fertile among themselves, or self-fertile (we recall that production of

both pollen and ovules by a single plant is not unusual) . But most important

of all, there is frequently a high degree of sterility between the polyploid

and its diploid progenitors. Thus reproductive isolation arises at one

stroke, and without the aid of spatial isolation. This point is of interest

since usually, as we have emphasized elsewhere (pp. 473-474), spatial

isolation is important in the first stages of species formation.

Polyploidy has formed a common means of speciation in plants. Multi-

tudes of wild species are polyploids, as are many of our cultivated plants:

cotton, wheat, oats, tobacco, potato, banana, coffee, sugar cane, many of

our cultivated flowers, and so on. Indeed, plant breeders are today con-

stantly employing artificial means of inducing polyploidy to create new

varieties. There is historical interest in the fact that some of the "muta-
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tions" discovered by De Vries in the evening primrose (Oenothera la-

marckicma) were subsequently found to be polyploids, rather than to have

arisen through changes in individual genes (gene mutations) (pp. 337-338).

Frequently polyploidy is linked with hybridization in the production of

new varieties and species. The hybrid produced by crossing two diploid

species of plants may be partially or completely sterile if it has only the
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FIG. 18.6. Seed pods and chromosomes of radish (A),

of cabbage (D), of their diploid hybrid (B), and of their

tetraploid hybrid, Raphanobrass'ica (C). R, radish chro-

mosomes. 6, cabbage chromosomes. (After Karpe-

chenko; by permission from Principles of Genetics, by

Sinnott, Dunn, and Dobzhansky, p. 370. Copyright

1950. McGraw-Hill Book Company, Inc.)

same number of chromosomes as do the parental species (i.e., is itself

diploid). If, on the other hand, the hybrid is a tetraploid, containing both

sets of chromosomes from both parents, it is likely to be fully fertile and

to be reproductively isolated from the diploid parental species. Hence, it

will "breed true." An instructive example is the tetraploid hybrid between

the radish and the cabbage, produced by Karpechenko (Dobzhansky, 1951;
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Sinnott, Dunn, and Dobzhansky, 1958). The radish (Raphanus) and the

cabbage (Bnissica) both have a diploid number of eighteen, a haploid

number of nine. The hybrid is a tetraploid, having received two haploid

sets of radish chromosomes and two haploid sets of cabbage chromosomes

(total: thirty-six) (Fig. 18.6). Since the hybrid is infertile with both parent

species it forms a new species; this has been named Raphanobrassica by

combining the names of its parents. The hybrid is intermediate between

its parents in many characteristics; the intermediate structure of its seed

pod is clearly evident in Fig. 18.6. Unfortunately Raphanobrassica seems to

have no commercial future, since it combines the root of a cabbage with

luxuriant leaves resembling those of a radish!

If space permitted, other examples of polyploidy as a means of evolution

in plants might be described. Many polyploid species have arisen in a state

of nature, and frequently it is possible for botanists to decide which diploid

species were their ancestors. The matter has been "clinched" in a few

cases by actually "resynthesizing"' the polyploid, starting with the diploid

species suspected of being its parents.

Although polyploidy is most important in the evolution of plants (for dis-

cussions see Dobzhansky, 1951, and Stebbins, 1950), it has been of almost

no importance in animal evolution. It is found in few animals and among

that few only in some types which have forsaken reproduction involving

two sexes (bisexual) for reproduction in which a single individual produces

both ova and sperm (hermaphroditism) or for reproduction by means of

unfertilized eggs (parthenogenesis). Apparently the sex-determining mech-

anism of animals cannot function properly when polyploidy occurs.

In sum, we find that plants possess in polyploidy one means, and per-

haps the only means, by which a new species can arise in one step, achiev-

ing reproductive isolation in the absence of spatial isolation. Mayr (1949)

has termed this phenomenon "instantaneous speciation."

GENETIC ASSIMILATION AND
THE BALDWI N EFFECT

In Chapter 15 we stressed the importance of natural

selection operating upon randomly occurring mutations, and in subsequent

discussions we shall emphasize this action again (pp. 450-480). While this

is the most generally recognized means of evolutionary change, many in-

vestigators suspect that it is not the only means. The perfection with which

organisms are adapted to their environmental niches has led these peo-

ple to despair of explaining adaptation upon a basis of natural selection



GENETIC CHANGE AND EVOLUTIONARY CHANGE 421

operating on chance mutations alone. As is repeatedly emphasized, the

mutation process is random in the sense that mutations occur without

reference to whether or not they are "needed." How could the delicately

adjusted adaptations that organisms are observed to possess actually have

arisen through such a haphazard process? That question disturbs many

thinkers on the subject. There are answers (the probability of even a

chance occurrence is high, given a long enough period of time), neverthe-

less some means by which the reaction between organism and environ-

ment could lead to the production of hereditary change would be welcome.

As indicated earlier (p. 341 ), this is the appeal of the Lamarckian idea of

the inheritance of acquired characters. Is it possible that there are indeed

means by which an adaptation at first individually acquired may become

hereditary?

What does the genetical constitution (genotype) produce in an individ-

ual? It produces a bodily constitution (phenotype) which enables the in-

dividual to live in a certain range of environments. A species of mammal,

for example, may possess such a genotype that if the animal lives in a hot

climate the coat of hair will be relatively thin or sparse, while if it lives in a

cold climate the coat will be thicker. The range of coat densities possible

to the animal represents the hitter's "norm of reaction" (Dobzhansky,

1951) or "reaction range" (Simpson, 1953b). Some species have such a

genotype that the norm of reaction is broad; depending upon the environ-

ment, the coat may be very sparse or very thick. Other species have such a

genotype that the range is narrow, only relatively sparse or relatively thick

hair being possible. It is important to note that a change in the genotype

may produce a change in the norm of reaction. On the whole, dogs have

genotypes causing development of a certain range of densities of hair. In

some varieties, however, this range has been sharply restricted, with the

result that they either can not develop heavy coats in cold climates, or

they have such heavy coats that they experience discomfort in hot climates.

Without doubt both types arose by genetic change from an ancestor with

a broader norm of reaction, as their wild relatives the wolves presumably

have today.

Now let us imagine a situation in which a species of mammal living in the

Temperate Zone finds open to it an opportunity to live in arctic regions.

It will be able to do so if its genotype is such that the reaction range is suf-

ficiently broad so that both the coat density appropriate to the Temperate

Zone and the coat density needed in the new environment can be produced.

We will suppose this to be the case and that the species extends its range

into arctic regions. What will happen then? As generations pass, changes in
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the genotype may occur so that the heavier coat originally produced in

reaction to the environment becomes "hereditary," as we usually use that

term. We may think of it in this way: if it is desirable for the animal to

have a thick coat it will be desirable for the animal to be born with such a

coat, or with the capacity to develop it even before the stimulating effect of

cold weather is felt. Accordingly, natural selection will favor changes in

the genotype which will narrow the norm of reaction toward the upper end

of the range of coat densities originally possible. Waddington (1953-1960)

has spoken of the embryonic development of organisms as being canalized

or buffered "in the sense that even though it may become somewhat modi-

fied in response to an environmental stress, it also exhibits a tendency to

reach its normal end-result in spite of disturbing circumstances." In our ex-

ample the "normal end-result" is a thicker coat of hair; "canalizing selec-

tion" will favor genotypes which give rise to it (Waddington, 1953b). As a

result, remote descendants in the arctic might no longer be able to pro-

duce the sparser coats possible to their Temperate Zone ancestors. Heavy

coats have now become hereditary, in the sense that they are produced

without any action by the external environment.

We have visualized this change as having been accomplished by what

is known as the "genetic assimilation of an acquired character" (Wad-

dington, 1953-1960). At first the heavier coat had to be acquired by each

generation, but eventually the genotype changed, narrowing or "funnel-

ing" the reaction range so that only heavy coats were produced.

How does this "genetic assimilation of an acquired character" differ

from the inheritance of acquired characters in the Lamarckian sense?

There is no thought that the acquired character (denser fur) in some

manner changes the germ plasm directly; rather the idea is that genetic

variability already present is made use of in producing the hereditary

change. The range of variability already present is narrowed so that, in

our example, only the thicker coats are produced.

What if still heavier coats, outside the original reaction range, might

prove advantageous to our arctic immigrant? A genetic change might oc-

cur making possible heavier fur than the original genotype could produce.

Such a genetic change would be to all intents and purposes a mutation or

series of mutations. Hence we see that genetic assimilation and mutation

are to be thought of as coexistent, and sometimes cooperating, means by

which genetic variability may be supplied to natural selection.

Another instructive example is afforded by the fact that animals are

frequently born with thickened skin on areas of the body which will later

be subjected to friction in the course of the animals' normal activities.
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Thickened skin on the sole of the human foot, calluses on the "knees" of

the forelegs of the wart hog, calluses on the front and rear ends of the

body of an ostrich are examples. The skin on all these areas is found to be

thickened before birth. How can the origin of such hereditary thickenings

be explained? It is noteworthy that while these thickenings are hereditary

they are of such a nature that they would have been produced in direct

response to the environment if they had not been. Use of the human foot,

for example, causes the skin on the sole to thicken.

How can we visualize the origin of an inherited thickening of the skin

at a point where friction will later be applied? In the first place we may

note that the ability of the skin to thicken in response to friction is un-

doubtedly determined by the genotype. If we knew more of the genetics

of the trait we should probably find that different genotypes vary in the

amount of friction needed to "trigger" the production of a certain amount

of thickening. Let us imagine an ancestral population in which the individ-

uals are born with thin skin on the soles of the feet. It would be of advan-

tage to develop thickening as rapidly as possible after birth, i.e., in re-

sponse to a very small amount of friction (or none at all! ). As a possible

intermediate step we may visualize a situation in which genotypes resulting

in production of maximum thickening in response to minimum friction

would be favored. The next step would be elimination of the need for any

stimulation whatever by friction, for as Medawar ( 1951 ) has stated, "if it

is advantageous to have thickened feet at all, it will be advantageous to

have them ready made when the foot is first put to the ground." How can

this last change be brought about? Formerly friction "pulled the trigger."

Now that it has become advantageous to have thickenino developed before

birth, natural selection will favor a genetic change which will result in the

taking over by some internal factor of this function of pulling the trigger.

This factor may be some inducing force operative upon the locahzed areas

of the skin as they develop in the embryo. Perhaps the original norm of re-

action included the possibility that thickening might arise as a result of

either external or internal stimuli; if so, development has now become

canalized so that the internal stimulus is the one regularly operative. Or

perhaps the internal factor which now acts as a trigger arose as the result

of one or more mutations. In any case, the adaptation which formerly had

to be acquired by each individual for itself (exogenous adaptation or ac-

commodation) has become hereditary in the sense that no external force is

any longer necessary to call it into existence. White and Smith (1956) have

called this phenomenon ontogenetic assimilation.

Waddington (1953, 1956, 1960) has performed experiments affording
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evidence that genetic assimilation of an acquired character is possible. For

example, if pupae of the fruit fly, Drosophila, are subjected to a heat shock

a certain proportion of them will fail to develop the cross-veins normally

present in the wings. By selecting cross-veinless individuals as parents and

continuing the treatment and selection in each generation Waddington

produced a strain in which the percentage of individuals responding to the

heat shock was very high. "It is therefore actually possible to select for

capacity to respond to the environment." Eventually strains were produced

which lacked the cross-veins even when the pupae were not given heat

shocks. The trait originally induced by the environment had become

genetically assimilated. In this case it is possible that mutations for cross-

veinlessness occurred in the stock and were selected. But Waddington

pointed out that such an explanation is not necessary and is rendered un-

likely by the fact that the cross-veinless strain difl'ered from the original

stock by differences in several genes rather than in one gene pair only.

In a second series of experiments (Waddington, 1956) an abnormality

of the thorax called bithorax was induced by subjecting Drosophila eggs to

ether vapor. Again, selection resulted in strains having increased sensitivity

to the external stimulus. Three different strains were produced in which

some form of the bithorax phenotype occurred even in the absence of the

ether treatment. Two of these strains differed from the original stock by

single-gene changes; these may have arisen as dominant mutations appear-

ing at the right time to satisfy requirements imposed by the artificial selec-

tion. The third strain, showing greater phenotypic change, differed from the

original stock by more complex genetic differences and was interpreted by

Waddington as an instance of genetic assimilation of the acquired character

bithorax.

Genetic assimilation as a possible factor in evolution is an idea of such

interest that it will undoubtedly be investigated extensively. An allied con-

cept is that which has come to be known as "the Baldwin effect." Various

forms of the concept have been advanced, sometimes independently, by a

number of investigators; the history of it was summarized by Simpson

(1953b). According to this idea, an organism may invade an environ-

ment if it is adaptable enough to do so (if its genotype gives a norm of re-

action making possible the necessary exogenous adaptation). In other

words, it may meet the requirements of the environment by adjustments or

accommodations it is able to make in response to that environment. This is

valuable; the animal has gained a "toe hold" in the new environment and is

able to live there, but each generation is under the necessity of developing

its own adaptive characteristics. How much better it would be if the ani-
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mals could be born with them. Eventually genetic changes may occur

which mimic the adaptive characteristics each generation has been acquir-

ing for itself. Since it will be desirable for the organism to be relieved of

the necessity of acquiring these characteristics in every generation, natural

se.'ection may be expected to favor individuals which are born with them.

So in time hereditary characteristics may replace the individually acquired

ones. "Characters individually acquired by members of a group of organ-

isms may eventually, under the influence of selection, be reenforced or re-

placed by similar hereditary characters" (Simpson, 1953b).

As commonly conceived the theory is that the organism lives in the en-

vironment to which it can accommodate and "waits" for appropriate chance

mutations to occur. An experimental instance of the Baldwin effect operat-

ing with chance mutations seems to have been afforded by Waddington's

experiment on the bithorax phenotype (1956). The experimenter "re-

quired" the strain to have this phenotype. He enforced the requirement

by subjecting the eggs to ether vapor. Eventually, apparently in two in-

stances as noted above, what seem to have been dominant mutations ap-

peared giving rise to the required phenotype.

But in addition it is conceivable that the genetic change involved in the

Baldwin effect may be the genetic assimilation of an acquired character

we have been discussing. If so, we note that the environment is thought to

be concerned with the instigation of the genetic change (through canaliza-

tion of development) as well as with the final fate of the change. Genetic

assimilation of acquired characters forms a possible additional means (sup-

plementing the mutation process) of supplying grist to the mill of natural

selection.
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CHAPTER 19

POPULATION GENETICS AND

EVOLUTIONARY CHANGE

In Chapter 17 we discussed some of the principles of

Mendelian inheritance revealed by experiments in which matings were

arranged by the experimenter. What happens when members of a popula-

tion are free to interbreed as they may, rather than according to some plan

of an experimenter? In our discussion of this question we shall refer con-

stantly to a unit which we shall call "the population." We shall use this

term to mean a Mendelian population, defined by Dobzhansky (1950) as

"a reproductive community of sexual and cross-fertilizing individuals

which share in a common gene pool." The term deme is sometimes used

for such a population, but since the term is also applied to local communi-

ties characterized in other ways than that of reproduction within the group

we shall not employ it.

GENETIC EQUILIBRIUM

It will be convenient to begin our discussion by referring

again to the melanistic hamsters (pp. 376-379). As the result of the cross

diagramed in Fig. 17.1 (p. 377) an F2 generation was produced consisting

of 14 homozygous black {MM), % heterozygous black {Mm), and 14

homozygous gray {mm). If these Fj. individuals interbreed at random what

types of olTspring will be expected in the next {F.^,) generation, and in what

proportions will the various types be expected to occur? For present pur-

poses we shall assume that there is nothing about the melanistic condition

which affects an individuaKs mating and that no preference is exercised de-

427
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pendent upon color of the coat. Under such conditions a melanistic indi-

vidual would be equally likely to mate with another melanistic one or

with a gray one, // the two were present in equal numbers. Similarly, a

gray hamster would be equally likely to mate with a melanistic one or with

a gray one, if the two were present in equal numbers. But in this instance

the two types are not present in equal numbers; there are three times as

many black individuals as there are gray ones. The same principle of ran-

dom mating will hold, however: the chances of an individual's mating with

one type or the other will be in proportion to the relative frequency with

which the types occur. Or, in terms of this specific example, the chance of

any individual hamster's mating with a black individual will be •%, the

chance of its mating with a gray individual will be V^. It is necessary, how-

ever, to go one step further and to distinguish between homozygous black

hamsters and heterozygous ones. We have seen that the Fo offspring are as

follows: 1/4 are MM, % are Mm, Y^ are mm. Accordingly, the chance that

any individual hamster will mate with an MM individual is Y^; the chance

of mating with an Mm individual is -/^ or Y2 '> the chance of mating with an

mm individual is Y4-

We can now rephrase the question: What will be the nature of the off-

spring from a population consisting of YMM individuals, Y2Mm ones,

and ^mm ones? (We shall assume that no sex differences are involved,

that these proportions are true of both males and females.)

The answer may be obtained by making a "checkerboard" diagram in

which the male parents are listed along the left-hand margin, the female

parents across the top.

In the body of the diagram are placed the different types of offspring

produced and their relative frequencies. The frequencies are obtained for

each square by multiplying the fraction representing the proportion of

Female Parents

Male

Parents
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males of the constitution concerned by the traction representing the pro-

portion of females of the constitution concerned. Thus the frequency in the

square in the upper left-hand corner is I4
'

, or '
, ,;. The upper row repre-

sents the offspring to be expected when the MM males, constituting i;, of

the total males, mate with the three different types of females in proportion

to the relative frequencies of the latter. The diagram shows that '
1 ,-, of the

matings will occur between MM males and MM females, 71 ,-, between MM
males and Mm females, Vi r,

between MM males and mm females. The other

two horizontal rows are to be interpreted similarly.

The offspring from some of the matings are all of one type—shown in

the corner squares of the diagram. In four other squares two types of off-

spring occurring in equal numbers are shown. An example is the middle

square of the top row; here MM males are mated to Mm females.

MM X Mm
M^M]

sperms- >ova

[M^m]
offspring: MM, MM, Mm, Mm

In such a mating MM offspring and Mm offspring are to be expected in

equal numbers. Hence, the -i,-, of the offspring arising from such matings

resolves itself into ^-ir.MM offspring and ^{f-Mm offspring.

The central square of the diagram represents a still more complex situa-

tion, in that both parents are heterozygous. Mm X Mm. As we noted

earlier, offspring from such parentage are expected to appear in a 1:2:1

ratio; hence the ^^,; of this square is resolved into \{,;MM, 'jn^Mm, and

y^yjnm, as indicated.

If now we assemble the results shown in the diagram, we find that fi,j of

the offspring will be expected to be MM, % ,; will be Mm, Y-^ ,j will be mm.
This is our 1:2:1 ratio again. The proportions of the different types of indi-

viduals are the same in the F,, generation as they were in the F^,. Evi-

dently, then, our artificial population is in equilibrium; so long as random

mating occurs the proportion of y^MM to VUMm to ^ ^mm may be ex-

pected to continue generation after generation.

Gene Pool

There is a simpler and more direct way of working the problem discussed

above. Let us concentrate upon the genes, rather than upon the combina-

tions of genes in the various parents. Turning our attention to the male
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parents we note that |^ of the effective sperm cells are produced by MM
individuals; these sperm cells will all contain gene M. Two-fourths of the

effective sperm cells are produced by Mm individuals; half of these (or ^4

of the total number of sperms) will contain gene M. As a result, half the

total number of sperm cells will contain M (\^ from MM males plus ^
from Mm males). The other half of the sperm cells will contain gene m (Y^

from Mm males plus ^ from mm males). In the female parents the situa-

tion is exactly comparable. Half the ova will contain gene M (y^ derived

from MM females plus % from Mm females), and half of the ova will

contain gene m (^ from Mm females plus |4 from mm females).

As a result we can considerably simplify our checkerboard diagram as

follows

:

Sperms

Ova
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Hardy-Weinberg Formula

We have just noted that offspring derived from a gene pool in which

half the genes are dominant, half recessive, are expected to consist of Y^

homozygous dominants, % heterozygotes, and '4 homozygous recessives.

In terms of the genes we have used for illustration we may write this as:

IMM + 2Mm + \mm.

Suppose we now write MM as Af", and mm as m'-. Our statement then

becomes: M'- + 2Mm + m'-. Such a statement should begin to stir dor-

mant memories of something we encountered in high school algebra, or

more recently as college freshmen. Probably memories will be still further

stimulated if we express it with rt's and 6's: or + lab + b'-. Maybe we can

now recall that this is the result of multiplying (c; + 6) by itself: {a + bY.

In other words, a- + lab + b- is the expansion to the second power of the

binomial {a + /?)• Evidently the 1:2:1 ratio we have been discussing is a

special case of such an expansion.

Instead of employing «'s and b's, we may follow custom and use p's and

^'s, those letters we are proverbially admonished to "mind."

Let p = the frequency of gene M
q = the frequency of gene m

Then if random mating occurs, the offspring resulting can be calculated

by use of the formula

(p + qf = p2 + 2pq + q\

We may note that this formula is an algebraic equivalent of the small

checkerboard diagram (p. 430). Along the left side of the latter we listed

the genes carried in the sperm cells together with fractions expressing their

frequency: '^/^M + ^^m. This is equivalent io p + q. Along the top we

listed the genes carried in the ova together with fractions expressing their

frequency: HM + %m. This, also, is equivalent to p + q. Filling in the

squares of the checkerboard involved multiplying the frequencies of the

two kinds of genes carried in the sperm cells by the frequencies of the two

kinds of genes carried in the ova: (^{.M + y.,m){V>M + V.m). This is

equivalent io [p + q) (p + q) or (p + q)'-. Obviously, then, the binomial

is squared because two parents are involved in the production of offspring.

This formula is referred to as the Hardy-Weinberg formula, from the

names of the two men who first realized its application to the problems of

population genetics.

Let us apply the formula to the situation we have just been discussing,



432 INTRODUCTION TO EVOLUTION

a gene pool in which the numbers of dominant and recessive genes are

equal. In such a situation

p = the frequency of gene M = }i

q = the frequency of gene m = 3^^

(Note that p + q = I or unity, standing for the total number of genes.

This must always be so since the number of dominant genes plus the

number of recessive genes must equal the total number of genes.)

Substituting the numerical values in our formula we obtain

(p + qf = p2 + 2pq + q^

= CAY + 2 M • H + 0^)2

= K + M + 3-^

= HMM + y^Mm + Umm
(Recall that p represents gene M in this case, hence p- means M^ or

MM. Similarly pq means Mm, and q'-^ means nr or mm.)

Thus the Hardy-Weinberg formula affords a means of calculating ex-

pectation with regard to offspring without recourse to the checkerboard

diagrams previously employed.

So far in our discussion we have confined attention to a situation in

which the number of dominant genes equals the number of recessive genes

—in which p = q. It will be recalled that this situation arose in an ex-

periment in which homozygous, black hamsters were mated to gray ones.

The first-generation (Fi) individuals were all black but heterozygous.

When these F^ individuals were interbred, their offspring (Fo) fell into the

following groupings: ^4 homozygous black: % heterozygous black: y^

gray (Fig. 17.1, p. 377). Then when the Fo individuals were allowed to

mate at random we discovered that the 1 :2:1 ratio appeared again in the

next (Fs) generation and continued through subsequent generations. That

is, an equilibrium had been reached.

While situations in which the number of dominant genes equals the

number of corresponding recessive genes are common enough in genetics

laboratories, they are seldom encountered in a state of nature. There it

is much more common for one gene to preponderate in frequency, the

other gene being much rarer. Are the principles we have been discussing

applicable to such situations?

Suppose we have a population of hamsters in which the gene pool con-

sists of 90 percent M genes and 10 percent m genes. If random mating oc-

curs, what proportion of the offspring may we expect to be black, what

proportion gray? The Hardy-Weinberg formula permits easy solution of

the problem.
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p = frequency of M = .90 (writiiifi; the percentage as a

decimal fraction)

q = frecjueiicy of m = .10

(/> + qT- = p"- + ' 2pq + q'

(.9r- + 2- (.9) • (.1) + (.IV''

.81 .18 .01

81% MM 18% Mm 1% mm

99% black 1% gray

We see, then, that under such conditions only 1 percent of the offspring

will be expected to be gray—only one hamster in 100. If random breeding

occurs in subsequent generations, the gene pool may be expected to re-

main the same (90 percent M genes, 10 percent m genes) generation after

generation, with the result that gray hamsters may be expected to appear

about once in 100 individuals indefinitely. The genetic bases for the occa-

sional appearance of albino individuals among normally pigmented ones,

of black sheep among white ones, of cinnamon bears among black ones,

of rufous screech owls anions gray ones, and so on, are doubtless of this

type.

We noted earlier (p. 376) that black hamsters appear with varying fre-

quencies in various regions of Europe and Asia; in some places they are

rare, in some places common, even approaching 100 percent of the popula-

tion. Thoughtful students will readily appreciate that if, knowing the na-

ture of the gene pool, we can calculate the proportion of gray hamsters

that will appear, we can reverse the process and calculate the nature of

the gene pool if we know the number of gray hamsters occurring. For ex-

ample, in a certain region 16 percent of the hamsters are gray ones. In

what proportions do dominant and recessive genes occur in that gene pool?

The gray hamsters are represented by the c/' of the Hardy-Weinberg

formula. Accordingly q- = 16'^ or .16; q = \/.16 = .4 or 40%. Thus 40

percent of the genes are recessive (/?/); consequently the remaining 60 per-

cent must be dominant (M).

Having determined the nature of the gene pool we can now do one other

thing not possible by direct observation—estimate the proportion of the

hamsters that are heterozygous. These are represented by the 2pq of the

Hardy-Weinberg formula. Substituting the values of p and q, we find:

2 • (.6) • (.4) = .48 or 48 /< . Thus, in such a population we may expect

that 48 percent of the hamsters are heterozygotes, "carriers" of the gene for

gray color. There is interest in obtaining this statistic in view of the role

which heterozygotes are observed to play in evolution (see pp. 457-468).

One word of qualification must be added concerning the correctness of
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calculating the nature of the gene pool from the proportion of individuals

exhibiting (and therefore homozygous for) a recessive characteristic. The

procedure is only valid insofar as conditions of random mating actually

prevail in the population and insofar as the recessive characteristic in ques-

tion does not affect fertility and viability. Obviously if gray hamsters were

less viable than black ones calculations based on the number of gray ham-

sters which managed to survive would give an incorrect idea concerning

the nature of the gene pool.

So far we have confined attention to situations in which an equilibrium is

already present. We have seen that an equilibrium tends to persist genera-

tion after generation. But such an equilibrium is the antithesis of evolu-

tion; "evolution means change," to quote the statement with which this

book opens. When changes occur what effect will the tendencies embod-

ied in the Hardy-Weinberg formula have upon them?

Suppose we imagine the formation of an artificial and arbitrary popula-

tion of hamsters: A thousand black hamsters, half of them homozygous,

half heterozygous, become isolated in some way—marooned on an island,

perhaps. What may be expected in future generations of such a popula-

tion?

The original population has the frequency 50 percent MM, 50 percent

Mm. All the genes contributed by the MM individuals are M, but only

half the genes contributed by the Mm individuals are M. Thus the fre-

quency of M in the gene pool will consist of 50 percent of the total num-

ber of genes, contributed by the MM parents, plus one-half the genes con-

tributed by the Mm parents. The latter contribute 50 percent of the total

number of genes; one half of this 50 percent, or 25 percent, are M genes.

Thus, p = 50% + 25% = 75% or .75

q - 25% or .25

(P + qy = P' + 2p(7 + q^

= (.75)2 + 2- (.75)(.25) + (.25)^

= .5625 + .375 + .0625

56.25%, MM + 37.5% Mm + 6.25% mm

We note immediately that a change has occurred in the population.

There is a somewhat larger proportion of homozygous, black hamsters

than there was among the parents, and the proportion of heterozygous ani-

mals has been somewhat reduced. In addition, a small group of gray ham-

sters has appeared, although none of the parents were gray. Since this

change from the parental generation has occurred it is evident that the

original population was not in a state of genetic equilibrium. What is the

situation among the offspring?
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We answer this question by computing the frequencies of the dominant

and the recessive genes, i.e., the values of p and q: 56.25 percent of the in-

dividuals have only M genes, and consequently contribute that percentage

of M genes to the pool; 37.5 percent of the individuals are heterozygous,

half their genes being M, half ni, and thus contribute one-half of 37.5 per-

cent, or 18.75 percent, of M genes, as well as 18.75 percent of ni genes.

The 6.25 percent consisting of gray hamsters are homozygous mm and

hence contribute only m genes, doing so in proportion to their frequency

in the population.

Thus, p = .5625 + .1875 = .75 or 75%
q = .1875 + .0625 = .25 or 25%

We notice immediately that these values of p and q are exactly the

same as those for the original population (see above). Substituting them

in the Hardy-Weinberg formula will form a mere repetition of the calcu-

lation by which we determined the constitution of the first-generation off-

spring. Evidently, therefore, the population is now in a state of equilibrium

and, as long as unmodified random mating occurs, may be expected to

continue 56.25 percent MM, 37.5 percent Mm, and 6.25 percent mm gen-

eration after generation.

Our hypothetical example has demonstrated that when a population is

not in genetic equilibrium with regard to a pair of genes it tends to attain

such an equilibrium in one generation of random mating.

Significance of Genetic Equilibrium for Evolution

So far in this chapter we have devoted attention to the manner in which

the laws of chance or probability operate upon gene distribution in ways

tending to preserve the status quo—to maintain an unchanging equilib-

rium as generations pass. We have noted that not only is there a tendency

to maintain such an equilibrium but if the equilibrium is upset there is a

tendency to establish quickly a new equilibrium. Evidently this tendency to

equilibrium forms a sort of inertia which must be overcome if evolution-

ary change is to occur.

Stating the matter so may give the impression that equilibrium is en-

tirely detrimental, and obstructive of progress. We should note, therefore,

that the equilibrium tendency is conservative, in the best sense of that

much abused word. It tends to conserve sains which have been made in

the past and to prevent too rapid change. 'Taking chances" is the price of

real achievement and progress in the life of a species, as in the life of a
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human individual. But a species, or a man, who continually gambled

everything upon single spins of the wheel of fortune would lead a precari-

ous existence. Genetic equilibrium helps to insure that a species will not

"put all its eggs in one basket" in undergoing evolutionary change. Radical

change may lead to progress; it may also hustle a species down a blind

alley to speedy extinction.

A further conservative function of the equilibrium tendency arises from

the manner in which it keeps a store of recessive genes continually in ex-

istence even though individuals homozygous for those genes rarely appear.

As we noted earlier (p. 349), there is no tendency for recessive genes to

"die out." This fact should be clearly evident from the examples showing

the workings of the Hardy-Weinberg law. In the last example, while only

about 6 percent of the hamsters are gray, over 37 percent of them "carry"

the gray gene (i.e., are heterozygous). These heterozygous individuals thus

form a reservoir of "gray" genes which can be drawn upon in producing

future gray individuals. If there is no advantage to be gained from being

gray, this matter remains of little importance, but if at any time or under

any conditions grayness, or any associated physiological effect, becomes

an asset, the reservoir of "gray" genes may assume great significance for

the species. We have mentioned this matter of the importance of hetero-

zygotes before (pp. 346-347) and shall return to it again (pp. 457-468).

Having established a foundation of understanding concerning the tend-

ency to genetic equilibrium we shall now turn our attention to the forces

which tend to modify or upset that equilibrium and hence to lead to evolu-

tionary change.

MUTATION PRESSURE AND
GENETIC EQUILIBRIUM

In earlier chapters we have emphasized mutations as

the raw material of evolution. It will be recalled that mutations are changes

in genes and that, having occurred, they are inherited in accordance with

the Mendelian principles we have been discussing.

We noted (p. 337) that the Dutch botanist, Hugo De Vries, first em-

phasized the importance of mutations in evolution. Indeed, he proposed a

"mutation theory" of evolution intended not only to supplement but in

large measure to supplant the Darwinian theory of natural selection. But

that was before the principles of genetic equilibrium we have just been

discussing were understood.

Before discussing in more detail the role of the laws of probability in de-

termining the fate of mutations, we should note that the occurrence of mu-
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tations does have a tendency to disturb any equilibrium which may exist.

To refer to our hamsters again, every time a gene which originally pro-

duced black coat color undergoes a chemical change so that it now condi-

tions the appearance of gray coat color, the gene pool has been altered

through decrease by one in number of M genes and increase by one in

number of m genes. Obviously, if such changes occurred frequently, con-

siderable modification in the ratio between numbers of M and m genes

might arise. But actually mutation pressure, as it is called, is observed to

be of low order of magnitude. Accurate data on this point are difficult to

obtain. In the fruit fly, Drosophila, the genetically best-known animal, it

is estimated that mutations of one kind or another are present in from

1 to 10 percent of the germ cells produced in every generation. Individual

genes, however, vary greatly in frequency of mutation. With some kinds

one out of every thousand genes, on the average, may undergo muta-

tion. Other kinds of genes may be so stable that only one in a billion will

mutate. Accordingly, there must be great variation in the efficacy of

mutation pressure in disturbing genetic equilibrium. Some genes may mu-

tate so frequently that, under particular circumstances, the constitution of

the gene pool is considerably altered from the equilibrium which would

otherwise prevail. For example, imagine a gene pool consisting of 50 per-

cent M genes and 50 percent m genes, and having a mutation rate such

that one in every thousand M genes mutates to m. It can be demon-

strated mathematically that in one generation the gene pool will be shifted

to 49.95 percent M genes and 50.05 percent m genes. This is a small change,

but if the same trend continued seneration after generation a considerable

difference in frequency of the two genes would eventually be accumu-

lated. Indeed, if the trend continued long enough the M genes would be

entirely replaced by m genes, assuming that the change from M to m
was unopposed. Actually the trend would be opposed by what is known

as reverse mutation, the mutation of m genes to form M genes. This would

also occur at a rather constant rate, although, judging by evidence avail-

able, at a rate lower than that by which M mutates to m. Thus there are

two opposed mutation rates: (1) the rate at which M changes to m and

(2) the rate at which m changes to M. The combined action of the two

rates is to change the gene frequency until a point is reached at which the

number of M genes changing to m genes in any generation balances the

number of m genes changing to M at that time. At this point an equilib-

rium is established. So we see that while mutation pressures by and of

themselves may alter genetic equilibriums their ultimate net effect is to es-

tablish equilibrium, even though it is a different equilibrium from that

which would otherwise prevail. (The reader is referred to Chapter 3 of
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Dobzhansky's Genetics and the Origin of Species, 1951, for more complete

discussion of mutation pressure and genetic equilibrium.)

In this connection we may note that a new mutation may not produce

a detectable effect until several generations following the actual occurrence

of the change in the gene. This is true when a dominant gene mutates to

form a completely recessive one. Let us imagine a population of black

hamsters all homozygous MM. What will be the fate of a single mutation

which occurs in this stock? Suppose that in this case the mutation occurs

in a sperm-forming cell in a male. As a result one or more of his sperms

contains gene m instead of the gene M possessed by all his other sperm

cells. If an m-containing sperm functions in fertilization, it must necessarily

fertilize an M-containing ovum (there are no others). When this occurs an

individual of the formula Mm is produced. This individual, like its parents,

is black; the "new" gray gene has still not produced a visible effect. The

Mm individual must mate with an MM individual of the opposite sex. As

we saw on page 429, such a mating (Mm X MM) is expected to result in

offspring that are half Mm, half MM. Again, these offspring are all black

although half of them are heterozygous. Still we have no gray hamsters!

How can we obtain gray hamsters? These can only arise if an Mm female

mates with an Mm male. As we saw earlier, one-fourth of the offspring of

such a mating are expected to be gray (mm) (p. 379). Thus the actual

occurrence of a recessive mutation must necessarily be separated from the

production of an individual showing the visible effects of that mutation

by at least two generations.

Generation I Heterozygous Homozygous

Black Hamster Black Hamster

Mm X MM
Generation II MM MM Mm X Mm

Black Black Black j Black

Generation III MM Mm Mm mm
Black Black Black Gray

It will be noted that in order to produce a gray individual in the fewest

possible generations we have made use of a brother-sister mating in Gen-

eration II. Such matings are not uncommon among lower animals. In mod-

ern human societies the nearest approach to them consists of first-cousin

marriages. These could also bring a recessive gene "to light" in the mini-

mum number of generations if the Mm individual in Generation I had a

brother or sister of the same constitution, and an Mm offspring of the

latter married one of the Mm individuals shown in the diagram.
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We mention this matter to emphasize the fact that recessive mutations

may occur and be carried by a population as a sort of hidden store, with

only occasional homozygous recessive individuals being produced to dis-

play the phenotypic effect of the gene. Yet this time lag between the

occurrence of the new mutation and the appearance of an individual show-

ing its phenotypic eflfect occurs only when the new mutation is completely

recessive. If a normally occurring recessive gene mutates to form a domi-

nant gene (e.g., tn to M), a visible eflfect is produced in first-generation

oflFspring. Here we may recall that most European hamsters are gray,

hence the "black gene" must have arisen in just this way.

In an earlier discussion (pp. 346-347) we noted that frequently muta-

tions classed as recessive are not completely so—that they produce some ef-

fect in heterozygotes even though the dominant member of the pair may

produce the principal eflfect. When this is the case, an eflfect of the "reces-

sive" mutation will be manifested in the first generation following the

change in the gene. As we noted, evidence is accumulating that frequently,

perhaps usually, it is the heterozygous state rather than the homozygous

one that is important in evolution.

GENETIC DRIFT

Let us return in imagination to the population of black

hamsters all of which are MM except for the one Mm individual. We saw

that the only mating possible for the latter is to an MM individual. We
then stated that such a mating (Mm X MM) is expected to produce oflf-

spring that are half Mm, half MM. Now that statement is true on the av-

erage, but such theoretically expected ratios are merely expressions of the

operation of the laws of probability, as in flipping coins. If parental pairs

of MM X Mm constitution give rise to 200 oflfspring, about 100 of them

would be MM, about 100 Mm. But let us suppose that this single pair of

parents had only two oflfspring—at least, two which lived to reproduce in

their turn. Such a situation commonly prevails in populations that are sta-

tionary in numbers from generation to generation. If the parents produce

only two oflfspring which live to reproduce, what eflfect will that fact have

upon the fate of the mutation, m, in which we are interested?

MM X Mm
M -^ A/1

germ

cells M^m cells
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The four arrows in the diagram represent the four possible combinations

of germ cells. Probability of occurrence is the same for all four combina-

tions. Two combinations result in MM offspring, two in Mm offspring.

Thus the chance that the first offspring will be MM is 14, and the chance

that the second offspring will be MM is also 14 • Hence, the chance that

both of two offspring will be MM is Yj, % or M- But if both the offspring

are MM, an event of great significance has transpired: the m gene has

been irrevocably lost. The population will revert to its original all-MM

constitution and remain so until such time as a fresh mutation from M to

m occurs. We note, moreover, that the chance of losing a mutation in this

way is not a small one; it is one chance in four, or 25 percent.

But what other constitutions may the two offspring possess? The chance

that the first offspring will be Mm is K, the chance that the second off-

spring will be Mm is also %. Thus the chance that both of the two will

be Mm is V2 ' V2 ^"^ V-i- It is to be noted that in this case the number of

m genes is doubled; the parents, only one of which possessed the m gene,

have been replaced by two offspring both of which possess the gene.

The chance that the first offspring will be MM is ^/^^ the chance that the

second will be Mm is H. Hence, the chance that the two will have the

designated respective constitutions is U • V. or ^4 • Finally, the chance that

the first offspring will be Mm is ^{>, the chance that the second will be

MM is v., the chance for the combination being ^/2 • % or i/4- Thus the

chance that either one of the two offspring will be MM and the other Mm
is % + ^/4 or y.2- These combinations represent retainment of the status

quo: the parents, MM X Mm, are merely replaced by two offspring having

the same constitutions as themselves. The frequency of the m gene has

neither increased nor decreased.

In sum, we find that, owing to the operation of chance in the reproduc-

tion of a relatively stationary population, we may expect "new" mutations

to be lost from the population about 25 percent of the time, to be doubled

in frequency about 25 percent of the time, and to remain unchanged in

frequency about 50 percent of the time.

Suppose we assume that the second possibility is the one which occurs

—

that the parents are replaced by two offspring, both Mm in constitution. If

these two are of opposite sex, they may mate together, thus making pos-

sible the actual appearance of gray offspring, as diagramed above (p.

438). But the chances of their mating together are not large; if they do

not do so they obviously must mate with MM individuals. The result

would be two matings like those of the original parents:
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Original parents MM X Mm
/ \

1st frencration MM X Mm Mm X MM
In the case of each of these first-generation matings the chances with re-

gard to two offspring are the same as they were for the original parents.

Both may be MM (the m gene being lost as far as that mating is con-

cerned); both may be Mm (the frequency of the m gene being doubled);

one may be MM, the other Mm (the frequency of the m gene remaining

unchanged).

For the sake of illustration, let us suppose that the second possibility ma-

terializes in both cases, that the offspring from each mating are both Mm.

Orijjinal parents



442 INTRODUCTION TO EVOLUTION

had become fixed. When fixation occurs the drift becomes irreversible, but

at any point before fixation is reached reversal of drift may occur.

A model to illustrate the operation of "drift" was constructed by

Dubinin and Romaschoflf (described in Dobzhansky, 1941, p. 162). In this

model the gene pool was represented by 100 marbles in a bowl. Each mar-

ble bore a different number. In order to simulate the loss of 25 percent of

the mutant genes described above (p. 440) the investigators discarded

from the bowl twenty-five marbles, taken at random. In order to simulate

the doubling in frequency of 25 percent of the mutant genes (p. 440) they

withdrew twenty-five more marbles at random and then replaced them,

accompanying each marble by a second one bearing the same number. In

this way the total number of marbles remained 100, but 25 percent of the

numbers designating individual marbles were lost, and 25 percent of the

designating numbers were doubled in frequency. This procedure repre-

sented the action of chance in the production of one generation of off-

spring. The process was then repeated time after time. As the "genera-

tions" passed it was found that fewer and fewer different numbers

remained in the bowl, until finally all 100 marbles came to bear the same

number. This culmination was reached in from 108 to 465 "generations,"

in different experiments.

In order to demonstrate the influence of size of population upon drift

Dubinin and Romaschoff repeated the experiment with a gene pool con-

sisting of but 10 marbles. In this case "homozygosis" (all marbles having

one number) was attained much more rapidly than it was in the larger

gene pool, only fourteen to fifty-one "generations" being required. This

observation emphasizes the point that drift is primarily a phenomenon

characteristic of small breeding populations.

Instructive as is the model just described, the present author felt that a

model mimicking more closely the actual conditions of bisexual reproduc-

tion might have enhanced value. He also wished to avoid the artificial reg-

ularity imposed by discarding 25 percent of a gene pool, and doubling

another 25 percent, at each generation. Accordingly, he devised a simple

model in which chance was free to operate in two phenomena at each

generation: (1) in arranging of matings and (2) in production of off'spring

from these matings (Moody, 1947). In the model, individuals were repre-

sented by pairs of beads tied together; two red beads stood for a homo-

zygous dominant individual (MM); two blue beads for a homozygous re-

cessive (mm); a pair consisting of one red and one blue bead represented

a heterozygous individual (Mm).

The model began with a small population conforming to the Hardy-
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Weinberg equilibrium; 3MM : 6Mm : 3mm. To represent them, three pairs

of red beads, six pairs consisting of one red and one blue bead, and three

pairs of blue beads were placed in a box and thoroughly mixed. Then the

pairs were withdrawn at random, two at a time. Two pairs withdrawn to-

gether constituted a "mating," arranged at random. The "matings" actu-

ally obtained at one trial were: MM X Mm; MM X mm; MM X Mm;
Mm X Mm; Mm X mm; Mm x mm (Fig. 19.1).

ConstituHons of the "poiren1-s"

"Matings" of "poirenfs" determined by choince'

^O ^xc2) ^xC) C)xC) C)x(23 C)x(£)

"Offspring," two to each "moiting," determined by chance

A A A A A A^ ^ «3C) ^€) €)C2D #DC) «DC)
FIG. 19.1. Model of genetic drift, employing red and blue beads. Production of one

"generation" only is shown. "Matings" of "parents" occurred by chance. Chance also

determined the nature of the two "offspring" resulting from each "mating."

Then chance was allowed to operate in determining the two offspring to

arise from each "mating." For example, from the Mm x mm "mating" two

types of offspring are possible. Mm and mm. The mm parent must con-

tribute an m gene; this could be coupled with either an M gene or an m
gene from the Mm parent. To permit chance to operate in deciding

whether in each case the latter would contribute M or m, a bowl contain-

ing equal numbers of red and blue beads was used. One bead was with-

drawn from the bowl at random; if the bead was red, that meant that the

Mf7i parent contributed an M gene (and the offspring was therefore Mm);
if the bead was blue, that meant that the Mm parent contributed an m
gene (and the offspring was therefore mm). This drawing was done twice,

once for each of the two "offspring." The bowl of beads was used in the

same way to determine the contribution of a heterozygous parent in the

other matings listed. When both parents were heterozygous, as in the fourth

"mating" listed, two beads were withdrawn from the bowl at a time, since

both parents might contribute either an M (red bead) or an m (blue

bead), the offspring being either MM (two red beads), Mm (one red
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and one blue bead) or nun (two blue beads). In "matings" like the second

listed, in which both parents were homozygous, the offspring must neces-

sarily both be of one constitution {Mm, in this instance); hence, no draw-

ing of beads was needed.

In an actual experiment the offspring derived from the "matings" listed

above gave the following totals: \MM, lOMm, \mm (Fig. 19.1).

The process was then repeated to produce a second generation. One

pair of red beads, ten pairs consisting of one red bead and one blue bead,

and one pair of blue beads were put in the box, mixed, and withdrawn

at random, two pairs at a time. Thus "matings" were arranged by chance.

Then the two offspring from each "mating" were determined, using the

bowl of red and blue beads as described above.

The process was repeated "generation" after "generation." Sometimes

the number of blue beads increased, sometimes the number of red beads

did so. Sometimes beads of one color almost disappeared, the population

coming to consist of 1 \MM and \Mm individuals. Then there would be a

"rally" on the part of the m genes, which became more numerous again.

The model demonstrated the tenacity with which the laws of probability

expressed in the Hardy-Weinberg formula tend to maintain equilibrium

even in such a tiny "population." Yet eventually "drift" won out, and one

gene was entirely lost. The first time the experiment was tried, fixation of

one gene did not occur until the 134th generation; members of that genera-

tion were all MM (12 pairs of red beads ) . That the large number of gen-

erations was of no real significance, however, was attested by another run-

ning of the experiment in which the same result was achieved in seventeen

generations. These results are given in the accompanying table, study of

which will make clear that complete elimination of the blue beads might

easily have occurred in even fewer generations.

What has genetic drift to do with evolution? As noted previously (p.

350), it affords a means by which inherited characteristics can become es-

tabhshed in a population without regard to their usefulness. When the size

of the population is small some genes may be lost or reduced in fre-

quency by chance, others may be increased in frequency by chance. Thus

the nature of the population is changed without involving the matter of

usefulness. In our discussion of classification (Chap. 14) we noted that

the structural differences between species, and especially those between

subspecies, are frequently small. Commonly, also, these differences do not

seem to be of importance to their possessors. What difference does it

make to a mouse whether the margins of its dorsal tail stripe are clearly

drawn or indistinct (see p. 316)? Genetic drift affords a means by which
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Table 19. 1. Results of One Deiiionstriilion

of the Genetic Drift Model

Generation
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territory within which an individual is likely to secure a mate is still fur-

ther restricted.

We should also note that many species of animals pass through "botde-

necks" in their yearly life cycles. Among insects, especially, winter is likely

to constitute a bottleneck. In a given region there may be thousands of

individuals of a certain species throughout the summer, yet only a rela-

tively few may survive the winter to become progenitors of the next sum-

mer's population. If the few which survive the winter happen to possess

some genetic characteristic in greater frequency than the general popula-

tion of the preceding summer did, the population of the second summer

may differ considerably from that of the first summer. Thus Spencer (1947)

found that the fruit flies, Drosophila, of a certain small community pos-

sessed an unusual frequency of a recessive mutation named "stubble," af-

fecting the length of bristles. In these flies great seasonal fluctuations in

number of individuals occur, the parents of a given summer population

consisting of a few individuals who succeed in surviving the winter indoors.

Since the "stubble" gene seems not to be of significance in the lives of the

flies, the explanation for its having attained a considerable frequency of

occurrence in this particular locality seems to be genetic drift. By chance,

an unusual proportion of the few individuals surviving a winter possessed

the "stubble" gene; hence the gene occurred with increased frequency

among their offspring, the next summer's population.

In somewhat similar manner an "error of sampling" may occur when,

through migration, a small group from a large population establishes a sub-

population in a new locality. The "founders" of the new population may

not be entirely typical of the large population from which they came. Sup-

pose, for example, that a large population has in its gene pool equal num-

bers of genes M and m (i.e., p — 0.5 and ^ = 0.5; p. 432). As we noted

previously, such a population would be expected to consist of y^MM in-

dividuals, y^Mm individuals, and y^mm individuals. Now if ten members

of this population migrate to an island, these founders of the island popu-

lation may, by chance, not exhibit that 1:2:1 ratio. Perhaps five wifl be

MM, four will be Mm, and one will be mm—or any other chance combi-

nation you can imagine. In the extreme case all ten might be MM (or,

alternatively, mm), in which case the island population descended from

the ten individuals would lack completely one of the genes under consider-

ation. In this manner the gene pool of the island population might be very

different from the gene pool of the population from which the founders

came. This founder principle, as it is called, may help to explain how small,

isolated populations have come to possess the unusual characteristics
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they sometimes exhibit, as compared to characteristics shown by large

populations of their relatives, and how large populations descended from

a few immigrants may differ from the population from which the immi-

grants came (Mayr, 1954; Sheppard, 1960).

Genetic Drift and Natural Selection

We have noted that chance may lead to increased frequency of occur-

rence of a gene, without regard to usefulness. In this connection it is only

fair to state that differences of opinion exist as to the importance of ge-

netic drift in producing the variations in gene frequency actually found in

small populations, and especially as to the importance of drift in giving

rise to the first steps in evolutionary change. Some investigators conclude

that the differences between even small populations arise through the ac-

tion of natural selection rather than through the action of chance in ge-

netic drift.

This point of view was set forth by Ford (1949), who described the

spread of a gene through an isolated population of moths. In 1928 the fre-

quency of the gene was 1 .2 percent; by 1939 it had risen to 9.2 percent, and

in 1940 to 11.1 percent, after which it fluctuated between 6.8 and 4.3 per-

cent. The isolated population fluctuated in numbers between 1000 and not

over 8000, but the fluctuations in population size did not afl'ect the fre-

quency of the mutant gene under study. Ford concluded, "It has been pos-

sible to show that the chances are less than one in a hundred that the ob-

served variations in the gene-ratio could be produced by random survival,

indicating that they must be due to the influence of selection, varying in

direction and intensity from year to year. This is the first time that these

alternatives have been studied experimentally, and the result gives no

support to the view that random survival plays a significant part in evolu-

tion in populations of 1000 individuals or more." Furthermore, he feels

that populations of smaller size than this are not permanent, are particu-

larly liable to extinction, and hence are not likely to contribute signifi-

cantly to evolution.

Doubtless the conditions of effective population size vary from animal

to animal; an effectively small population of butterflies may not have the

same size range, in absolute numbers, as an effectively small population

of mice, for example. Extremely small populations are sometimes re-

corded. Thus Miller (1950) recorded a unique dwarf species of fish con-

fined entirely to a single hot-spring hole in Death Valley. "Since every fish

is in view at one time, reliable estimates of the total population are possi-
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ble. The number of individuals of this species fluctuates between about 50

and 400. At times the minimum efi'ective breeding population may thus fall

below 50 individuals. No doubt the Sewall Wright effect has been a very

significant factor in the evolution of this remarkable species, which is one

of the most distinctive in the genus." (We suffer from a plethora of terms;

"random variation of gene frequency," "genetic drift," "random survival,"

"Sewall Wright effect" all refer to the same phenomenon.) This example

is an extreme one in that evolution has proceeded so far that the inhab-

itants of this spring are regarded as constituting a distinct species. It is not

certain that the effective breeding population is abnormally small, how-

ever. We should note in this connection that the number of individuals

of importance to genetic drift is not the total number in the population

but only the portion of the latter which actually contribute genes to the

next generation. Immature, sterile, aged, and infirm individuals are not

part of the "effective breeding population." Furthermore, in many species

the effective breeding population is restricted in size during certain seasons

of the year, particularly, in the Temperate Zone, during the winter. It is

this minimum size of effective breeding population which is important in

determining the occurrence of random variations in gene frequency.

Elementary students are frequently dismayed by what seem to them

flat contradictions, such as those contained in this discussion of genetic

drift. We should realize, however, that such differences of opinion are in-

evitable in a growing science. It behooves us not to be dogmatic in the

present state of knowledge. We know too little about the genetic constitu-

tions of animals and the varied effects of single genes, about the size of

effective breeding populations actually found in nature, about the effec-

tiveness and action of barriers, and particularly about the relationships of

animals to their environments, i.e., the ecology of animals. Evolution does

not occur in a vacuum. The animal is an integral part of a community of

plants and animals played upon by a variety of inanimate environmental

factors: temperature, humidity, climate, seasonal changes, nature of the

soil, and so on. Until all these animate and inanimate factors in the en-

vironment of an animal are understood we cannot have a complete pic-

ture of the demands-of-life faced by that animal, and hence of the oppor-

tunities for operation of natural selection. We have intimated (p. 324) that

in the case of wood lots three miles apart it is difficult to imagine en-

vironmental differences sufficient to give rise, through natural selection,

to the observed differences in mouse inhabitants. That is true, but there

are many environmental factors involved which are yet unanalyzed.

Also, recent experiments in natural selection (pp. 460-464), give evi-
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dence of the subtlety and rapidity with which natural selection can,

upon occasion, operate. We remember, too, that genes producing structural

changes may also affect viability, that the latter effect may be of impor-

tance even if the structural change is not (pp. 452-455), and that the ge-

netics of most wild animals is almost totally unknown. AH these and

other unanswered questions should make us wary of dogmatic statements

that natural selection is not, or cannot be, the basis of some particular

observed chanoe.

Perhaps we shall be nearest the truth if we think of genetic drift and

natural selection as partners in producing the varied gene combinations ob-

served to arise in isolated subpopulations. Whether or not chance may be

operative in determining gene frequencies in the early stages of evolution-

ary change, everyone will agree that upon its usefulness will depend the

final fate of the gene as a contributor to evolution. As Wright ( 1 948 ) has

stated it: "Nonadaptive differentiation is obviously significant only as it

ultimately creates adaptive differences."

References and Suggested Readings

Dobzhansky, Th. Genetics and the Origin of Species, 2nd and 3rd eds. New
York: Columbia University Press, 1941 and 1951.

Dobzhansky, Th. "Mendelian populations and their evolution," American

Naturalist. 84 (1950) , 401-41 8.

Ford, E. B. "Early stages in allopatric speciation." In G. L. Jepsen. E. Mayr, and

G. G. Simpson (eds.). Genetics, Paleontology, and Evolution. Princeton:

Princeton University Press, 1949. Pp. 309-3 14.

Mayr, E. "Change of genetic environment and evolution." In J. Huxley, A. C.

Hardy, and E. B. Ford (eds.). Evolution as a Process. London: Allen & Un-
winLtd., 1954. Pp. 157-180.

Miller, R. R. "Speciation in lishes of the genera Cyprinodon and Empetrichthys,

inhabiting the Death Valley region," Evolution, 4 ( 1950), 155-163.

Moody, P. A. "A simple model of 'drift" in small populations," Evolution,

1 (1947), 217-218.

Sheppard, P. M. Natural Selection and Heredity. New York: Harper & Broth-

ers. Torchbook 528, 1960.

Spencer, W. P. "Genetic drift in a population of Drosophila inuiiigrans," Evolu-

tion, 1 (1947), 103-110.

Wright, S. "Evolution in Mendelian populations," Genetics, 16 ( 1931 ), 97-159.

(Contains the mathematical background of much of modern evolutionary

theory.)

Wright, S. "On the roles of directed and random changes in gene frequency in

the genetics of populations,"" Evolution, 2 (1948), 279-294.



CHAPTER 20

NATURAL SELECTION: I

In the preceding chapter we emphasized the point that

populations have a tendency to remain in genetic equihbrium but that var-

ious forces tend to upset this equihbrium. Of these forces we discussed

mutation pressure and genetic drift, saving for later consideration the most

potent force of all: natural selection. In Chapters 2 and 15 we discussed

the general principles of natural selection, and in Chapter 16 we saw ex-

amples of it at work in a state of nature. Now we turn our attention to

some of the factors involved in natural selection and some of the ways in

which it operates to produce evolutionary change.

MUTATIONS AS RAW MATERIALS
FOR NATURAL SELECTION

Let us look more critically at mutations and ask

whether they really possess the qualifications for the important role as-

signed them in the modern theory of natural selection.

Critics of the idea have emphasized the point that most of the mutations

we study in our laboratories are harmful, not beneficial. The multitudi-

nous mutations to which students of genetics in Drosophila devote them-

selves are almost all of the nature of abnormalities and malformations.

Even when no marked structural abnormality is involved, mutations fre-

quently reduce the viability, or fertility, of their possessors. Since, as we

have noted (p. 355), the leaving of disproportionately large numbers of

ofl'spring is the principal hallmark of success, reduced viability and fertil-

ity are at least as detrimental as are malformations of structure.

Nevertheless the fact that not all mutations are harmful is emphasized

by the increasing use man makes of mutations to improve cultivated

450
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plants. In this case mutations are induced by subjecting plants to irradia-

tion, such as that from X rays, radioactive cobah, and even ultraviolet

light. Some of the mutations obtained have resulted in barley having in-

creased stiffness of the straw ( Gustafsson, 1 947 ) ;
penicillin-producing mold

giving greatly increased yields of antibiotic (Raper, 1947); wheat having

increased resistance to rust; peanuts having thicker shells and higher yields

than usual; and many other things. (For a popular account see Manches-

ter, 1958.) In a state of nature such mutations might be expected to occur,

though infrequently. When they did occur, however, if they afforded some

advantage to their possessors we might expect natural selection to favor

them much as man does when he selects them for propagation.

In Chapter 17 we mentioned the strains of housetlies that have become

resistant to the insecticide DDT, and the strains of the colon bacillus,

Escherichia coli, that have become resistant to streptomycin (Demerec,

1950). When this antibiotic is added to a culture of E. coli most of the bac-

teria are killed. But on the average one cell in many million has a muta-

tion which enables it to survive, and hence to give rise to a streptomycin-

resistant strain. Indeed, some of these mutations produce strains which

cannot Hve in the absence of streptomycin; they have become streptomy-

cin-dependent. It has been demonstrated that the mutations occur spon-

taneously and not because of the streptomycin treatment. The streptomy-

cin simply acts as an agent of natural selection favoring the rare cells

which possess what, under these circumstances, has become a favorable

mutation. Note that under most circumstances in a state of nature a mu-

tation causing a bacterium to be dependent upon streptomycin would be

a most unfavorable mutation. This points up the fact that circumstances

determine in many cases whether a mutation is harmful or beneficial to its

possessor (see below).

As Dobzhansky and others have pointed out, the fact that great num-

bers of the mutations we observe today are deleterious is the outcome of

the historical process of evolution. We mentioned previously that a given

mutation occurs "spontaneously" at a rather constant, though low, rate.

There is no reason to doubt that this has been going on throughout geo-

logic time. Each mutation has "popped up" time after time as the eons

have passed. Consequently, the favorable mutations have for the most part

long since been incorporated into the structure of the species. The "nor-

mal" characteristics which we observe today are the accumulated favor-

able mutations of past ages; natural selection has incorporated them into

the warp and woof of the species. But the deleterious mutations have also

put in an appearance time after time. Since they are deleterious, however,



452 INTRODUCTION TO EVOLUTION

they have been rejected by natural selection every time they have ap-

peared. But owing to the mutability of the genes they still continue to

appear from time to time. Consequently they are the mutations which come

to the attention of modern observers—the deviations from normal, "nor-

mal" being comprised of the sum of favorable mutations accumulated in

the past.

If the point of view just expressed is valid, we should seldom expect to

observe favorable mutations in modern animals which are truly successful

in their particular environmental niches. They are successful because they

already incorporate most, if not all, the favorable mutations of which their

genes are capable. If we really wish to observe favorable mutations, our

search should follow two lines: (1) We should examine animals placed in

conditions to which they have not been adapted by the historical process

of evolution. (2) We should study animals which are not well adapted for

life in their environments, i.e., which are not at their "adaptive peaks."

Turning to the first line of approach, we may expect that mutations

which are deleterious in some environmental conditions may not neces-

sarily be so under all conditions. We have noted the mutations of E. coli

which are unfavorable in an environment lacking streptomycin, but are fa-

vorable in an environment containing streptomycin. We have mentioned

that many of the mutations of Drosophila reduce the viability of the indi-

viduals exhibiting them. Timofeeff-Ressovsky (1940) investigated the vi-

ability of a number of mutations, using hatching rate of eggs as a yard-

stick. He found that when the flies were raised at a temperature of 25° C.

most of the mutations lowered the viability, though two increased the

viability slightly. Furthermore the viability varied with changes in tempera-

ture. One mutation gave above-normal viability in flies raised at 25° but

slightly below normal viability at 15° and 30°. Another mutation gave

slightly subnormal viability at 15° and much more markedly lower viabili-

ties at the higher temperatures. A third mutation showed just the reverse

relationships: poor viability at 15°, better at 25°, almost normal at 30°.

Such results demonstrate that environmental factors are influential in de-

termining whether a given mutation shall be harmful or beneficial to its

possessor.

As yet only a few instances are known of mutations that increase via-

bility of Drosophila above that of normal, wild-type individuals. Perhaps

one reason for lack of data on this point is that the appropriate tests have

not been made, and the appropriate environmental factors have not been

detected and then varied. Such data as we have, however, indicate that

mutations which are deleterious under some conditions may be neutral or
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beneficial under others. If the climate should change, so that Drosophila

flies in a certain region must exist, for example, under more elevated tem-

peratures than prevail today, some of the mutations and gene combina-

tions which are now deleterious might then become beneficial and might

consequently be favored by natural selection. In the course of time the mu-

tation conferring increased viability at high temperatures might be incor-

porated into the population as "standard equipment."

Or suppose the presently prevailing temperature conditions do not

change. Individuals possessing a chromosomal structure conveying in-

creased viability at high temperatures are preadapted (see p. 13) for inva-

sion of environments having higher temperatures than the general popula-

tion could tolerate. Some such preadaptive mutations must have been

involved, for example, in the successful invasion of hot springs, such as

those in Yellowstone National Park, by animals and plants now found

living in them. Mutations conferring increased viability at low tempera-

tures would correspondingly preadapt their possessors for invasion of

colder environmental niches than the niche to which the general popula-

tion is adapted. In correspondence with this thought, Timofeeff-Ressovsky

( 1940) found that flies of Drosophila jimebris from southern Europe have

greater viability at high temperatures and lower viability at low tempera-

tures than do flies from northwestern Europe. Equally interesting were

flies from eastern Europe and neighboring sections of Asia; these flies

have greater viability at both high and low temperatures than do flies

from northwestern Europe, viability at intermediate temperatures being

the same (Fig. 20.1 ). This observation correlates well with the fact that

eastern Europe and adjoining portions of Asia have higher summer tem-

peratures and lower winter temperatures than does northwestern Europe.

Thus flies inhabiting the eastern regions must be adapted to withstand

both extremes instead of only one.

We mentioned previously (p. 351) that many, if not most, mutations

have more than one effect on the organism. One of these efl'ects is fre-

quently a change in viability, and it is often of more importance to the

orsanism than are eflfects more noticeable to observers. Thus the success

of a mutation in becoming established in a population may depend upon

the mutation's efl'cct on viability, the visible bodily changes involved be-

ing more or less incidental accompaniments. We mention this matter be-

cause it helps to explain how characteristics of no evident significance to

an animal may nevertheless become established in the species. To give

a hypothetical example: If a certain mutation changed the color of an in-

sect's eyes from red to black and increased viability at low temperatures,
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FIG. 20.1. Approximate distribution of three "temperature races" of Drosophila funebris.

Solid line (+ 20°) is the isotherm of July; dashed line (— 5°) is the isotherm of January;

dotted line (±25°) is the isoline of a difference of 25°C. between the mean temperatures

of July and January. (After TimofeefF-Ressovsky; from Allee, Emerson, Park, Park, and

Schmidt, Principles of Animal Ecology, W. B. Saunders Company, 1 949, p. 1 1 7.)

it might eventually be found that mountaintops in the region were inhab-

ited by a black-eyed race of the insect. Such a race would have arisen, not

because there was any advantage in being black eyed, but because there

was advantage for a mountain dweller in having increased viability at low

temperatures.

The second line of investigation likely to yield evidence of favorable

mutations involves study of animals not already at their "adaptive peaks."

We shall seldom find such relatively poorly adapted animals living in a

state of nature. Natural selection will have seen to that. But we can pro-

duce such animals experimentally, and then observe what natural selec-

tion does to them. Dobzhansky and Spassky (1947) produced popula-

tions of this kind in the form of stocks of Drosophila homozygous for one

or another of certain chromosomes known to contain recessive genes or

gene complexes which reduced viability and produced other deleterious

effects. Homozygotes for one such chromosome (designated PA748) had

very low viability, were slow in developing to the adult stage, and had
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small, crumpled wings, elongated, cylindrical abdomens, and sometimes

short and crooked legs. Obviously these flies were far below their "adap-

tive peak." Stocks of flies homozygous for this chromosome were estab-

lished in culture bottles and raised generation after generation. The cul-

ture bottles became overcrowded and were deliberately kept that way to

provide a restrictive factor making for natural selection. In the later gen-

erations of the experiment natural selection was further abetted by keep-

ing the cultures at a temperature high enough to be deleterious. From time

to time, as the generations passed, flies were removed and the PA748 chro-

mosomes they carried were tested to determine whether there had been

any improvement in the genes present. It was found that by the tenth gen-

eration viability had clearly improved and that by the fiftieth generation

it was almost normal. Improvement in the speed of development from egg

to adult occurred more slowly, but at some time between the thirty-eighth

and fiftieth generations it had become normal. (We recall that rate of

development may constitute an important factor in the relative success of

a species. See p. 357.) By the fiftieth generation, also, the wings and legs

had become normal, though the elongated, cylindrical abdomen had re-

mained unchanged. Evidently appropriate mutations for rectifying the ab-

normalities of the abdomen had not occurred.

All told, Dobzhansky and Spassky performed this experiment with

strains of flies homozygous for seven different chromosomes having dele-

terious effects. Of each strain two stocks were established: one received

X-ray treatment; the other was left untreated. It was thought that the

radiation might increase the rate at which mutations occurred and hence

the rate of evolutionary change. The X-ray treatments seemed to have

no particular advantageous effect, however. Ten of the fourteen experi-

mental stocks showed improvements in the genetic contents of the re-

spective chromosomes concerned. Three stocks remained unchanged as

the generations passed, and one actually deteriorated. This is exactly the

sort of result which would be expected if improvement depended upon the

chance occurrence of suitable mutations for natural selection to act upon.

The results in terms of viability alone are summarized in Fig. 20.2. It

will be noted that eleven of the stocks improved in viability—some very

markedly, some only slightly. Two stocks declined slightly in viability; one

remained unchanged.

Parallel with the stocks just mentioned the authors kept "balanced

strains" in which the chromosomes under study were "protected" from the

action of natural selection by the presence of normal genes in the other

chromosome of the pair. Of the chromosomes possessed by these stocks six
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remained unchanged or improved slightly, while eight deteriorated mark-

edly. Six of the latter chromosomes eventually came to possess lethal genes

or gene combinations.

Evidently in the balanced strains, as in the homozygous ones, both ad-

vantageous and harmful mutations occurred. In the homozygous strains

the deleterious mutations were "weeded out" by the action of natural

selection, which at the same time favored individuals possessed of favor-

120 r

PA 748 PA 784- KA AA955 AA1055 AAll05 PA 851

FIG. 20.2. Viability of seven strains of fruit flies before and after fifty generations of

homozygosis for deleterious genes. Black columns: initial viability before start of the

experiments. White columns: viability of homozygous untreated stocks after fifty gen-

erations. Shaded columns: viability of homozygous X-ray-treated stocks after fifty gen-

erations. Vertical axis: percentages of viability, relative to normal viability. (Redrov/n

from Dobzhansky and Spassky, "Evolutionary changes in laboratory cultures of Dro-

sophila pseudoobscura," Evolution, Vol. 1, 1947.)

able mutations. In the balanced strains, however, since natural selection

did not operate, deleterious mutations, including lethal ones, could become

established.

We have placed emphasis upon this investigation because it affords a

particularly instructive example of natural selection operating under ex-

perimental conditions. We might wish that the individual genes whose

mutation resulted in the improvements recorded could have been identi-

fied. But that would have entailed a colossal task. As it is, few readers
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probably have any conception of the magnitude of the investigation we

have summarized so briefly. The authors state that 410,784 flies were classi-

fied and recorded! And those must have constituted but a small fraction of

the total number of flies raised. While we may not be able to "put a fin-

ger on" the individual mutations whose occurrence led to the improve-

ments cited, we cannot doubt that such favorable mutations occurred,

and that natural selection utilized them for the improvement of the strains.

THE ROLE OF H ET E R OZ YGOT ES

Slightly dift'ering experiments in natural selection have

revealed the importance of heterozygotes in evolution. Pioneer experimenta-

tion in this field was that of L'Heritier and Teissier (1937), who designed

a type of cage for rearing Drosophila which made possible the maintenance

of a large population over an extended period of time. Experiments began

with populations of around 4000 individuals, all of which possessed a cer-

tain mutation. A few normal, "wild-type" flies were then introduced into

the cage. Thus competition was established between normal individuals and

individuals possessing a mutation. Nature was allowed to take its course

as time passed and generation followed generation.

In some experiments the flies originally present possessed a malforma-

tion of the shape of the eye, called "bar eye." The population was "in-

fected" by addition of a few normal flies. At first the population was prac-

tically 100 percent bar eyed. But in the ensuing competition the proportion

of bar-eyed flies declined (Fig. 20.3). At first the decline was rapid, but

as the number of bar-eyed flies decreased the rate of decline lessened. By

the end of 235 days, in one experiment, bar-eyed individuals constituted

only about 28 percent of the population, the remaining 72 percent being

normal eyed. By the end of 426 days the bar-eyed flies constituted only

about 1 percent of the population. They continued at or below this very

low frequency as long as the experiment lasted. Here is another example of

natural selection operating under experimental conditions. In this case the

bar-eyed flies were clearly less well adapted than were normal flies and

hence lost out almost completely in competition with the latter.

Another mutation in Drosophila is "ebony," the most evident eff'ect of

which is darkening of the body color, from the normal gray. L'Heritier

and Teissier performed the same experiment starting with ebony flies. As

shown in Fig. 20.3, the proportion of ebony flies declined rapidly at first;

by the 235th day it had reached about 28 percent, the remaining 72 percent

consisting of normal flies. But the further course of the experiment dift'ered
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from that in which bar-eyed flies were in competition with normal ones.

Instead of almost disappearing, ebony flies continued to constitute around

15 percent of the population as long as the experiment continued; i.e., an

equilibrium of about 85 percent normal flies and 15 percent ebony flies was

established. Why was there this difference between the two experiments?

Why did not the ebony flies disappear almost completely, as the bar-eyed

ones had? Evidently the normal flies were more efficient or better

200 300 400
TIME IN DAYS

FIG. 20.3. Natural selection operating in (1) competition between normal fruit flies and

bar-eyed ones (dashed line) and (2) competition between normal fruit flies and ebony

flies (solid line). (Based on data of L'Heritier and Teissier, 1937.)

adapted than were the ebony ones. Yet after the initial decline ebony in-

dividuals continued to form a substantial "minority group."

Since "ebony" is a recessive mutation, all flies actually exhibiting this

darkened body color are homozygous for the recessive gene, i.e., are ee

in genetic constitution. Evidently such flies were at a disadvantage in com-

petition with normal flies. Many of the homozygous recessive individuals

(ee) which appeared in any generation, however, were the offspring, not

of homozygous recessive parents, but of heterozygous parents {Ee). It will

be recafled that when two such parents mate {Ee X Ee) one-fourth of

their offspring are expected to be homozygous recessive {ee). It seems

likely, then, that ebony flies continued to appear generation after gen-
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eration because they continually arose from heterozygous parents. The

latter did not exhibit the ebony trait in their own bodies, although they

carried the recessive gene for it. Evidently these heterozygous parents

{Ee) were at no disadvantage in the competition, as compared to homo-

zygous normal parents (EE). Indeed, there is evidence that heterozygotes

had one advantage over homozygous normal individuals. In an independ-

ent investigation Timofeeff-Ressovsky found that, while homozygous

ebony flies had lower viability than did homozygous normal flies, individ-

uals heterozygous for the ebony gene had actually higher viability than

did homozygous normal flies. This phenomenon is probably a form of

"hybrid vigor" (heterosis), by virtue of which hybrids are frequently

larger, stronger, and more vigorous than are purebred strains. The hybrid

corn so prevalent on modern farms is a familiar example of hybrid vigor,

as is the mule, which possesses some superiorities over either of its parents,

the horse and the donkey.

In sum, we see that in the experiment involving competition between

ebony and normal flies both negative and positive natural selection (p.

357) were at work. Negative selection tended to eliminate the homozy-

gous recessives, i.e., the ebony flies. Positive selection tended to increase

the proportion of heterozygous flies. The result of the opposing forces was

eventual establishment of an equilibrium at a point at which the strength

of the negative selection against recessive homozygotes equaled the

strength of the positive selection favoring heterozygotes. In the experi-

ment cited, the equilibrium was reached when about 85 percent of the flies

had normal color (some being homozygous, some heterozygous), and 15

percent had ebony color. In each generation this 1 5 percent of ebony flies

arose largely as a "by-product" of the matings of the favored heterozygous

flies.

Experiments corroborating the one just described were performed by

Reed and Reed (1948). Instead of concentrating on a single mutant gene,

these authors used a strain containing a chromosomal constitution which

conferred semisterflity and poor viability, amounting almost to lethality.

Obviously, flies homozygous for this M-5 chromosome were at an enor-

mous disadvantage. When flies possessing this chromosome were placed in

competition with substantially normal flies the proportion of individuals

having the chromosome declined with great rapidity. By the end of two

months natural selection had completed its main task, and approximate

equilibrium had been reached. Although the chromosome in question

conferred such great disadvantage upon flies homozygous for it, it was

not eliminated from the population. Retention was due to the fact that flies



460 INTRODUCTION TO EVOLUTION

heterozygous for the chromosome were actually more successful than were

homozygous "normal" flies.

A comparable situation was found to exist in populations of Drosophila

pseudoobscura studied by Dobzhansky (1947, 1950). As background for

understanding of this study, it is necessary to recall that genes are ar-

ranged in a straight line down the length of a chromosome (a string of

beads is a useful analogy if not applied too literally). No one has yet seen

the genes, but there are ways of determining their locations relative to

each other. Within recent years the value for genetic studies of the rela-

tively huge chromosomes found in the cells of the salivary glands of

Drosophila larvae has been appreciated. These "giant chromosomes" are

characterized by an arrangement of cross-banding so varied in configura-

tion and arrangement of bands that each portion of each chromosome is

identifiable under the microscope. Furthermore, investigations, description

of which is outside the province of this book, have revealed that certain

bands are associated with the presence of certain genes. This is not to say

that the bands are the genes, but merely that the sequence in which the

bands occur along the chromosome may be taken as visual indication of

the sequence in which the genes occur in that chromosome. In the cells of

Drosophila there are four pairs of chromosomes; these are numbered for

convenience, one of the larger pairs being referred to as the third chro-

mosomes. In the investigation mentioned, Dobzhansky concentrated atten-

tion on the third chromosome of Drosophila pseudoobscura. He found that

in some individuals the bands, and hence the genes, on this chromosome

were arranged in one sequence, in other individuals in other sequences.

Inversions of longer or shorter sections of the chromosome were frequent.

For example, if we represent bands, or genes, by letters, we might have

a chromosome with the structure A BCDEFGHIJ. This might be

called the "standard" arrangement and be found in some individuals of a

race or species. Some other individuals might have the same genes in this

chromosome but have them arranged differently: the section C D E F
might be turned around, inverted, perhaps. Then the whole chromosome

would have the sequence: ABFEDCGHIJ. If both members of

this pair of chromosomes in an individual had the inverted arrangement,

the individual would be called an "inversion homozygote." If the individ-

ual possessed one uninverted or "standard" chromosome and one inverted

chromosome, that individual would be termed an "inversion heterozy-

gote."

In the third chromosome of Drosophila pseudoobscura at least twenty-

one different gene sequences have been identified. Not all of these are
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possessed by individuals in any one portion of the range covered by the

species. There are, however, definite geographic trends in the distributions

of the arrangements, some arrangements being common in one locaUty,

rare in another.

In one locahty, Piiion Flats, on Mount San Jacinto in southern Cali-

fornia, four such arrangements are found. They are identified by the

symbols ST, CH, AR, and TL, the meanings of which need not concern

us. The point of particular interest at present is that the relative frequen-

cies of these arrangements fluctuate with the seasons. As shown in Fig.

20.4, in March of each year about

52 percent of the chromosomes

found in these flies are ST chromo-

somes, about 23 percent are CH
ones, about 18 percent AR, and

about 7 percent TL. As the spring

progresses these frequencies

change for the first three men-

tioned, while the frequency of the

TL chromosome fluctuates but lit-

tle. The ST chromosome rapidly

diminishes in frequency, while the

CH and AR chromosomes corre-

spondingly increase. Fig. 20.4

shows the maximum frequency of

AR as reached in May, that of CH
in June. In the latter month the ST
chromosome is at its lowest fre-

quency. Following its peak, the

AR chromosome declines some-

what in frequency, while the CH
chromosome declines much more rapidly and to much greater extent. Con-

trariwise, the ST chromosome increases rapidly in frequency until by No-

vember it has practically the same frequency it had in March.

How can we account for seasonal fluctuation of this kind in sene ar-

rangements of chromosomes? Parenthetically we should note that these

flies, of whatever gene arrangement, ah look alike as far as external visible

characteristics are concerned. Only microscopic examination of the

chromosomes in salivary glands of the larvae reveals any differences. The

differences obviously are of a most subtle nature. But subtle or not, they

evidently are important in the lives of the flies, important enough so that
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FIG. 20.4. Changes in frequencies of four

different gene arrangements in third chro-

mosomes of the fruit-fly population of Pition

Flats, California. Vertical axis: frequencies,

in percentage. Horizontal axis: successive

months. Combined data for six years of ob-

servation. (Redrawn from Dobzhansky,

"Adaptive changes induced by natural se-

lection in wild populations of Drosophila,"

Evolution, Wo\. 1, 1947.)
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natural selection acts upon them. It seems reasonable to conclude that the

differences have something to do with either viability or fertility, or both.

It would seem, for example, that under conditions prevailing in the spring

months carriers of CH chromosomes have some advantage over carriers

of ST chromosomes, leaving more surviving progeny on the average and

thus leading to the observed increase in frequency of CH chromosomes,

with concomitant decrease in frequency of ST chromosomes. Following

the same line of thought, we may conclude that conditions during the

summer favor carriers of ST chromosomes; hence their numbers increase.

The same summer conditions are evidently unfavorable for carriers of

CH chromosomes, with resulting decline in numbers. Perhaps differences

in temperature are concerned in the matter. Specifically we might interpret

the graph (Fig. 20.4) as indicating that during the heat of summer carriers

of ST chromosomes are at a relative advantage (and hence increase in

numbers rapidly), while carriers of CH chromosomes are at relative

disadvantage (and hence decline in numbers).

To test interpretations of the kind suggested, Dobzhansky set up experi-

ments in natural selection, using population cages much like those of

L'Heritier and Teissier (see p. 457). In one experiment several hundred

flies having two different gene arrangements in the desired proportions

were placed in a cage. Within a single generation the population increased

to the maximum compatible with the amount of food available—usually

to between 2000 and 4000 flies. The experimenter recorded that the

numbers of eggs deposited were tens to hundreds of times greater than

the numbers of adult flies that hatched. "The competition for survival is

intense." Once a month samples of eggs were taken and the salivary gland

chromosomes of larvae hatching from them were studied. In this way

changes in the relative frequencies of the different gene arrangements

were traced.

It was found that when population cages were kept in the cold (16%° C.)

no changes in frequencies of gene arrangements occurred. The original

relative proportions continued generation after generation. At this

temperature there is evidently little if any difference in advantageousness

among the various gene arrangements.

When the cages were kept at room temperature or higher (25° C), how-

ever, progressive changes occurred until a definite equilibrium was estab-

lished. Fig. 20.5 shows the results of one such experiment. The population

was established in March. In this population 10.7 percent of the third chro-

mosomes were ST, 89.3 percent were CH. As the graph shows, the

frequency of ST chromosomes nearly doubled in the first month and
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continued to rise rapidly in succeeding months (it is to be emphasized that

the temperature throughout this time remained constant, at 25° C, i.e., the

passing months did not bring temperature changes for the flies). An
equihbrium was reached by about the end of December (the graph, Fig.

20.5, does not include the concluding months of the experiment). In

experiments involving ST and CH chromosomes equilibrium was reached

when about 70 percent of the chromosomes were ST, about 30 percent

of them CH. The rapid increase in relative number of ST chromosomes

in a population maintained at a high temperature affords evidence that

the conclusion concerning the rela-

tive advantage of the ST arrange-

ment in the heat of summer (see

above) is valid.

Of equal interest with this con-

clusion is the fact that an equilib-

rium is eventually established. If

the CH chromosome confers a

disadvantage at high temperatures

why does it not disappear entirely?

Following mathematical analyses

by Sewall Wright the experimenter

concluded that the CH chromo-

somes do not disappear entirely

because flies heterozygous for

them (i.e., having one CH third

chromosome and one ST third

chromosome—written : ST/CH

)

are more successful than are either

flies homozygous for CH (i.e., CH/CH) or flies homozygous for ST (i.e.,

ST/ST). It will be recalled that this is the explanation reached for the

experimental results obtained by L'Heritier and Teissier and by Reed and

Reed. Evidently ST/CH heterozygotes are characterized by that hybrid

vigor previously referred to (p. 459) and hence have an advantage over

both kinds of homozygotes (ST/ST and CH/CH). As Dobzhansky ex-

pressed it, "The populations at equilibrium contain the greatest possible

proportions of the well adapted heterozygotes compatible with the lowest

possible proportions of the relatively ill adapted homozygotes."

It is of interest that in one experiment no equilibrium was reached.

This experiment involved the relatively rare TL chromosome (Fig.

20.4), placed in competition with the ST chromosome. The latter "won

FIG. 20.5. Frequency of ST chromosomes

(in percentage) in on experiment in which

the ST gene arrangement was in competition

with the CH gene arrangement at the tem-

perature of 25 C. (Redrawn from Dobzhan-

sky, "Adaptive changes induced by natural

selection in wild populations of Drosophila,"

Evolution, Wo\. 1, 1947.)
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out" entirely, the TL chromosome virtually disappearing from the popula-

tion. Evidently, then, the ST/TL heterozygote enjoys no advantage over

the ST/ST homozygote (or, of course, over the TL/TL homozygote),

and hence the TL chromosome eventually disappears. Why then does the

TL chromosome persist in appearing with a constant though low fre-

quency in the Pifion Flats population (Fig. 20.4)? The answer was

given by another experiment in which the TL chromosome was placed in

competition with the AR chromosome. In this case an equilibrium was

established, at a point where about 80 percent of the third chromosomes

were AR, about 20 percent TL, indicating that AR/TL heterozygotes have

an advantage over AR/AR homozygotes and TL/TL homozygotes. This

advantage of the heterozygotes would be sufficient to keep the TL
chromosome from disappearing from the Pifion Flats population, even

though ST/TL heterozygotes had no advantage over their respective

homozygotes. TL chromosomes "form adaptively valuable heterozygotes

with AR but not with ST chromosomes present in the same populations."

One aspect of natural selection evident in this experiment of Dobzhan-

sky's, as well as in that of Reed and Reed (pp. 459-460), deserves especial

emphasis. That is the rapidity with which changes are produced. Tradition-

ally students of evolution have assumed that natural selection must

operate very slowly—that time in the bountiful quantities provided by

geologic history must be available for detectable results to be achieved.

This was an assumption, but one generally accepted. In contrast to this

view are these recent experiments in natural selection, in one of which

(Reed and Reed) natural selection accomplished the greater part of its

work within two months, and in the other of which natural selection

operated with comparable rapidity, to produce changes with changing

seasons of the year. Such rapidity and delicacy of control by natural

selection came as a distinct, though welcome, surprise. To be sure, these

experiments and observations deal with one particular, rapidly breeding

organism. But even so, the number of generations required for production

of significant change is small.

We have described Dobzhansky's experiment in some detail, partly

because of its trail-blazing nature, partly because it is typical of results

obtained subsequently by other investigators. Succeeding investigations

have illuminated many facets of heterozygote superiority. What factors

are involved? We have seen that temperature is one; food supply has

been found to be another. The adaptive values of different gene combina-

tions differ with differing foods (differing species of yeasts and bacteria).
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Hence "the types of food predominant in a given region may be important

in determining the chromosomal composition of the Drosophila popula-

tions which inhabit this region" (da Cunha, 1955). Spiess and others have

studied the physiological properties of homozygotes and heterozygotes for

different gene arrangements, investigating the effect of the latter on such

things as egg-laying capacity, longevity, wing-beat frequency, and wing

dimensions. These investisations and a multitude of others were sum-

marized by da Cunha (1955).

In this connection we should note that the chromosomal structures

investigated constitute another example of balanced polymorphism. The

polymorphism discussed earlier (pp. 366-376) dealt with structures visible

to the unaided eye; the present polymorphism is revealed only with the aid

of a microscope. But it is nonetheless real. Previously we have noted cases

of polymorphism connected with action of predators (e.g., in industrial

melanism). The present polymorphism is maintained by virtue of hetero-

zygote superiority (which indeed, as we noted, may also be involved in

industrial melanism). Just what is superior about a heterozygote? In most

cases the necessary investigations have not been made to answer the

question. But interestingly enough man himself provides an example of

balanced polymorphism maintained in this manner, a case in which the

question of what is superior has been determined. Persons suffering from

a severe disease known as sickle-cell anemia are homozygous for the gene

concerned. Heterozygotes for the gene are not diseased but are detectable

by virtue of the fact that their red blood cells will "sickle" (assume

unusual shapes when deprived of oxygen ) . Only a small proportion of

sickle-cell homozygotes live to reproduce and pass on the gene. Yet in some

sections of Africa the gene remains at a fairly high level of frequency in

the gene pool. Why does not the gene disappear? Evidently, as in the

experiments described above, it would not disappear if heterozygotes

enjoyed some advantage. In this case Allison was able to show what the

advantage is. "The sickle-cell heterozygote is relatively resistant to

malignant tertian malaria and has as much as a 25 per cent better chance

of attaining adulthood than the normal homozygote in parts of Africa

where malaria is hyperendemic" (Allison, 1959; see also Allison, 1955).

Thus the gene remains in a balanced state, the point of equilibrium being

established by the tendency of the genes to be lost through low viability

of homozygotes, counteracted by the tendency of the genes to increase in

number by virtue of the fact that heterozygotes survive better, and thus

presumably reproduce more, than do persons lacking the gene entirely
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(homozygous "normals"). The small proportion of sickle-cell anemia

patients produced in each generation is a price the population pays for

increased ability to survive the ravages of malaria.

Genetic Homeostasis

Closely linked to heterozygote superiority is the concept of genetic

homeostasis. While this term has unfortunately been used in more than

one sense (Waddington, 1953), the usage pertinent to our discussion is as

a name for the self-regulating ability of a population which enables it to

survive environmental change or diversity. The population is said to be

"buffered" against change. The idea is analogous to that of the physiologi-

cal homeostasis of the human body. If one kidney is destroyed or

removed, for example, the other kidney will adjust and compensate for

the lost organ, and the body will continue to function normally. This

ability to adjust to change and so to continue normal life is homeostasis.

The idea of genetic homeostasis is that populations possess a capability of

self-regulation so that they can continue normal existence under a variety

of environmental conditions and so survive environmental vicissitudes

which would destroy populations less capable of "rolling with the punch."

We may expect that natural selection will favor the development and

maintenance by a population of such homeostasis. We note that genetic

homeostasis has much in common with the Baldwin effect (pp. 420-425)

and with the canalization of embryonic development (pp. 421-422). All

three refer to self-regulating properties permitting normal existence in

varied environments. Natural selection favoring the development of such

properties has been termed stabilizing selection (Schmalhausen, 1949),

or canalizing selection (Waddington, 1953).

Evidence is accumulating that populations heterozygous for many gene

pairs are better buffered against change than are populations composed

of homozygotes. This evidence comes both from experiments with such

laboratory forms as Drosophila (see Beardmore, Dobzhansky, and

Pavlovsky, 1960) and from experiments with domestic animals (largely

summarized in Lerner, 1954). Apparently both wild populations and

successful breeds of domestic animals have a high degree of hetero-

zygosity for genes which are deleterious when homozygous. If attempts

are made to rid the population of these genes the population becomes less

viable, or fertile, or able to withstand environmental change. Lerner, for

example, described a series of experiments with a hereditary abnormality

of chickens known as "crooked toes." The genes for this are probably
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present in all stocks of chickens. The experimenters attempted by selection

and inbreeding to produce a strain of birds free from the gene, but met with

only partial success since "the fitness of the . . . line has continually

dropped and only a few survivors are available each year for reproduction."

On the other hand, selection and inbreeding were successful in establishing

an almost pure-breeding Hne having the crooked-toes character; in this line

the reproductive capacity was not diminished as it was in the other line.

The crooked-toes example is illustrative of the evidence accumulating

that successful, viable populations, wild or domestic, normally consist

of individuals having a high degree of heterozygosity. Experimental

evidence even suggests that viability can be increased by increasing the

degree of heterozygosity artificially, by inducing new mutations with

irradiation (see Dobzhansky, 1959). (Such results may have fascinating

implications for the question of the possible genetic effect of irradiation of

mankind, from natural and artificial sources, e.g., atomic bomb fallout.

But such discussion is outside our present field of consideration.)

We may note that the view of population structure just described con-

trasts with the view formerly held that most wild populations consist of

individuals homozygous for most of their genes, which are regarded as the

"normal" oenes. If this were true most mutations would be harmful to

homozygotes and, if they produced a phenotypic eft'ect in heterozygotes,

to heterozygotes also. (We have noted previously that many if not most

mutations do have some effect upon heterozygotes, p. 347.) This "classical

hypothesis" made possible the separation of "good" genes from "bad"

genes. According to the "balance hypothesis" (the terms are Dobzhansky's,

1959), on the other hand, "TOod" genes are those which contribute to the

fitness of individuals heterozygous for them, almost regardless of their

effect in individuals homozygous for them.

We say "almost" in this last sentence because we must not forget that

there are genes which are harmful to both homozygotes and heterozygotes.

Thus the majority of lethal (pp. 389-390) mutants in Drosophila are harm-

ful in heterozygotes, even though many mutations that stop short of

lethality, when individuals are homozygous for them, form adaptively

superior heterozygotes. And in cases not involving lethality heterozygotes

for a given pair of genes may be inferior to one or both of the homozygotes

{Aa inferior to AA and/or aa). What determines whether Aa will be

inferior or superior? Many factors are involved, some genetic, some

environmental. A gene pair does not operate in a vacuum; it is part of

the complete genotype of the individual. Its effects are conditioned by the

other genes present. This integrated genotype is the totality that produces
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the phenotype upon which natural selection operates. Thus all the genes

of the individual may be involved in determining in any given instance

whether AA or Aa ox aa shall be adaptively superior.

We see, therefore, that there are elements of truth in both the "classical"

and the "balance'' hypothesis of population structure. Yet increasing evi-

dence suggests that natural selection favors a balanced population struc-

ture composed of many genotypes in which the genes interact to produce

a high average of such qualities as superior viability, fertility, and

adaptability to change.

What are the advantages of such a population structure? ( 1 ) Most of the

individuals in a population of this kind have the superior qualities just

listed even though a small proportion may be abnormal by-products. (2)

The population has genetic reserves upon which it can draw if adaptation

to differing conditions becomes necessary or desirable. As we noted earlier,

genes which are deleterious in some environments may not be so in others.

In other conditions they may be positively advantageous. Thus by keeping

these genes and gene arrangements from disappearing natural selection

is providing a race or species with reserves upon which it may draw if and

when conditions change. Referring again to the experiment with Drosoph-

ila (Fig. 20.4), we recall that the CH gene arrangement is relatively

disadvantageous in summer months, although it contributes largely to the

building up of the population in the spring. Suppose that by fall of some

year the CH chromosome should have disappeared entirely, instead of

merely being decreased in frequency. The effect would be to deprive the

stock of a gene arrangement which would evidently be of distinct advan-

tage to the species when spring came again. Similarly, if the ST arrange-

ment died out in the spring, the species would have lost a genetic constitu-

tion valuable for the increase of its numbers during summer and early fall.

Consequently, the genetic mechanism (heterozygote superiority) which

leads to a balanced polymorphism, keeping both ST and CH in the

population, makes a distinct contribution to the success of the species as it

faces the changing seasons. Other genes and gene arrangements kept from

disappearance by the means described may not be brought into play by

the changing seasons but may be in readiness for use if longer-range

changes occur in the environment, or if the species attempts to invade

a different environmental niche. Thus the species may be well adapted to

one environment and yet not lose the hereditary plasticity which will

enable it to adjust to environmental change or to invade different environ-

mental niches.

In sum, what does natural selection favor? We have spoken previously
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of the positive action of natural selection in favoring certain mutations

or characteristics. Now we can appreciate that the matter is really more

complex than such a statement implies. To a considerable extent the

Mendelian population, rather than the individual, is the unit upon which

natural selection operates. Such a population has a great variety of geno-

types present. Natural selection will favor the development of an aggregate

of genotypes which will react to produce for the population a high level of

adaptive and homeostatic properties, with resultant high efficiency in

reproduction.

THE ROLES OF ISOLATION

We have seen that large, random-breeding populations

have a tendency to maintain a genetic equilibrium which is the antithesis

of evolutionary change (pp. 427-436). We have likened such equilibrium

to an inertia which evolutionary processes must overcome if change is to

be effected. Since the equilibrium is connected with large population size,

any factors which tend to break up large populations into smaller ones are

likely to contribute to evolutionary change. Thus isolation, and factors

giving rise to it, are important in evolution.

Types of Isolation

Geographic isolation is the most easily visualized type. It exists when

two populations, or two parts of one population, are separated by some

geographic barrier (examples listed on p. 272). The effectiveness for

evolution of this, or any other, type of isolation resides in the fact that it

prevents, or greatly reduces, exchange of genes between the populations

so isolated. Such isolated populations are more or less completely "out of

touch with each other," genetically, and hence the occurrence of new

mutations, genetic drift, the action of natural selection, etc., in one

population has no effect on the other populations.

As a corollary of the fact that isolation is important only as a means of

impeding gene interchange we should note that the only isolation of im-

portance is that concerned with the breeding of animals. Most species of

higher animals have definite periods of breeding; it is isolation during these

periods which counts. Many migratory birds, for example, collect into great

flocks and range over vast territories, yet when the breeding season ap-

proaches individuals return to the same locality, even the same dooryard,

where they themselves were hatched. The prolonged and hazardous
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migration undertaken by individual salmon in returning to spawn in the

stream where they began life is another classic example. It is the relative

isolation of these local breeding groups which affects gene distribution

and hence is important for evolution.

The local populations just mentioned are frequently not separated from

each other by mountain ranges, deserts, and other obvious geographic

features. As we noted earlier (p. 445), distance is in itself a barrier—if not

a complete one, at least one that in practice is effective (see Wright,

1943). Its effectiveness arises in large part from what we may call the

homing or territorial tendency of animals. It is the exception rather than

the rule for animals to carry on their reproductive activities far from the

region in which they themselves first saw the light of day. As mentioned

previously (p. 445), individual animals commonly establish more or less

clearly delimited home territories. They do not usually stray far from

these, at least at the time of breeding. Whatever the psychological con-

comitants, "home" evidently has significance in the lives of most animals.

Even such able travelers as birds commonly use their wings to return

home, if removed from it by some accident such as a storm, rather than

to travel to some other locaUty and establish a new place of residence, as

Mayr has remarked.

Environmental isolation is a term which the author feels may be more

evident in meaning than is the commonly used term "ecological isolation"

or the synonymous "habitat isolation" of Moore (1949). As the term im-

plies, populations that are environmentally isolated live under different

environmental conditions, at least during the breeding period. A fish and a

seed-eating bird are environmentally isolated even though they live in the

same locality. Similarly, an insect which inhabits only coniferous trees is

environmentally isolated from an insect which inhabits only deciduous

trees, even though both live in the same wood lot. Beetles which spend

their lives burrowing in the ground are environmentally isolated from

beetles which spend their lives on trees.

We note that, whereas geographic isolation depends upon separation in

space, environmental isolation depends upon separation resulting from dif-

ferences in the food, habits, and physiological requirements of animals.

We may well ask: Do we ever find the one type of isolation without the

other? Do animals ever occupy somewhat different positions in space with-

out at the same time being faced with somewhat different environmental

conditions? Conversely, are animals ever faced with differing environ-

mental conditions while occupying the same position in space? Certainly

differences in position in space usually, if not always, involve differences
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in environment, and differences in environment involve differences in

position in space. The fish in a lake is not occupying the same position in

space as is the bird flying overhead. An insect on coniferous trees is not

occupying the same position in space as is an insect on deciduous trees. A
beetle burrowing in the ground is not occupying the same position in space

as is a beetle living on trees. Geographic isolation and environmental isola-

tion thus go hand in hand. Sometimes one predominates, sometimes the

other. If the main difference between the territories occupied by two species

is difference in location, environmental conditions being similar, we say

that the species are geographically isolated. In doing so, we merely over-

look what environmental differences there are. If, on the other hand, the

main differences between the territories occupied by two species are differ-

ences in environmental conditions (ground dwelling versus tree living, for

example), we say that the species are environmentally isolated. In this case

we overlook the fact that the two species are also geographically isolated in

the sense of not occupying the same position in space—in the vertical di-

mension of space rather than in its horizontal dimension. All sorts of inter-

mediate conditions exist. Moore (1949) has well said, "The distinction

between geographical and habitat isolation is merely quantitative."

We have labored this point at some length because of the occurrence of

a prolonged but rather footless debate as to which is more important in

evolution, geographic isolation or environmental (i.e., ecological) isola-

tion. The controversy has centered around the query as to whether

environmental isolation can promote evolutionary change in the absence

of geographic isolation. If, as we have maintained, the one never occurs

without some degree of the other, the point of the query vanishes. It is

then apparent that isolation (i.e., nonbiological isolation; see below)

always entails some separation in space, this being accompanied by

greater or lesser differences in environment. (See Mayr, 1947, 1949, for

further discussion of this matter.)

Under the term reproductive isolation we group a great variety of

biological restrictions to gene interchange. The two types of isolation just

discussed prevent individuals from coming into contact or reduce the likeli-

hood of their doing so. But suppose individuals do come into contact,

will interbreeding, with consequent interchange of genes, occur? Many

factors may prevent exchange of genes and thus constitute means of

biological isolation.

In some cases interbreeding is not possible. At least two types of factors

may be involved: (1) The anatomies of the two populations may be so

unlike that copulation between males of one population and females of
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the other is impossible. This so-called mechanical isolation is sometimes

encountered in insects with highly complex genital organs. A comparable

situation exists in those plants in which the flower structure is such that

cross-pollination cannot occur. (2) The breeding seasons of the two

species may not coincide. Flowers of one population of plants may open

and then disappear before the flowers of another population mature. One

population of insects in which adults live but a few days may be effectively

isolated from another population if the periods of emergence of adults in

the two do not coincide.

In other cases interbreeding is possible but does not occur (sexual or

psychological isolation; ethological isolation). In many insects copulation

is preceded by rather elaborate courtship behavior. Closely related species

may differ in details of this ritual. Females readily accept only males

which observe the punctilios of courtship behavior characteristic of their

species. This behavior may be the expression of a form of preference in

the choice of mates. It clearly seems to be such in higher animals. Thus

related species of deer mice (Peromyscus) are found not to interbreed in

a state of nature, although some will do so readily enough when placed

in cages together, i.e., when possibility of choice is removed.

That this tendency to selective or preferential mating may be a potent

force is suggested by experiments of Reed and Reed (1950). We noted

(p. 459) an earlier experiment by these investigators in which it was

found that when two genetic types of fruit flies were placed in competition

an equilibrium was reached, the more deleterious genetic type not being

completely eliminated from the population. Quite otherwise were the

results of another experiment in which fruit flies having the mutant gene

for "white eye" were placed in competition with normal wild-type (red-

eyed) flies. In twenty-five generations the white-eye gene disappeared

from the population completely. The investigators determined that

white-eyed flies were not less viable than were wild-type individuals. Tests

indicated, however, that the mating behaviors of white-eyed and red-eyed

flies were strikingly different. Both red-eyed and white-eyed females

"preferred" to mate with red-eyed males. The strength of this preferential

mating was determined, and expressed mathematically, calculations show-

ing that it was sufficient to account for the disappearance of the white-eye

gene in the number of generations within which that elimination was ob-

served to occur. (See also "Hybridization: Disadvantageous," pp. 474-

477.)

Reproductive isolation may exist even in cases in which matings be-

tween populations take place. ( 1 ) Fertilization may not occur as a result
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of the mating. Sperm cells may fail to reach the eggs, or if they reach

them may not enter and fertilize them. In plants, pollen tube growth may
be arrested before the ovule is reached. (2) Fertilized eggs may be

formed, but the hybrid individuals may prove to be inviable. This in-

viability may express itself at any time: as soon as the fertilized eggs are

formed, early in embryonic development, later in embryonic life, or after

birth but before sexual maturity is reached. (3) Hybrids may live to sexual

maturity but may be sterile so that they cannot pass on the genes they

have received. Mules, hybrids between horse and donkey, form well-

known examples of this type of isolation (although rare fertile individuals

occur).

All of the isolating mechanisms we have enumerated, geographic, en-

vironmental, and reproductive, may result in isolation which is complete

or partial in its effectiveness. And obviously several of them may be

operative simultaneously in any given situation to prevent or reduce gene

interchange between populations.

Action of Isolation

With regard to their function in evolution we may group the three types

of isolation into two categories: (1) geographic-environmental; (2) re-

productive. The two play different roles in evolution (Mayr, 1959).

Geographic-environmental isolation causes two populations or sub-

populations to be separated so that each goes its own way in acquiring

mutations, and in being acted upon by such forces as genetic drift and

natural selection. Two geographically separated populations are said to be

allopatric. We should note that isolation between two allopatric popula-

tions may not always be complete. If it is not, neighboring populations

may interbreed in regions in which they come into contact (frequently

the case between neighboring subspecies, pp. 320-321). Or individuals

may migrate from one population to another. If interbreeding occurs in

either of these ways the gene pools of the two populations will not remain

as completely separate as they would under conditions of complete isola-

tion. The effect of this mingling of genes may be small or large, depending

upon the extent to which isolation is incomplete. (See Wright, 1931; also

discussion of effects of hybridization, pp. 474-481.)

We conclude that at least some degree of geographic-environmental

isolation is necessary as a first step in the development of genetic diversity

between populations. So long as the gene pool remains undivided, two

differing populations cannot arise from it. (As an exception to this
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statement we recall the action of polyploidy, pp. 418-420.) Conversely,

when the gene pool does become divided, by geographic-environmental

factors, the allopatric populations so produced may become differentiated

in ways which give rise to reproductive isolation. Following the develop-

ment of reproductive isolation the populations may come into contact

(e.g., by migration) and still retain the integrity of their respective gene

pools. Two populations living in the same area are said to be sympatric.

Sympatric populations must always be reproductively isolated from each

other if they are not to merge into a single amalgamated population.

Apparently, then, geographic-environmental isolation is primary: the

first steps in species formation will not be taken without it (except in the

case of polyploidy). The attainment of reproductive isolation is, as pre-

viously noted (pp. 314-317), the most conspicuous sign that the species

level of evolutionary change has been reached.

HYBRIDIZATION IN EVOLUTION

Since the primary role of isolation is the prevention of

hybridization, it is now appropriate to inquire further into the evolutionary

significance of interbreeding between populations and of the failure of this

to occur. Paradoxically, hybridization is important in evolution when it

occurs and when it does not.

Hybridization: Disadvantageous

We may consider first the importance of the failure of hybridization to

take place. As noted, difl'erent species do not usually interbreed or if

they do interbreed they do not usually produce viable hybrids. Moreover,

when viable hybrids between species are produced they are generally

sterile or of such low fertility that the amount of reproduction is negligible.

What is the value to a species of failure to produce "successful" hybrids?

Usually species as we find them under natural conditions are well

adapted for particular environmental niches. Suppose that hybrids are

produced between two such species, A and B. These hybrids will ordi-

narily possess some of the characteristics of species A, some of species B.

Consequently, in most cases the hybrids will not be so well adapted for

life in the environmental niche occupied by species A as is species A itself.

Neither will they be so well adapted for the niche occupied by species B

as is species B itself. In other words, the hybrids will usually "fall between

two stools." Accordingly, in such cases hybrids would represent biological
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wastage. We may anticipate, therefore, that species which produced

hybrids under these circumstances would be wasting their energies and

hence would be at a disadvantage in competition with species that

concentrated on production of nonhybrid offspring.

At this point we come upon a debate of long standing, participated in by

Darwin himself in fact (Mayr, 1959). There is abundant observational

evidence that isolating mechanisms arise as the more or less incidental

accompaniment of adaptive changes mainly concerned with such matters

as better adaptation to environment, reduction of competition, and the

like. The question is, will natural selection act directly to cause popula-

tions to develop isolating mechanisms? Will natural selection favor genetic

factors that have as their sole or main effect the production or intensifica-

tion of isolating mechanisms (such as hybrid sterility, preferential mating,

and the like)?

We have noted above that one means by which reproductive isolation,

and hence failure to hybridize, is achieved is through exercise of "choice"

or "preference"' in mating (selective or preferential mating). Koopman
(1950) found that he was able to obtain intensification of the tendency

to selective mating exhibited by fruit flies of the two sibling species

Drosophila pseudoobscura and D. persimilis. These two are so similar

that they cannot be told apart by external structure. Yet when hybrids

between them are produced, the male hybrids are sterile, and the female

hybrids when mated with males of either parent species "lay the usual

number of eggs, but the larvae arising from these eggs have such poor

viability that in competition with the larvae of the pure species, as in

population cages, they never reach the adult state." Obviously, then, such

hybrids are worthless to the species, representing true biological wastage.

Actually hybrids between pseudoobscura and persimilis have never been

found in a state of nature. The species are somewhat isolated from each

other ecologically, preferring slightly different environments, but when

they do occur together sexual isolation of the selective mating type tends

to prevent production of hybrids. Using a modified L'Heritier-Teissier

population cage, Koopman demonstrated that in artificial mixed popula-

tions of pseudoobscura and persimilis the number of hybrid individuals

could be made to decline rapidly by removing the hybrids which were

produced. This had the effect of removing from the gene pools of the two

species genes contributed by individuals which tended not to mate with

members of their own species. Thus the tendency of each species to

mate within its own species (homogamic mating) was intensified; con-

sequently the number of hybrids produced decreased markedly in the
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course of a few generations. Koopman ascribed this decline to the action

of natural selection in the population cages since he concluded that the

poor viability and sterility of hybrids and their offspring would have

prevented their contributing to future generations even if he had not

removed them. (See also Merrell, 1953.)

Similar results were obtained by Knight, Robertson, and Waddington

(1956) who employed ebony-bodied and vestigial-winged stocks of

Drosophila melanogaster. Males and females of both stocks were placed

together so that they could either mate with their own kind or cross-mate,

as they "wished." But in each generation only offspring of homogamic

(pure-breeding) matings were used as parents for the next generation. As

generations passed, production of hybrids declined, indicating that some

degree of sexual isolation between the stocks had been produced by

selection.

Hence the results cited seem to indicate that under experimental condi-

tions, at least, selection will intensify one of the mechanisms of re-

productive isolation: selective mating.

Moore (1957) has pointed out that factors increasing reproductive

isolation would be of value to the populations concerned only in those

regions where the populations were actually in contact. (No advantage to a

frog living in Vermont would accrue from having a genetic constitution

whose only function would be to render impossible hybridization with a

Florida frog with which it would never actually come into contact any-

way.) Blair (1955), investigating two species of frogs with overlapping

ranges, noted that the greatest difference in mating call and the greatest

difference in size between the two species occurred in the region where

their ranges overlapped. He concluded: "The existence of the greatest

size differences as well as the greatest call differences where the two

species are exposed to possible hybridization supports the argument that

these potential isolating mechanisms are being reenforced through natural

selection."

Such reenforcement is not always encountered, however. Thus Volpe

(1955) found that reproductive isolation between two species of toads was

weaker in areas where the ranges overlapped than it was in other regions

(judging from the results of laboratory experiments on artificial hybridiza-

tion). He cited other investigations yielding similar results.

Perhaps some of the conflicting results arise from differences in the

animals being investigated; production of hybrids is not detrimental to all

species and under all conditions (see below). Natural selection, if it does

act to favor development of isolating mechanisms, will only do so under
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conditions in which hybridization is detrimental. In most instances we
know too Httle of the environmental requirements placed upon species

to be able to draw valid conclusions on the extent to which hybridization

would be detrimental.

Our tentative conclusion may be that natural selection may under

special circumstances favor genetic mechanisms having as their principal

function the prevention of hybridization, but that usually such functions

arise as a by-product of the genetic changes by which two isolated

populations become adapted to their respective environments. (In Rana
pipiens, Vermont frogs and Florida frogs will not produce viable hybrids

if the experimental attempt is made. Apparently adaptation to develop-

ment in cold and warm environments, respectively, has carried with it

genetic changes which result in constitutions so unlike that hybridization

is not possible. Moore, 1955, 1957.)

Hybridization between species is less frequent in animals than it is in

plants. Nevertheless, instances of natural hybridization between animal

species are not lacking (see Stebbins, 1959, for a review of the literature in

this field). Among vertebrates some hybridization has been found in all

groups but seems perhaps to be most common—at least, it has been most

studied—in fresh-water fishes (cf. Hubbs, 1955; Hubbs, Walker, and

Johnson, 1943), amphibians (cf. Blair, 1941, and investigations cited

above), and birds (e.g., Sibley, 1954).

Hybridization: Advantageous

Since, as we have noted, hybrids are sometimes produced we may now
ask the question: Under what circumstances might production of hybrids

be of advantage in evolution? We have noted that the usual disadvantage

faced by hybrids arises from the fact that they are generally not so well

adapted for the environmental niche occupied by either parent species as

is that parent species itself. In other words, the hybrid is at a disadvantage

in competition with its parents and the latter's nonhybrid progeny. Under

what circumstances might this situation not be true? It would not be true if

there were available to the hybrid other environmental niches than those

occupied by the parental species. These other niches would be expected

to present somewhat differing hving requirements from those presented

by the niches occupied by the parental species. Accordingly, some of the

combinations of characteristics possessed by the hybrids might prove to

be "just the thing" to enable the hybrids to enter and occupy the new
niche. They would afford one means of preadaptation (see pp. 12-13).
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Viewed in this light, hybrids are "experiments" in preadaptation; but the

experiments will succeed only if suitable environmental niches are

available.

Many examples have been found of hybrids between plant species

occupying successfully environmental niches unlike those of the parent

species. A frequently cited example is afforded by two species of spider-

wort studied by Anderson and Hubricht (1938). In the Ozark Mountains

one species, Tradescantia canaliculata, grows in full sunlight on the tops

of cliffs. The other species, Tradescantia subaspera, grows in the woodland

shade at the base of the cliffs (Fig. 20.6^). In some places where there is

FIG. 20.6. Environmental isolation of two spiderworts, Jradescanfia.

One species grows on the tops of cliffs, the other at the foot of the

cliflFs. Hybrids are found where the slope is gentle (6), permitting the

species to come into contact. (After Anderson and Hubricht; by per-

mission from Principles of Genefics, by Sinnott, Dunn, and Dobzhan-

sky, p. 354. Copyright 1950. McGraw-Hill Book Company, Inc.)

a gradual slope connecting the top of a cliff with its base, e.g., in ravines,

the forest-dwelling species has extended its range upward and the cliff-top

species has extended its range downward. When the two species meet

hybrids are produced (Fig. 20.6B). The hybrids combine characteristics

from the two parental species and apparently are successful because the

environment is intermediate between that optimal for the forest-dwelling

species and that optimal for the cliff-top species. We may speak of it as a

"hybrid environment." As a matter of fact, most of the known examples of

species hybrids which have become established in nature have done so

when man has "hybridized the habitat" in Anderson's phrase (1949). By
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this we mean that most of them have arisen in locations where man has

upset natural conditions by his cultivating, pasturing of domestic animals,

lumbering operations, and so on. Anderson notes that most of the

abundant hybrid irises produced spontaneously in southern Louisiana have

arisen on patches of land that have been badly overgrazed by domestic

animals. Such "hybrid habitats" present living conditions for which the

parent species living in undisturbed environments are not adapted. Thus

hybrids are offered opportunities they would not otherwise receive. At

times, such varied collections of hybrids are produced that students of the

subject refer to them as "hybrid swarms." We should note, also, that

hybridization of the habitat may be produced by agencies other than man.

Climatic changes and such natural catastrophes as floods, volcanic action,

and particularly glaciation leave in their wake changed conditions offering

possible opportunities for hybrids. Thus, through preadaptation, followed

by postadaptation under the spur of natural selection, hybridization may
have played a part in the historical process of evolution.

Introgressive Hybridization

What is the effect of hybridization upon the parent species themselves?

Apparently hybrids form a means by which genes of one species may be

transferred to another species. Let us consider again the two species of

spiderwort (Fig. 20.6). The hybrids will breed not only among themselves

but also with the two parent species (the latter process being called by

geneticists "backcrossing"). The hybrids possess some genes derived from

the forest-dwelling species, some genes from the cliff-top species. When,

for example, the hybrids breed with the cliff-top species they may pass on

to the latter some genes received from the forest-dwelling species. The

reverse, of course, could occur also. Thus the hybrid may serve as a

go-between, passing on genes received from one parental species to the

other parental species. This process is called introgressive hybridiza-

tion. As a result of it, genetic variability will be increased over what it

would otherwise have been. Genetic variability, as we have seen, furnishes

the raw materials upon which natural selection acts. Thus introgressive

hybridization may in some cases provide raw materials for evolutionary

change. The importance of introgressive hybridization in evolution is

being actively investigated at the present time. Wide differences of

opinion prevail concerning its frequency of occurrence and its effects.

Anderson (1949) has postulated that under some conditions introgressive

hybridization may be at least as potent a force in introducing genetic
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variability into a species as is the occurrence of new mutations. Readers

are referred to Anderson (1949), Stebbins (1950), and Sibley (1954) for

more complete discussion of the subject.

A particularly instructive case in animals has been studied by Sibley

(1954). The investigation involved two species of the red-eyed towhee

(Fig. 20.7). The collared towhee (Pipilo ocai) lives in various localities

FIG. 20.7. Two species of towhees from Mexico: collared towhee,

Pipilo ocai (above), and spotted towhee, P/p/7o erythrophthalmus (be-

low). (After Stebbins and Sibley; reprinted by permission from £vo/uf/on.

Genetics, and Man, by Dobzhonsky, 1955, p. 186. John Wiley &
Sons, Inc.)

in southern Mexico, primarily in coniferous woodland. The spotted

towhee (Pipilo erythrophthalmus) lives primarily in oaks and brushy

undergrowth in northern Mexico. In at least one locality on the Mexican

plateau the species live together without interbreeding. But in other

localities the local populations present combinations of the character-

istics of two species, a fact suggesting that these populations are composed

of hybrids between the latter. These hybrid populations vary greatly from
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locality to locality. Sibley concluded that "the patterns of variation suggest

that the two species, originally ecologically separated, were brought into

contact when forests were cleared for human purposes." The investigation

was not of a nature to disclose whether any of the hybrid populations

are better adapted to their "hybrid habitats" than either parental species

would have been. This is a possibility. Sibley noted that in some localities

with hybrid populations the numbers of towhees present were unusually

large. This suggests that the hybrids were at least a successful group. At

any rate, this example shows how hybridization can produce variability

among populations, a variability which might be acted upon by natural

selection.
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CHAPTER 21

NATURAL SELECTION: II

So far in our study of natural selection as an evolu-

tionary force we have stressed its operation upon mutations, emphasizing

the importance of heterozygote superiority in maintaining a balanced

polymorphism contributive to genetic homeostasis. We have inquired into

the role played by geographic-environmental isolation in the instigation of

genetic change between populations, and have discussed the attainment of

reproductive isolation, in its various forms, as an indication that the species

level of differentiation has been reached. We have noted that while ab-

sence of hybridization between species is the rule, and is favored by natu-

ral selection, at times hybridization may form a means of increasing ge-

netic variability and thus of providing grist to the mill of natural selection.

In the present chapter we shall continue our inquiry into evolution by

natural selection, emphasizing the forces operative in species formation

(speciation) as well as in production of the adaptive differences by which

the higher categories differ from each other. We shall discuss briefly the

ancillary theory of sexual selection, and shall then pull the threads to-

gether in an outline of the factors and forces operative in producing evolu-

tionary change. Brief discussion of directive forces in evolution and of

rates of evolutionary change will conclude the chapter.

SPECIATION

Evolution may be divided, conveniently but somewhat

arbitrarily, into two types or patterns: (1) phyletic evolution, and

(2) speciation. Phyletic evolution means evolution in a line or lineage.

Species A, living in a certain region, in the course of time undergoes

change so that the descendants are sufficiently unlike their distant ances-

484
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tors to be considered a different species. Mesohippus evolving into

Miohippus may be taken as an example. Species A has become species B.

Typically, species A will have disappeared in the process, leaving species

B in its place. Similarly, as time goes on species B may evolve into, and be

replaced by, species C, and so on. This phyletic pattern of evolution along

a time axis is abundantly evident in the sequences of fossil forms studied

in earlier chapters.

If, however, instead of tracing a historical sequence through time in this

manner we concentrate attention on one period in the earth's history, we

see evidences of the second pattern of evolution. This consists of the more

nearly "simultaneous" (in terms of geologic time) production of groups of

species, the type of evolution to which Mayr (1949) has insisted that the

term speciation be restricted. In this second pattern of evolution species A
gives rise to two or more species, perhaps to a whole cluster of them, usu-

ally, if not always, originating in separate territories. These daughter spe-

cies may or may not replace species A. This type of evolution occurs when

a species ranges widely over a large territory various portions of which are

separated from other portions by distance and perhaps also by other geo-

graphic-environmental isolating mechanisms. Under such conditions the

original species becomes divided into subpopulations. As mentioned in our

discussion of isolation, each subpopulation is free to undergo independent

evolution, through action of genetic drift and natural selection. The result

will be differing populations of animals inhabiting isolated territories.

Because of the effectiveness of the barriers producing isolation, animals

inhabiting oceanic islands afford particularly instructive examples of this

phenomenon. One such example is diagramed in Fig. 21.1, which rep-

resents the varieties or races of the golden whistler found on various of the

Solomon Islands. The varied colorations and patterns of plumage which

have developed in these isolated populations are evident. We may well con-

clude that we are seeing the results of genetic drift plus, perhaps, some

measure of natural selection. Here is an example of the formation of varie-

ties or geographic races comparable to the subspecies of Peromysciis dis-

cussed earlier (pp. 320-325), and, on reduced scale, to the races of man

(pp. 250-255).

Most biologists believe that the same process carried one step further

leads to the formation of distinct species. As we have noted before, the

"step further" is the development of reproductive isolation. If, while iso-

lated, two subpopulations accumulate sufficient genetic differences so that

they will no longer exchange genes if and when they come into contact,

those subpopulations have become separate species.
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As the subpopulations develop genetic differences contributing to repro-

ductive isolation, they are also developing genetic differences connected

with the varying living conditions which face them. That is, they are be-

coming adapted to somewhat different habitats and environmental condi-

tions. If living conditions are similar, the subpopulations may be expected

to develop similar adaptations even while they are accumulating differ-

VELLA LAVELLA

RENDOVA

FIG. 21.1. Geographic races of the golden whistler iPachycephala pecforalis) on vari-

ous of the Solomon Islands. The races differ in black, white, and colored markings.

Dark gray areas represent green markings, light gray areas yellow markings. (Redrawn

from Dobzhonsky, "The genetic basis of evolution," Scientific American, Vol. 182,

1950, p. 41.)

ences in, for example, plumage and in neutral or nonadaptive character-

istics. If living conditions are dissimilar, on the other hand, the adaptations

acquired by subpopulations will lead to greater differences between them.

What will happen when two such subgroups expand their ranges and

come into contact with each other? Because of the reproductive isolation

developed they will not interbreed, but to the extent to which they are

adapted to the same conditions of life they will come into competition with

each other. What will happen as a result of this competition? (1) One
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species may be so much more efficient or better adapted that it will suc-

ceed in monopolizing the environmental niche, with resultant extinction

of the less well-adapted species. Since the writing of Gause (1934) it has

been recognized that two species cannot occupy the same environmental

niche in the same region. Since it is extremely improbable that the two

species would have exactly the same degree of adaptation to the niche, one

species is certain to replace the other, if they remain unchanged. This has

been called the "competitive exclusion principle" (Hardin, 1960). (2) One

or both species may change somewhat to lessen the direct competition be-

tween them. If both are seed-eating birds, for example, one species may

specialize in a certain type or size of seeds, the other in another type or

size (cf. our discussion of the three species of ground finches on the

Galapagos archipelago, pp. 294-295 ) . Thus competition spurs on evolu-

tionary divergence begun when the species were spatially isolated from

each other. In this connection we may note that competition in areas in

which two species come into contact may cause populations of the two

species in those areas to develop increased or accentuated differences from

each other. Rivalry stimulates the development of differences. By con-

trast, in areas in which the two species do not come into contact the dif-

ferences between them may be less. Brown and Wilson (1956) have

emphasized the importance of this phenomenon, called "character dis-

placement," in speciation.

The amount of divergence resulting from the processes involved in specia-

tion will depend upon many factors, one of the most important being the

number of environmental niches open for invasion. If many environmental

niches are open, the final result of the process may well be adaptive radia-

tions such as the remarkable ones we described for Darwin's finches on the

Galapagos archipelago (pp. 292-296) and for the drepanid birds on the

Hawaiian Islands (pp. 296-304).

To add concreteness to the discussion, let us imagine the sequence of

events which probably produced the adaptive radiation of Darwin's

finches. The ancestor was a finch from Central or South America. When
this finch arrived there were doubtless no other land birds on the archi-

pelago. This ancestral finch found the archipelago a favorable home and

so spread widely through the islands, continuing to rely on its traditional

diet of seeds. As time went by, the finches living on one island came to

differ from those living on another. Both genetic drift and natural selec-

tion probably operated to this end. Of greatest importance among the ac-

cumulated differences were those which resulted in reproductive isolation.

Eventually islands became overpopulated with their respective species,
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and the inhabitants of each island attempted to find new territories. Thus

the stage of direct competition between species formed in isolation was

reached. For example, most of the larger islands now have all three species

of the seed-eating ground finches (Fig. 13.3, p. 295). If our interpretation is

correct, each of these originated in isolation from the others and then ex-

tended its range so that it came into competition with the others. As we

noted previously, all three can live together in the same territory because

they have become specialists in eating seeds of difl'erent sizes. Perhaps dif-

ferences between them were at first slight, but "character displacement"

occurred as a result of the competition, increasing the differences in the

size of the beaks.

The number and variety of seeds available are limited. Owing to the for-

tunate circumstance that these birds were first on the islands, a variety of

environmental niches were unoccupied: insect-eating, woodpeckerlike,

cactus-feeding, and so on. Thus the competition caused some species to

forsake the ancestral diet of seeds and start concentrating on these other

means of sustenance. Since the species were already reproductively iso-

lated from each other, mutations occurring in one would not be transmitted

to others. Hence mutations adapting their possessors for insect eating were

accumulated in one species, mutations making possible a woodpeckerlike

manner of feeding were accumulated in another, and so on, all without

danger of loss through interbreeding. In this way each species followed its

own independent route to adaptation for its own particular environmental

niche. (Much more complete discussion of this subject will be found in

Lack, 1947, 1949; and Mayr, 1942, 1949.)

A similar process of speciation doubtless occurred among the drepanids

of Hawaii. In this case the ancestor was a nectar feeder. If our interpreta-

tion is correct, this ancestor spread throughout the islands. Then, because

of the isolation of the several islands, the subpopulation on each island ac-

cumulated genetic difl'erences resulting in reproductive isolation. The

species thus formed subsequently migrated to other islands and came into

competition. This competition stimulated invasion of niches other than that

of nectar feeding, and the remarkable adaptative radiation in beak struc-

ture was the result. (For more complete discussion see Amadon, 1950.)

While oceanic archipelagos afl'ord particularly instructive examples of

this process, doubtless the same sequence of events occurred on continents

long ago. But there the major environmental niches have long since been

filled, and species find few opportunities for important evolutionary

change. "On continents evolution is usually in the later, more stabilized

stage of minor adaptations and specializations" (Amadon, 1950).
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We have emphasized three factors in the process of speciation, operative

in the order named: (I) spatial isolation; (2) development of genetic

diversity sufficient to insure reproductive isolation if and when the species

come into contact (this genetic diversity may or may not include visible

structural differences); (3) divergence in characteristics if the species, al-

ready reproductively isolated, come into competition for food, nest sites, or

other essentials of life. The spatial isolation considered primary is tanta-

mount to the geographic-environmental isolation we discussed earlier. In

some cases the main Isolating factor may be an environmental one (e.g.,

differences in food habits), but enough "space" must also be involved to

insure that the two populations do not come into contact and interbreed

(prior to the development of reproductive isolating mechanisms).

Lack (1947, 1949) presented as an example of the necessity for initial

spatial separation the case of the finch inhabiting Cocos Island (Fig. 13.2,

p. 288 ) . This finch is so unlike the other Darwin's finches that it is placed in

a separate genus, suggesting that it has been on the island for a long time.

Yet this genus contains but one species, which is not even divided into

subspecies. Lack wrote, "Cocos resembles the Galapagos in providing

varied habitats and in having a great paucity of other land-birds, but it

differs in one essential respect: it is a single island, not an archipelago.

Hence there has been no opportunity for the geographical isolation of

populations and hence no evolution of new species or of an adaptive radia-

tion." The one species present has presumably undergone progressive evo-

lution of the replacing or phyletic type described on page 484. Adaptive

radiations of birds occur on archipelagos but not on single oceanic islands;

such radiations formerly occurred on continents, which are large enough

so that means of geographic isolation other than stretches of ocean are

operative. Obviously for other animals than such accomplished travelers

as birds smaller barriers and distances will suffice to produce the needed

isolation. The point is that some effective means of spatial isolation seems

essential as an initial step in speciation, and indeed in almost all evolu-

tionary change.

Effect of Population Size

Our discussion of speciation has emphasized the breaking up of large

populations into relatively small, isolated subpopulations. Students of the

subject are now generally agreed that optimal conditions for evolutionary

change are provided by such conditions (see Wright, 1949). Our preceding

discussion will have made evident that a large population not divided in
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this way would not be favorable for evolutionary change, since random

breeding of large numbers of individuals results in population equilibrium,

resistant to change. Change in conditions, or increase in severity of natural

selection, acting on such a large population might result in some shift in

gene frequencies, changing them to a new equilibrium which would then

be maintained as long as the new conditions persisted (Wright, 1931 ). But

the change would be slow, and would be reversible whenever conditions

altered again. Thus, while some increased adaptation might be brought

about by this means, no considerable evolutionary change would be pro-

duced.

Conversely, very small populations are not favorable for evolutionary

change. They are too likely to lose genes by chance, through the action of

genetic drift, thus reducing their reserves of hereditary variability and

consequently their possibilities for further change. Owing to genetic drift,

also, members of a very small population may all come to possess genetic

characteristics which are of no particular value or are even deleterious.

Thus observers of species inhabiting small oceanic islands find, on the one

hand, reduced variability among them and, on the other, possession of a

variety of seemingly nonadaptive characteristics. The disharmonic nature

of the fauna of oceanic islands (p. 283) frequently results in absence of

competitors for a given environmental niche. Therefore, relatively ill-

adapted animals can continue to exist—even animals so ill adapted that

they would not succeed in the stiffer competition characterizing life on

continents. Zimmerman (1948) recorded the unusual number of flightless

insects on the Hawaiian Islands and explained them as mutant forms which

can survive under conditions of reduced competition found on oceanic

islands. The influence of size of population on variability was clearly

demonstrated in the observation of an isolated colony of butterflies over a

prolonged period by Ford (1949). For the first few years specimens re-

mained rare; it was noted that those taken were very constant in appear-

ance. In later years the species increased greatly in numbers; "an extraordi-

nary outburst of variation took place while the numbers were rapidly

increasing, and many of the more extreme aberrations were deformed."

The author continued, "When the population became stabilized again at

the new and high value, uniformity was restored, yet the constant form

which was then established differed in appearance from that which existed

before the outburst of variability."

Populations broken up into subpopulations provide a means by which

nature can make "experiments," to employ a figure of speech suggested by
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Muller (1949), without risking the fate of the entire species on the outcome

of one experiment.

SEXUAL SELECTION

Darwin considered that the development of the so-

called secondary sex characteristics could not be adequately explained by

his theory of natural selection. The primary sex characteristics are, of

course, the male and female reproductive organs. But in addition to the

latter, males usually differ from females in a variety of bodily structures.

The bright plumages and elaborate songs of many male birds, contrasted

with the duller plumages and relative tunelessness of the females, form a

familiar example. Among mammals it is the male lion that develops a

mane, the male goat that possesses a beard, the male deer that displays

many-pronged antlers. Darwin felt that such differences between the sexes

are not vital enough to the welfare of the species to arise through the opera-

tion of natural selection. Hence, he advanced the supplemental theory of

sexual selection to explain their development.

Although one would not expect it from the abbreviated title by which

the book is usually known, the theory is set forth in detail in Darwin's book

The Descent oj Man. Bodily characteristics with which the theory is

concerned may be divided into two main types: ( 1 ) those of use in combat

between rival males and (2) those used for display purposes. Both types

might be useful under conditions of competition between males for

mates.

Male birds or mammals are sometimes observed to fight for possession of

a particular female, although the number of species in which this struggle

occurs has probably been much overestimated in the past. When such com-

bats do occur, males with superior implements of warfare might be ex-

pected to be most successful, becoming the fathers of a disproportionate

share of the next generation. The male offspring of such fathers might be

expected to inherit their fathers' superior fighting equipment, and if the

process continued long enough males of that species might become quite

unlike the females in terms of bodily equipment specifically connected with

fighting.

But how about the development of features concerned with display

—

bright colors, ornate plumages, songs, posturing, dancing, and the like?

The theory accounts for their development by assuming that females pos-

sess aesthetic sense and employ it in deciding which suitor to accept. Thus
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the male with the brightest colors, the most intricately ornamental plum-

age, the most beautiful song, the most skill in courtship wins the female, in

competition with his less endowed brethren. In consequence, he fathers a

disproportionate share of the next generation, the males of which inherit

their father's superior attractions. If females continue generation after

generation to select as mates the brightest-colored or otherwise most orna-

mental males, male pulchritude may be expected to increase in the species.

Despite the fact that Darwin marshaled a great array of circumstantial

evidence in support of the theory, sexual selection is generally considered

to have but limited applicability. Combat between two males, for exam-

ple, when it does occur, is seldom to the death, an eventuality which would,

of course, permanently eliminate one potential father. Furthermore, ac-

cording to the theory, after the fight is over the victor wins the female. Al-

though evidence is difficult to accumulate on such matters, it seems that the

female not infrequently goes off with the vanquished combatant rather

than with the victorious one. Moreover, in species in which the individuals

are monogamous, pairing for a season or longer, sexual selection would

work only if there were more males than females. If the sexes were equal

in number, every male would eventually find a mate regardless of his

prowess in combat. In species in which polygamy is the rule sexual selec-

tion might be expected to be more effective, since the successful males

would amass the largest "harems" of females, or would otherwise mate

with the largest number. It is noteworthy that some of the most elaborate

displays are possessed by male birds which are polygamous (e.g., the

argus pheasant). Under such circumstances, since one male may mate

many times, other males not at all, a high premium is placed on elaborate

display. Such cases are perhaps our best example of sexual selection in the

Darwinian sense.

What we have said about combat applies also, in the main, to the matter

of display on the part of the males for the benefit of the watching females.

Evidently some of the display of bright and ornate plumages or other male

adornments, accompanied by the courtship ritual appropriate to the species,

does have the effect of arousing the female so that she will accept the male.

But there is little evidence that females sit in judgment upon the quality of

ornamentation or posturing of males of their own species and decide

upon that basis which male to accept. Indeed, "in most monogamous birds,

display begins only after pairing up for the season has occurred" (Huxley,

1938). And in polygamous species, so long as the courtship behavior is ade-

quately exciting and orthodox for the species, the females usually are

rather passive in the matter of which individual male is accepted. On the
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other hand, evidence accumulates that females detect small irregularities

in the courtship behavior and that even seemingly minor irregularities may

be sufficient to cause a female to refuse a male. As mentioned earlier (p.

472), such refusal appears to form a means by which interbreeding be-

tween closely related species is prevented. Thus differences in courtship

ritual form one of the means of reproductive isolation. We mention the

matter here because it has bearing on one a priori objection sometimes

raised to the theory of sexual selection: that the theory presupposes that

females possess a discriminating power which we can hardly grant their

having, particularly if they are insects. Evidence cited earlier indicates

that female insects have surprising powers of discrimination.

Returning to such matters as the bright colors and songs of male birds,

we note that investigators have found that many of these features do not

have as their principal function the pleasing of females. Some bright

colors are warning or threatening devices. Observation and experiment on

the common robin of England have demonstrated that the red breast, con-

spicuously displayed during the breeding season, is a device for threatening

other males which might seek to invade the territory the individual has

claimed for himself. The same is true of conspicuous plumages of other

birds that establish home territories. The songs of male birds serve the

same purpose. Song has "its prime function as a 'distance threat' to rival

males and its secondary function as an advertisement, so long as the singer

is unmated, to unmated females" (Huxley, 1942). There is nothing to pre-

vent, of course, bright colors from serving both as warnings to rivals and as

lures for possible mates. We readily appreciate that if the establishment

of home territories is advantageous to the species, in terms of welfare of

the young, characteristics which aid in the establishment and maintenance

of the territorial system will be furthered by natural selection.

Some of the conspicuous characteristics ascribed at times to sexual selec-

tion may serve a variety of functions in the lives of their possessors. Some

of the functions are : ( 1 ) recognition characters, means by which a female

recognizes a male of her own species; (2) warnings to rivals or to other

animals that the possessor is dangerous; (3) mimicry, either Batesian or

Mijllerian (pp. 370-373). All such categories, and others we have not

mentioned, fall within the province of natural selection since they affect

either the survival or reproductive success of their possessors. In fact, we

may expect that natural selection will tend to favor any factor or character-

istic that increases effectiveness in reproduction. Another such factor con-

sists of the means of stimulating females to reproductive activity. In birds,

especially, mating and reproduction are largely under control of the higher
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cerebral centers, psychological stimulation (as by bright colors, mating dis-

plays and dances) being necessary to induce ovulation. This being so,

natural selection would favor development and maintenance of the

means of stimulation, no recourse to sexual selection in the Darwinian

sense being necessary. This is not to say that sexual selection does not exist

or is not important, but only that its range of operation may be more re-

stricted than it was formerly thought to be (see Huxley, 1938, for more ex-

tensive discussion).

PULLING THE THREADS TOGETHER

We now summarize in outline form the main factors

and forces making for evolutionary change.

I. Sources of Variability

A. New Mutations. These include gene mutations and chromosomal

mutations or aberrations (pp. 396-402). Aside from the "instantaneous

speciation" possible to plants by polyploidy (pp. 418-420), chemical

changes in genes seem on the whole to produce more far-reaching

changes than do chromosomal aberrations.

1. EFFECTS, (a) Structure, (b) physiology, (c) viability, (d) fertility,

and other aspects of the organism and its life may be affected by muta-

tion. One gene may affect several aspects (be pleiotropic), and con-

versely many genes may affect any one aspect. Effects may be small

or large. Some of the large effects may be the result of mutations

occurring in genes controlling differential growth rates of different

parts of the body (pp. 405-418).

2. MUTATION PRESSURE. New mutations are produced at a continual,

though low, rate, thus providing raw materials for evolutionary

change.

B. New Combinations of Genes

1. MENDELiAN RECOMBINATION. Accumulated genetic variability in-

herited from preceding generations constitutes a store of genetic

diversity which in bisexual organisms is constantly shuffled and re-

shuffled into everchanging combinations (pp. 331-336).

2. INTROGRESSIVE HYBRIDIZATION. Under somc circumstances one popu-

lation may obtain genes from another through hybridization (pp.

479-481) when (a) the ranges of the species overlap or (b) migra-

tion occurs.

C. Norm of Reaction or Reaction Range of a genotype. The fact that

a genotype confers upon an organism some degree of flexibility in this

respect enables the organism to accommodate to various environmental

conditions to which it may subsequently attain genetically based adapta-

tion (genetic assimilation, pp. 420-424; Baldwin effect, pp. 424-425).
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II. Forces Operative upon the Variability Present in a Population

A. Tendency to Equilibrium

1. MECHANISMS OF MENDELiAN INHERITANCE tend to establishment and

maintenance of equilibrium in a population; this is expressed by the

Hardy-Weinberg formula (pp. 431-435).

2. GENETIC HOMEOSTASIS, based upon heterozygote superiority, tends to

conserve genetic variability present in a population, while the popula-

tion itself remains in equilibrium (pp. 466-469).

3. STABILIZING SELECTION is an aspcct of natural selection tending to

maintain the status quo of a population already well adapted to its

environment. Stabilizing selection (pp. 466-469) may operate by

(a) weeding out ill-adapted deviates and (b) favoring production of

a genotype which confers upon its possessors high adaptability to

environmental change, i.e., a genotype characterized by homeostasis

and the tendency of embryonic development to be canalized (pp.

421-422).

B. Factors and Forces Tending to Disturb Equilibrium

1. isolation. Populations are isolated from each other primarily by

geographic-environmental factors (pp. 469-471) involving some

element of isolation in space. Such isolation may be reenforced by,

and in later stages of speciation even supplanted by, various phys-

iological and behavioral adaptations which prevent interchange of

genes between populations. These mechanisms of reproductive isola-

tion include selective mating (pp. 471-472). Within isolated popula-

tions or subpopulations the following forces may be operative

—

2. genetic drift. Especially if the subpopulation is small, chance may
increase or decrease the frequency of a gene or genotype (p. 444).

If the genotype increased in frequency in this manner has elements

of superiority, the way is paved for the action of

—

3. natural selection. Natural selection will act in these subpopula-

tions upon the store of genetic variability submitted to it, tending

always toward production of populations having large capacity for

reproduction. This will mean in most, if not all, instances a popula-

tion adapted to its environment and well "buffered" to withstand

some range of environmental diversity.

a. Post-adaptation. Insofar as the characteristics which become es-

tablished in a subpopulation are of value to their possessors, they

will usually have the effect of adapting the subpopulation to its

particular environmental niche.

b. Tendency to expansion of range. A successful subpopulation will

usually tend to increase in numbers and hence to expand its range.

Doing so will bring it into competition with other subpopulations.

If reproductive isolation has been developed by two subpopula-

tions while isolated, interbreeding will not occur and the sub-

populations will have attained the species level of differentiation.

One species may then supplant the other or, alternatively, the
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two species may change their ecological requirements sufficiently

so that they no longer compete (pp. 486-488).

c. Preadaptation (prospective adaptation, Simpson, 1953). At times

a subpopulation may attain adaptations of wider applicability

than merely to the environmental niche in which it lives at the

time. If so the population may take up life in a different environ-

ment. Usually this can only happen if the new environmental

niche is unoccupied.

d. The measure of success. Success in evolution is measured by

magnitude of genetic contribution to the next generation. Suc-

cessful populations or subpopulations are those which ( 1 ) are, or

become, so well adapted to life under conditions prevailing that

they continue generation after generation to fill completely the

environmental niche in which they live, or (2) possess, or become

possessors of, adaptations enabling them to invade new environ-

mental niches. The first type of successful population will con-

tinue to be successful so long as environmental conditions remain

substantially unchanged. The second type, capable of change to

meet new conditions, may be expected to give rise to evolutionary

changes of larger magnitude than those attained by populations

that merely become better adapted to prevailing conditions. Ob-

viously, however, a given population may be both well adapted to

one environmental niche and possessed of attributes which would

enable it to enter some other niche if opportunity offered. Prob-

ably most populations adapted for life in one niche do not retain

sufficient genetic plasticity to permit them to enter a radically

different niche or are not presented with opportunity to enter a

radically different one, even though they may have the necessary

capacity for change. Historically, those populations both possessed

of the requisite genetic plasticity and afforded the opportunity to

invade radically different niches have been the ones that have

made large strides in evolutionary change.

DIRECTIVE FORCES IN EVOLUTION

What determines the direction evolution shall take?

This is a large question the answers to which are imperfectly known. Space

will permit only brief consideration of two important factors concerned:

(1) the directive effect of preceding events and (2) natural selection.

Directive Effect of Preceding Events

We may think of the first factor as the directive action of past history.

The future is always in part determined by the past. To illustrate our mean-

ing let us devise a litde game of words. The rules of this game are simple:
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words must be made entirely from letters used in preceding words. How
many English words can be made from the twenty-six letters of the alpha-

bet? The weight of paper required for manufacture of an unabridged dic-

tionary gives graphic evidence of their vast number. Let us now pick one

of the longer words from this dictionary: "disestablishmentarian." How
many other words can be made from the letters in this one? The number is

large but is much smaller than the number of words we can make from the

letters of the entire alphabet. By picking the word "disestablishmentarian"

we have eliminated the future possibility of constructing words that include

the letters c, j, g, j, k, o, p, q, u, v, \v, x, y, z.

From the letters remaining to us we now elect to construct the word "mis-

administrate." In doing so we have lost the letters b, h, and /; they can no

longer be used in our game. The next word we make, from the letters in

"misadministrate," is "semianimate." In doing this we have lost d and r

from our stock of letters. From the letters remaining we now make the

word "stamina," losing e in the process. Our next word may be "main-

tain"; if so, we have lost s. Next, perhaps, we construct "taint," losing m by

doing so. Next may come "tint," with loss of a from our stock of letters.

The number of words we can construct from the three letters remaining to

us is extremely limited. The point we wish to make is that this limitation is

imposed by past events—by the decisions made each time we chose to con-

struct a certain word rather than some other one possible to us at the time.

If we had chosen differently the letters remaining for use at the end of the

game would have been different ones from the /, n, and / of our example.

Looking over the course of our game as a whole we might be impressed by

the fact that our example exhibits a progressive tendency to emphasize the

importance of /, n, and t. But this emphasis is only a product of decisions

made during the course of the game, not of any innate importance or

superiority of /, n, and t themselves. Thus we see that past events exercise

a directive or channeling action upon subsequent events.

How does this fact apply to the evolution of Ufe? Here also past events

influence the course of subsequent history. On page 90 we noted the funda-

mental importance of the element phosphorus (in phosphates of adenylic

acid) in mobilizing and transporting the free energy needed for all living

processes. Why do living organisms concentrate on phosphorus for this

function? "Does the unique behavior of phosphorus in this case depend

upon very special properties, such that even quite similar elements could

not serve as substitutes; or is this unique function to be attributed to events

in evolutionary history which caused the accidental 'selection' of phos-

phorus for this role?" (Blum, 1955). Blum suggested that the phosphorus-
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adenylic-acid system of free energy transport was a very early step in the

origin of life (recall our discussion on pp. 90-91 ) and that this fact explains

why subsequent forms of life have concentrated upon that special system

rather than upon some other system which might have served the same

purpose. We may compare this to our word game; in choosing "disestab-

lishmentarian" at the outset we chose to concentrate on certain letters

to the exclusion of others.

Again, Blum ( 1955) has pointed out the possible significance of the fact

that all amino acids entering into the formation of proteins are of the "left-

handed" variety, i.e., their solutions rotate the plane of polarized light to

the left. Yet both "right-handed" and "left-handed" amino acids are

readily synthesized in the laboratory. Why are living organisms composed

of "left-handed" ones only? We cannot give a definite answer but we may

reasonably conclude that historical events underlie that answer. Perhaps

the first proteins simply chanced to be formed of "left-handed" amino acids

only. Or perhaps the first proteins were formed under conditions in which,

for some reason unknown to us, "left-handed" amino acids were the ones

predominantly available. Lacking any reason for thinking that "right-

handed" amino acids could not be built into proteins, we see here another

probable instance of the determination by past events of subsequent ones.

Many other examples might be given but enough has been said to indi-

cate that inclusion of chemical compounds in the body is determined,

not alone by their suitability, but also by the past history of life. This may

well be true of the genes themselves, composed of deoxyribose nucleic acid

(DNA). Because of the strategic importance of genes and their mutations

the particular chemical properties of DNA are of great significance to evo-

lution. Genes may undergo a variety of chemical changes (mutations) but

the variety is not endless. Limitations are set by the chemical structure of

DNA, just as limitations on the number of words that can be made from

the letters in "stamina" are set by the variety of letters in that word. And

not all the chemical changes possible to DNA (probably enormous in num-

ber) would constitute mutations capable of actual existence, just as not all

combinations of letters from "stamina" constitute actual words.

Furthermore, not all the chemical changes that a gene can undergo are

equally likely to occur. The point is an important one but the underlying

reasons cannot be explained in an elementary discussion (see Blum, 1955).

Briefly, the reasons relate to the fact that different chemical changes have

different energy requirements. Changes requiring little energy of activation

occur more readily, and hence more frequently, than do changes requiring

investment of greater amounts of energy. As a result a gene will give rise
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more frequently to some mutations than it will to other mutations possible

to it. This fact in itself reduces the randomness of the raw materials availa-

ble for the construction of evolutionary change.

Thus it turns out that, strictly speaking, mutations are not random after

all. On previous pages we have called them random, but the randomness

consists of their occurring without reference to the adaptive requirements

of the organisms in which they occur. Conceivably, indeed, a sequence of

"most probable" mutations might in itself become a directive force in evo-

lution, resulting, perhaps, in a progressive series of changes of the type

sometimes cited as an example of orthogenesis (pp. 411-412). The point

has not been established, however, and remains at present no more than an

interesting speculation.

In summary, our discussion has shown that past events, by determining

at each step in the evolution of life that an organism shall have one struc-

ture or attribute and not another, channel and restrict the courses which

future evolution may take. At any given time in evolutionary history the

raw materials available for the building of further change are not entirely

random in nature. Their nature has been determined by preceding events

in that history.

Natural Selection

Added to this channeling action of past events is the further directive

force of natural selection. Previously we have discussed the action of natu-

ral selection in sorting the raw materials presented to it; we mention it

here to stress the importance of that sorting action as a directive force in

evolution. Natural selection always promotes adaptation. Though its ac-

tion varies in rate and intensity, its trend is always to cause animals to be-

come more perfectly adapted to their environments. Thus it constitutes

the main active force directing the course of evolution.

We might inquire at this point, "Is natural selection a force directing

evolving organisms into pathways of progress?" That depends upon how
we dehne "progress." If progress consists in becoming more perfectly

adapted to the needs of life, whatever they may be, then natural selection

always promotes progress. Sometimes progress in this sense may lead to

loss of structures possessed by ancestors. Thus parasites frequently lose the

sense organs possessed by their free-living ancestors. Is this progress? It is

perfection of adaptation, since the sense organs are not needed and their

continued formation would constitute waste of the organism's metabolic

energies. Hence it is progress of a kind.
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But we usually think of progress in terms of increase rather than de-

crease in complexity of structure. Especially are we prone to think of

progress in terms of increasing mental development. We are rather an-

thropomorphic about the matter. In our judgments of lower animals, the

more they approach us in endowments the more progressive are we likely

to consider them. Perhaps after all there is justification for such a point of

view. Unquestionably we ourselves are the finest product yet produced by

the evolutionary process. Has natural selection been a major directive force

in progress defined as this "upward trend" in evolution?

As noted above (p. 18), a progressive step in such a trend depends upon

two things: (1) an opportunity open and (2) an organism capable of tak-

ing advantage of that opportunity. For example, the phenomenon of the

emergence of vertebrates from the water to take up life on land depended

upon ( 1 ) presence of a dry-land environment as yet unexploited by verte-

brates and (2) presence of vertebrates (the Crossopterygii) capable of

making the change (pp. 15-17, 157-162). Natural selection in its varied

aspects supplied the stimulus causing certain Crossopterygii to forsake the

water and causing their descendants to become more and more perfectly

adapted to life on land. Thus when the nature of opportunities open is

such that more complex structure and greater mental endowments are

needed, natural selection in its role of promoting adaptation is found to be

promoting progress in the sense of our second, more restricted, definition

of the word.

RATES OF EVOLUTIONARY CHANGE

Two groups of factors are involved in determining the

rate of evolutionary change: factors within the organism and factors ex-

ternal to the organism.

Internal Factors

Of the internal factors involved, primacy must be accorded the rate with

which mutations occur, since mutations are the raw materials of evolution-

ary change. Other things being equal, we should expect a population in

which mutations occurred at a high rate to change more rapidly than would

a population having a low mutation rate. In the former population the ge-

netic equilibrium would be much more radically modified (p. 436) by oc-

currence of new mutations than in the latter population. Unfortunately,

positive evidence of the actual importance of this factor in determining
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rates of evolution in specific groups of organisms is almost completely lack-

ing. Different evolutionary lines are observed to differ in rate of change,

and one evolutionary line may be observed to undergo alteration in rate of

change during the course of its history. But there is little clear evidence

that differences or changes in mutation rate underlie the differences and

changes in rate of evolution. Indeed, there is some evidence to the con-

trary (cf. Stebbins, 1949). At the same time we must remember that our

present actual knowledge of mutation rates in wild populations of plants

and animals is still very fragmentary.

An interesting discovery in this connection is that of genes which in-

crease the rates at which other genes undergo mutation. The possible evo-

lutionary significance of such genes is discussed by Ives (1950), who de-

scribes a high-mutation-rate gene in Drosophila. This gene has the effect of

increasing the mutation rates of other genes about tenfold. Such genes

increase the rate of supply of "raw materials" and hence might under some

conditions affect the rate of evolution.

External Factors

On the whole, evidence available seems to indicate that differing rates of

change are more dependent upon external factors than they are upon inter-

nal ones, always provided, of course, that the mutation rate is adequate to

furnish the raw materials. Analysis of factors involved in determination of

rates of change is outside the province of an elementary discussion. Read-

ers are particularly referred to the basic treatment accorded the subject by

Simpson in his The Major Features of Evolution ( 1953 ) as well as his more

general discussion in The Meaning of Evohaion (1949a). Statement of a

few general principles and conclusions which seem justified by present

knowledge must suffice us here.

Such quantitative studies as have been possible on rates of evolution

among prehistoric animals seem to indicate that there is an average rate of

evolution approximated by many evolutionary lines. Simpson has used the

term horotelic to designate average rate of evolution. Other evolutionary

lines group themselves around a lower mean rate of evolution, termed

bradytelic. Clearly, cockroaches, mentioned on a preceding page (p. 164)

as having undergone little change since the Pennsylvanian period, are

bradytelic. Many forms have changed little over long periods of time dur-

ing which other forms underwent great changes. Oysters were practically

the same 200 million years ago as they are today. The opossum has changed

but little from the closing days of the dinosaurs down to the present.
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The term tachytelic has been assigned evolutionary hnes in which the

mean rate of evolution is above the average, or horotelic, rate. Apparently

there are no evolutionary lines in which rate of change remains perma-

nently at the tachytelic level. This exceptionally rapid evolution is excep-

tional in that in any given line it is "effective only during certain crucial

relatively short evolutionary episodes" (Simpson, 1949b).

What causes a line which has been evolving at its average, or horotelic,

rate to make a sudden evolutionary spurt and become for a time tachytelic

in its evolution? We have suggested that the answer is probably not to be

found mainly in increased rate of mutation. Rather it seems to lie in the

field of what Simpson terms the "organism-environment relationship." We
observe that the large evolutionary changes are usually concerned with the

adaptation of animals to environment; i.e., the changes are in the nature of

adaptive responses. Throughout our discussions, for example, we have re-

ferred repeatedly to the emergence of vertebrates from life in the water to

life on land. This was certainly one of the largest evolutionary changes in

all history. The bodily changes involved were clearly associated with

meeting the needs of the new environment. Similarly the changes involved

in the evolution of horses, elephants, and many other groups not cited in

our brief discussion have been of a nature to adapt animals to conditions of

life facing them. Accordingly, it seems that change in environment is a pri-

mary factor in the speeding up of evolution. This change in environment

may occur in one of two ways: (1 ) The environment in which the species

is living may change, e.g., as a result of geologic change, or (2) the species

may enter a new environment, not previously available to it, or with the

demands of which it was not previously able to cope. The entering of new

environmental niches seems to have provided the stimulus for the most

radical, and rapid, evolutionary changes.

Mega- Evolution

On page 361, we noted Goldschmidt's division of evolution into "mi-

croevolution" (that of subspecies) and "macroevolution" (that of spe-

cies and genera, and perhaps also of higher categories). Simpson (1953)

has proposed the additional term "mega-evolution" for really large-scale

evolution, such as that of families, orders, classes, and phyla. It is evolution

at these levels that claims the chief attention of students of the fossil record.

Unfortunately, on the other hand, most experimental studies of the evolu-

tion of living animals must perforce concentrate on differences between

subspecies, species, and at times genera. But principles revealed by these
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studies can, with caution, be applied to explanation of origin of the larger

diflferences between families, orders, classes, and phyla. The large evolu-

tionary changes, connected as we have seen with major changes of en-

vironment, constitute the most important accomplishments of evolution.

Accordingly, brief consideration of mega-evolution will form a fitting cli-

max to our discussion.

Evidence accumulates that extent of evolutionary change and rapidity

of evolutionary change are connected. So far as we can judge from the

geologic record, large changes seem usually to have arisen rather suddenly,

in terms of geologic time. This fact has been one of the reasons why a spe-

cial type of large mutation, "systemic mutation," has been postulated by

Goldschmidt (1940) as necessary to account for the large changes observed

in evolution. By "systemic mutation" Goldschmidt meant a complete

repatterning of the chromosomes—"the arrangement of the serial chemical

constituents of the chromosomes into a new, spatially different order; i.e.,

a new chromosomal pattern." Chromosomal aberrations (pp. 396-400)

quahfy as systemic mutations under this definition. But are chromosomal

aberrations of great importance in producing major evolutionary change?

While we have seen that new species of plants may arise suddenly by

polyploidy (pp. 418-420), it is noteworthy that chromosomal aberrations

frequently produce less marked effects upon their possessors than do gene

mutations. In other words, the arrangement of the genes present usually

makes less difference than does the nature of the genes present, whatever

their arrangement in the chromosomes. Hence most students of the sub-

ject regard gene mutations as of more importance to evolution than are

those "systemic mutations" known to us (i.e., chromosomal aberrations).

What explanation other than that of "systemic mutations" can we find for

rapid occurrence of large changes? As noted before, rapid change may be

expected to occur when an organism faces the demands of a new environ-

mental niche radically different from the one formerly occupied. Under

such conditions the severity of natural selection will be greatly increased,

with resultant increase in rate of evolution. We recall recent experimental

evidence (pp. 460-464) indicating that natural selection can, upon occa-

sion, operate with surprising swiftness. Organisms faced with radically new

conditions of life will adapt rapidly to those conditions under the stimulus

of a severe natural selection operating upon the raw materials provided in

the form of mutations and other types of genetic variability. We recall,

also, that such factors as differential growth rates may magnify the effects

produced by single mutations.

Another pertinent observation is the fact that fossil forms intermediate
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between large subdivisions of classification, such as orders and classes, are

seldom found. This situation is not true of reptiles and birds, where, as we

have seen, Archaeopteryx occupies an almost perfectly intermediate posi-

tion. Likewise, it is not true of reptiles and mammals, where the therapsid

reptiles grade into the primitive mammals almost insensibly. But it is true

in many instances. We have, for example, presented the insectivores as the

ancestral group from which the other orders of placental mammals arose.

There is good basis for doing so, yet no forms have been discovered that

are intermediate, for example, between insectivores and the flesh-eating

mammals of Order Carnivora, between insectivores and rodents (Order

Rodentia), or between insectivores and most other orders of mammals.

Does this lack mean that such intermediate forms never existed, that each

order arose by a sudden jump (saltation) from the insectivores? Or is the

lack simply due to the incompleteness of our knowledge of fossil animals?

Two schools of thought have arisen on this matter; the reader is referred to

Simpson (1953) for the pros and cons of the controversy. That author has

marshaled evidence in support of the view that intermediate or transitional

forms existed (recall that some have been found) but that most of them

remain unknown to us because of incompleteness of the geologic record.

He quoted ( 1949a) a pithy statement of the matter by H. E. Wood to the

effect that "the argument from absence of transitional types boils down to

the striking fact that such types are always lacking unless they have been

found."

Why are such transitional types still largely absent from our collections

of fossils? The answer proposed by Simpson relates to the matter of rate of

evolution and constitutes the reason for bringing the subject of the gaps in

the fossil record into our discussion. The answer will summarize the best

conclusions which are available at the present writing concerning the causa-

tion of large evolutionary changes. To make the matter as concrete as pos-

sible, we shall present it in terms of a specific example, that of bats. Or-

der Chiroptera. Bats resemble insectivores in many ways but differ from

them by having wings. Bats have existed since at least the beginning of

the Cenozoic era, and the early bats had wings as well developed as are

those of their modern descendants. No transitional forms with partially

developed wings are known as fossils. If we grant that bats did not arise by

a single "systemic mutation" converting certain insectivores into bats

"overnight," how can we explain the observed facts?

In the first place, it seems clear that bats did not arise by a long process of

accumulating slight changes in structure over a great span of time. Bat evo-

lution has been bradytelic in the extreme since early in the Cenozoic era,
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but there must have been a tachyteHc phase in the evolution of bats prior

to that time. Such a spurt in evolution, involving change from one way of

life to another, has been termed by Simpson "quantum evolution."

Can we imagine the conditions which would lead to quantum evolu-

tion among certain arboreal insectivores, giving rise to bats? One environ-

mental niche is that of flying insect-eaters. That it is not an easy niche to

enter is attested by the fact that only three vertebrates have entered it:

small pterosaurs (Fig. 3.1, p. 22), some birds, and bats. Pterosaurs had

either disappeared or were about to disappear at the time bats were evolv-

ing. At any rate, bats would fill the niche much more eflRciently than would

these flying reptiles. Birds are highly efficient occupants of the niche, but

most insectivorous birds do their insect feeding by day (as, probably, the

pterosaurs did also), while bats are active by night. The environmental

niche found open by these early arboreal insectivores was, then, that of

nocturnal, flying insect-eaters. We recall that they were already insect-

eaters, and probably nocturnal, so the change called for was primarily de-

velopment of the power of flight.

Most of the arboreal insectivores of that day had no capability for enter-

ing the vacant niche. But somewhere there must have existed a small group

of them, a subpopulation, in terms of our previous discussion, that under-

went rapid evolution in developing wings. We recall that division of a pop-

ulation into subpopulations affords optimal conditions for evolutionary

change. In some such subpopulation genetic variability of types pre-

viously enumerated (pp. 494-495) must have combined to alter the struc-

ture of the forelimb toward that of a wing. This alteration may have been

spread through the subpopulation by genetic drift; it was certainly favored

by natural selection. Probably, though not necessarily, the modified fore-

limb was first used for gliding from tree to tree; various vertebrates have

achieved one type of structure or another for gliding through the air. But

gliding does not provide the means for entering the ffying insect-eater

niche. The ancestors which essayed to enter this niche could have done so

only by developing forelimbs capable of true flight. Anything less would

have been too little. Insect-eaters in transition between life in trees, includ-

ing, perhaps, gliding from tree to tree, and life involving true flight would

have been in a most unstable position, not well adapted for any environ-

mental niche. Consequently, for them natural selection must have oper-

ated with extreme severity, resulting in rapid perfection of the flight

mechanism.

Now we can understand why our fossil collections contain no transitional

forms between insectivores and bats. If our interpretation is correct, this
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evolution occurred rapidly, in terms of geologic time, and in only a small

population of animals. That small population lived under conditions which

did not favor fossil formation. Perhaps no fossils of that small group ever

were formed; if some were formed, they have not yet been discovered.

In terms of bat evolution we have summarized what seems to the author

the best current thinking concerning the production of major evolutionary

change. This explanation stresses the importance of small populations' en-

tering new environmental niches and accordingly being subjected to severe

natural selection. This combination of factors results in rapid change to a

new type of organism. Once the niche has been "conquered" the pressure

of natural selection relaxes. Consequently, the perfecting of details of

adaptation proceeds at a slower rate. A slower rate also characterizes the

accumulating of the partly adaptive and partly nonadaptive changes which

eventually results in the subdivision of the descendants of the new type of

organism into subspecies, species, and other subordinate groupings of

classification.
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CHAPTER 22

WHAT OF IT? AN OPEN

LETTER TO STUDENTS

Those of you who specialize in science will find it hard to

understand religion unless you feel, as Voltaire did, that the harmony of the

spheres reveals a cosmic mind, and unless you realize, as Rousseau did, that

man does not live by intellect alone. We are such microscopic particles in so

immense a universe that none of us is in a position to understand the world,

much less to dogmatize about it. Let us be careful how we pit our pitiful gen-

eralizations against the infinite variety, scope and subtlety of the world.

WILL DURANT*

This chapter will be devoted to a brief discussion of the bearing of evolu-

tion on some other facets of our intellectual lives—particularly on religion.

Such a discussion does not constitute an integral part of a scientific

treatise on evolution. If this book were being written for scientists, or

primarily for advanced students of biology, this last chapter would not be

included. But I realize that for many of my readers this book will constitute

the only formal excursion into evolutionary literature, and that for them

evolution is of most interest as it relates to other aspects of their lives. Of

these other aspects religion is the one usually considered most affected by

"behef in" evolution. Experience has taught me that when a scientist fol-

lows his natural inclination to treat evolution objectively, without refer-

ence to such matters as religion, his silence on the subject is frequently

misinterpreted as indifference or hostility to religion. Accordingly, after

long consideration, I have decided to doff the cloak of scientific objectivity,

to sit down at your elbow, so to speak, and to talk over with you some of

* From a commencement address; quoted from Tlie Reader's Digest, lA (June,

1959), 94-96.
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the implications of evolution for your outlook on life in general, including

religion. Although I lay no claim to having originated most of the ideas

and viewpoints, 1 shall write this chapter largely in the first person as a

constant reminder that the opinions expressed are personal ones. If some

of you find my viewpoints helpful, my inclusion of this discussion will have

been justified. Yet you have complete freedom to ignore any of the ideas

which seem to you unfruitful or unacceptable.

Evolution and Religion

One question about evolution is in the minds of a large proportion of the

students who study the subject with me. Occasionally they say something

about it in class, or when they stop to see me after class, but for the most

part they wonder about it in private or in the small circle of their "bull

sessions." This is the question of the relation of evolution to the stories of

creation contained in the Bible. As children at home and in their churches

they learned about how things started; now at college they hear an entirely

different story. That is a really unsettling experience when it involves the

book which forms the principal document of our religion. In the light of

scientific discoveries must we discard the Bible and with it our religion?

The whole difficulty here lies in the fact that we try to use the Bible in

ways for which it was never intended. It is a book of religion, not a book of

science. If that fact becomes thoroughly established in our minds most of

our difficulty vanishes. The Bible as we know it is the work of many writ-

ers, writing at widely diverse periods in human history. The contributions

of these multitudinous writers are almost inextricably mixed, although

modern Biblical scholars have done much to untangle the intertwining

strands. All of the writers had this in common: they were interested in re-

ligion, not science, and they did their writing long before anyone knew

anything about modern science. If in writing of religion they had occasion

to refer to science they inevitably did so in terms of the science known in

their day. So if we piece together these scattered references to the physical

world we obtain a picture of the world and solar system as these people

thought them to be. And by reading other writers who wrote at the same

periods, in Babylonia, for example, we learn that these ideas of the world

were widely current at the time.

As Fosdick (1924) has pointed out, to a considerable extent these peo-

ple relied on their senses and thought that the universe was as it seemed to

be. They thought the earth was flat and that a sea lay under it (Psalm

136:6; Psalm 24:1-2; Genesis 7:11). They thought that the heavens were
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like a tent or an upturned bowl above the flat earth (Job 37:18; Genesis

1:6-8; Isaiah 40:22; Psalm 104:2). They thought that the earth was sta-

tionary ( Psalm 93:1; Psalm 1 04 : 5 ) and that the sun, moon, and stars moved

through the heavens for the special purpose of illuminating the earth

(Genesis 1 : 14-18). They thought that there was a sea above the sky (Gene-

sis 1:7; Psalm 148:4) and that there were windows in the sky through which

the rain came down (Psalm 78:23; Genesis 7:11). They thought various

other things that we know to be incorrect, but this sample will suffice.

I hope you will take your Bibles and read the references given above. If

you do I am sure you will be struck by one thought—that the references to

the nature of the universe are purely incidental to the writers' main objec-

tives in writing. The fact that the passages reveal something of the writers'

ideas of the universe is entirely secondary and of no consequence to the

writings themselves. Many of the references are to the great religious

poems which we call the Psalms. Their authors were writing of religion; if

in doing so they made an inaccurate allusion to the nature of the universe

that is a fact of no real importance. Their writing stands or falls on the

basis of its worth to religion, not of its worth to science.

What we have just been saying seems pretty obvious, doesn't it? It seems

so obviously true to me that I often wonder how anyone can think other-

wise. Yet people have thought otherwise, vehemently; and some people

still do. Take the matter of the earth's being stationary, for example. When

the Copernican astronomy became established, with its proof that the earth

revolves (instead of the sun, moon, and stars revolving around the earth as

they seem to do), various religious leaders were extremely upset. Father

Inchofer, for example, "went off the deep end" as follows: "The opinion

of the earth's motion is of all heresies the most abominable, the most

pernicious, the most scandalous; the immovabihty of the earth is thrice

sacred; argument against the immortality of the soul, the existence of God,

and the incarnation should be tolerated sooner than an argument to prove

that the earth moves" (Fosdick, 1926). And even such a generally wise

religious leader as Martin Luther attacked Copernicus in these intemper-

ate words: "People gave ear to an upstart astrologer who strove to show

that the earth revolves, not the heavens or the firmament, the sun and the

moon. Whoever wishes to appear clever must devise some new system,

which of all systems is, of course, the very best. This fool wishes to reverse

the entire science of astronomy, but sacred Scripture tells us that Joshua

commanded the sun to stand still, and not the earth."

What was the matter with such people? They failed to make the differ-
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entiation I am recommending to you. They failed to recognize that the

Bible is a book of religion but not a book of science.

This conflict over whether or not the earth revolves seems remote and

unreal to us today (though there is at least one religious sect in the United

States which still maintains that the Bible must be regarded as scientific

authority on this point). For the most part the church long ago adjusted

itself to the new findings of science concerning the physical universe and

has found essential religion but little afi'ected by the adjustment.

This point brings us to evolution—a relative newcomer in the history of

science, so far as general attention is concerned, at least. Most people had

thought little about the subject before 1859, when Darwin published his

Origin of Species. Then the storm broke all over again! Religious leaders

who had become entirely reconciled to the Copernican astronomy, despite

its contradiction of Scripture, maintained that the stories of creation in

Genesis must be accepted as literal history. What peculiar inconsistency

they showed in recognizing that the Bible is not a scientific book in matters

of astronomy and yet refusing to recognize that the Bible is not a scientific

book in matters of biology! The conflict during the latter part of the nine-

teenth century was bitter and is not yet completely dead. Yet again, for the

most part religious leaders are recognizing the Bible for what it is, a book

of religion, but not a book of science (not even of biology). And again,

essential religion is but little afTected by the adjustment.

Since many people still maintain that they regard the creation stories in

Genesis as literal history, however, we may be interested to look at them a

little. Perhaps you are surprised that I write of them in the plural: the crea-

tion "stories.'' Most people do not realize that the early chapters of Genesis

contain two such stories and that they differ greatly. This situation arose

from the fact mentioned earlier that the Bible had many authors, writ-

ing at different times, and that these varied writings were assembled to-

gether without indication of the sources of the various portions and with-

out much attempt to remove inconsistencies and contradictions. By dint of

painstaking sleuthing Biblical scholars have done much to unscramble the

various portions.

The Pentateuch (the first five books of the Bible) is "a composite pro-

duction, made out of sources old and new, which have been blended,

brought up to date, and supplemented" (Moffatt). One of the sources was

the Judahite or "J" narrative written as the religious book of the kingdom

of Judah. The northern kingdom of Israel also had its narrative, usually

called the "E" narrative. When the kingdoms were subsequently united
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their two sacred books were combined, and supplemented from other

sources. Although neither the J nor the E narrative was written earlier

than the ninth century B.C., both tell of the founding of the Jewish nation

centuries earlier. The E narrative starts with Abraham, but the J narrative

begins with the creation. This most ancient account of creation is now

found in our Bible in the second chapter of Genesis—Genesis 2:4b-23,

beginning "in the day that the Lord God made the earth and the heavens.

..." I hope you will read this passage. According to this account God
made the earth suitable for life ("watered the whole face of the ground")

and then "formed man of the dust of the ground." Then he planted a gar-

den for the man Adam to live in, creating a variety of trees for his use and

enjoyment. Following that God created the beasts of the field, and the

fowls, and brought them to Adam to name. Afterward God created

Woman from one of Adam's ribs. Note that in this account man was

created before the lower animals were, and that the creation was not repre-

sented as divided into separate days.

When the J and E narratives were united and added to, the ancient

Judahite account of creation was left intact but ahead of it was placed an-

other and differing account of creation: Genesis 1, and 2:l-4a. This later

account is the familiar one divided into six days. In this narrative plants

were created first (on the third day) and then the sun, moon, and stars

were created (certainly an improbable sequence!). Then water-dwelling

animals and fowls were created, followed on the next day by beasts and

"creeping things." Finally on the sixth day man was created ("male and

female created he them"; no mention here of Adam and his rib).

So we find together in these first two chapters of Genesis two entirely

different stories of creation, conflicting in detail and chronology at practi-

cally every point. Both of them cannot be the literal history of what oc-

curred, so why regard either of them as being that?

Why were these accounts of creation written? Were they intended as

textbooks of instruction in the facts of creation? Partly, perhaps, and to

that extent they are outmoded. But mainly their emphasis is religious, not

historical. "In the beginning God created the heavens and the earth."

These early writers were striving to impress the thought of a divine Crea-

tor of all things, and the later writers at least were especially intent upon

establishing the point that all this was the work of one God, not many

gods, as most other people of that time believed. In describing the creative

work of this omnipotent Deity they wrote in terms of such scientific ideas

as were prevalent in their day. Somewhat similar accounts of creation are

found in ancient Babylonian documents, but with this important differ-
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ence: the latter are full of the quarrels of many gods, the fear of

primeval dragons, and the like. "When one turns from this welter of my-

thology to the first chapter of Genesis, with its stately and glorious exor-

dium, 'In the beginning God created the heavens and the earth,' one feels as

though he had left miasmic marshes for a high mountain with clean air to

breathe and great horizons to look upon. Here a victory was gained for

pure religion for which we never can be too thankful" (Fosdick, 1924).

Yes, the first chapters of Genesis are great religion. Why worry about

the fact that they are not valid science? The Bible is a book of religion, not

a book of science. Acceptance of its religion is in no way dependent upon

acceptance of such scientific allusions as it chances to contain. It is just as

possible to worship a God who works through natural laws, slowly evolving

life on this planet, as it is to worship a God who creates by sudden com-

mand. In fact, is not our concept of the Creator immeasurably heightened

when we understand more and more of the intricate workings of this mar-

velous universe? Such a Creator is of far greater stature than would be a

miracle worker who created things once and for all back in 4004 B.C.

I know the question in the minds of many of you who have followed me
to this point: "Does not science prove that there is no Creator?" Em-
phatically, science does not prove that! Actually science proves nothing

about first causes at all. As we mentioned in an earlier chapter, science

deals with phenomena that can be studied by the physical senses, particu-

larly the sense of sight, aided by all manner of methods of extending

those senses: microscopes, telescopes, varied measuring devices, and so

on. As we perfect these "tools'" and become more and more adept in their

use and in the interpretation of the data which they supply we learn more

and more about the facts of the universe. But we do not arrive at the first

causes of those facts. Science enables us to determine that "phenomenon

Z" is caused by "phenomenon Y," for example. Further research may
demonstrate that "phenomenon Y," in turn, is caused by "phenomenon

X." But what causes "phenomenon X"? Researchers work on the problem

and eventually discover "phenomenon W," which is a necessary precursor

of "phenomenon X." Or perhaps they discover a "phenomenon W" and a

"phenomenon V" both of which are necessary if "phenomenon X" is to

occur. Now we have to determine the causes of "phenomenon V" and

"phenomenon W." And so we go back, step by step discovering more and

more causes of causes, but not arriving at first causes ("phenomenon A" of

our hypothetical series). Will science, as such, ever arrive at first causes

("phenomenon A")? That, of course, is a question we cannot answer. If it

ever does, science will then be in position to prove whether or not there is
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a Creator. But that time is certainly far removed from the present. Until it

arrives science can neither prove that there is a Creator nor prove that

there is not a Creator.

If your question had been: "Do not many scientists believe that there is

no Creator?" I should have answered, "Yes." But that is quite another

matter from science's proving that there is no Creator. Scientists, like other

fallible human beings, believe many things not proved by science. If we

took a poll of bankers or bakers, machinists or farmers we should find that

many of them do not believe in a Creator either. What we believe to be

true is determined by numerous factors, conscious and subconscious,

many of which have nothing to do with scientific demonstration. This state-

ment is as true of scientists as it is of other people. Scientists are not a race

apart; they had impressionable childhoods, molded by varying influences,

and lead private lives, too. Accordingly, in matters of belief they are much

like other people. Many of them believe in a Creator; many of them do

not. But if they are thoughtful and honest they readily recognize that their

belief one way or the other is not equivalent to scientific demonstration.

All right, the question is in your mind; why not ask it? How about me,

do I believe in a Creator? As I mentioned eadier, this letter is intended to

give you an idea of how things look to me, so the question is not out of

order and I shall answer frankly, "Yes, I do." Then, of course, you want to

know, "Why?" Probably it would be impossible for me to answer that

question fully even if space permitted. Certainly a powerful influence in

the direction of belief in God was exerted by the deeply religious home in

which I grew up. Suppose we change the question sHghtly and ask:

"Granted that science cannot prove either that there is or that there is not a

Creator, has my study of science contributed in any way to belief in a

Creator?" Again let me warn you that my answer is a purely personal

one and that many persons, some of them more profound than myself,

will consider it totally inadequate. But after all, this is my letter! The more

I study science the more I am impressed with the thought that this world

and universe have a definite design—and a design suggests a designer.

It may be possible to have design without a designer, a picture without an

artist, but my mind is unable to conceive of such a situation.

Evidences of design are everywhere about us; the forces producing the

design are the so-called "laws of nature," many of which science has dis-

closed to us, many of which still await discovery. The greatest aspect of de-

sign visible to us is in the ordered movement of the stars and planets in

this solar system, and in other solar systems extending on and on through

space—a design almost incomprehensibly large. At the other extreme we
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find all matter composed of invisible atoms, each of which in turn is a solar

system almost inconceivably small, with electrons swinging in orbits

around the atomic nuclei somewhat as planets circle about the sun. And
everywhere in between these extremes we find evidence of design. Atoms

are arranged in definite patterns to form molecules. The electron micro-

scope has shown us how molecules arrange themselves in perfect patterns

to form crystals. While design is most regular and easily seen in the inor-

ganic world, it is also apparent in living things. The outward patterning

observable in the bodies of plants and animals is a reflection of inner

patterning of organs, tissues, and cells, and this patterning in turn is a reflec-

tion of patterning of genes in chromosomes. And the genes are composed

of complex but regular arrangements of atoms. And so it goes—every-

where there is design. Everything is conforming to definite forces acting

upon it, is obeying natural laws applicable to its particular state. Whence

come these natural laws? There we find the Creator.

It may seem to you that we have drifted rather far from the subject of

evolution, but in reality we have not. Evolution is part of the great design,

or better it is the way in which certain parts of the design are being pro-

duced. The principles of evolutionary change discussed in previous chap-

ters are the means employed by the artist to paint the picture—to create

the design. In other words, the design was not completed in its entirety at

some distant time in the past; it is not completed even yet. The process is a

continuing one and the end is not in sight.

Now I am perfectly well aware that some students of evolution conclude

that there is no design in evolution, that the whole process is haphazard,

without direction or goal. They point to the many evolutionary blind alleys

up which animals have gone, only to become extinct. They emphasize the

fact that evolution is not steadily progressive, that progress is frequently

followed by retrogression. They stress the point that animals do not seem to

evolve according to an established pattern, that how animals evolve de-

pends upon the opportunities which chance to befall them. All these things

are matters of observation, yet may not they in themselves form part of

the pattern? Why should we assume that the laws of the universe, includ-

ing those of evolution, must be so organized as to reach a goal by what

seems to our human minds the most direct route? And why should we con-

clude that if the natural laws do not seem to be leading toward a goal by

what seems to us a direct route, there is no soal at all?

Admittedly these are matters of speculation. Perhaps the universe, in-

cluding evolution on this planet, has no design and no goal. But exercising

the prerogative of voicing my own opinion here, I submit that the point is
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far from proved. My own "hunch" is that all organic evolution is following

a pattern which constitutes one portion of the great design of the universe.

Of course, I cannot prove that such is the case, any more than those who

hold the opposite view can prove their position.

A word seems appropriate at this point concerning the statement some-

times made that the universe and everything in it arose by chance. The

statement usually carries the implication that if a thing occurs by chance it

obeys no laws, follows no design, whatsoever. As should be clear to you

from our previous discussions, such an implication reveals a fundamental

misunderstanding of the nature of chance. Chance itself follows statistical

laws—the laws of probability which we saw to be so fundamental in

MendeUan inheritance (pp. 376-389), in population genetics (i.e., Hardy-

Weinberg law, pp. 43 1-435 ) , and hence in evolution. These laws are clearly

as much a part of the design of the universe as is the law of gravitation.

They express the regularities with which phenomena occur. Probable

events occur frequently, less probable events occur less frequently. But

even highly improbable events do occur. We are told, for example, that on

a roulette wheel at Monte Carlo red once came up thirty-two times in a

row. The probability of such an occurrence is about one in four billion.

Yet this high degree of improbability did not prevent the occurrence

from happening. Similarly, some new evolutionary developments may

have been dependent on very "improbable" combinations of genes and

mutations. It was doubtless "improbable" that a climbing or gliding insec-

tivore would become possessed of limb structure suitable for flight (pp.

504-506). Yet, as with the roulette wheel, the improbable event did occur,

and having occurred altered all subsequent evolutionary history of the

group by making possible the origin of bats.

We should note that the occurrence of highly improbable phenomena is

not a "breaking" of the laws of chance. The laws of chance provide for im-

probable phenomena as well as for probable ones, and even predict the

frequency with which improbable events may be expected.

I suspect that one reason some people doubt the existence of a design or

pattern in the universe, and all of us discern the pattern so dimly, if at all,

is because we are part of it. If we imagine a dab of paint on a canvas en-

dowed with the sense of sight, we readily appreciate that this bit of paint

would find it well-nigh impossible to see the painted landscape of which it

was a minute part. It might well deny that it was part of any landscape, any

design, at all!

Not only is our perspective likely to be faulty; our knowledge and under-

standing of the universe are strictly limited by the nature of our sensory
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equipment and minds. We frequently overlook these limitations. If, for

example, you look at a postage stamp through a compound microscope

you see only a tiny bit of the stamp, greatly magnified. In your small field

of view you see irregular and apparently meaningless blotches of colored

ink on a light background. If you move the stamp other patches of ink

come into view. Moving the stamp further you see still different ink spots.

But these spots do not seem to "add up to" anything. If you never saw a

postage stamp except through the high powers of a microscope you might

feel entirely justified in concluding that postage stamps have no pattern,

that their surface is covered with ink spots distributed at random, forming

no design. Here and there, on the other hand, you might by careful study

detect arrangements of spots suggesting that a pattern really exists. Yet

you would probably not be able to determine the actual nature of the de-

sign. We are much in that position as we look at the universe and at evo-

lution. What we perceive and what we understand are strictly limited by

the nature of our sense organs and of our minds. If we had different sense

organs and different minds our perceptions and understandings might be

quite other than they now are. So it behooves us to be cautious about

concluding that if we see no pattern in the universe there must necessarily

be no pattern. The design may be there; in fact we see evidences that it is.

Yet our sense organs and minds may have such limitations that we can no

more perceive the complete scope and nature of the design than a student

viewing a postage stamp with high-power magnification can make out the

face engraved upon it.

What is the outcome of the matter? Personally, it is that I am impressed

with design permeating all things great and small. For me, design necessi-

tates a designer. And I suspect that the design has a goal—an objective

which gives significance and meaning to the whole. But I would not pre-

sume to state that I know what that objective is, and I suspect that I am not

mentally equipped to comprehend it.

We are touching here on important matters. It is essential for each of us

to feel that his life has significance. A sense of being part of a great pattern

or plan contributes mightily to one's feeling of personal significance. I have

testified to belief that the universe and everything in it is characterized by

design and goal. Perhaps some of you are unable to follow me in this be-

lief. Does that mean that you must regard your own life as without signifi-

cance, as meaningless and without goal or objective? Not at all. As we
shall mention shortly, there has been added to biological evolution in the

case of man an entirely new form of evolution: social evolution. Social

evolution is dependent upon learning and the passing on of acquired wis-
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dom from generation to generation. Whether or not you agree with me
that the universe and organic evolution give evidence of purpose and plan,

you will recognize readily enough that this new evolution, under human

control, is characterized by purpose and plan, "because man has purposes

and he makes plans" (Simpson, 1949). The quotation is from the pen of a

distinguished contributor to evolutionary thinking who does not agree with

the point of view I have expressed—that the universe gives evidence of

being characterized by pattern and goal. Nevertheless he finds pattern and

goal in man's social evolution sufficient to confer significance upon human

life. His discussion merits thoughtful reading.

Looking at Man and His Future

If space permitted I should like to discuss at some length the influence of

evolution upon our conception of man and upon human institutions and so-

ciety. I must content myself with but a few points, however. In the first

place, what is the influence of evolutionary thinking upon our ideas con-

cerning man himself? Succinctly, it changes our viewpoint so that we re-

gard man no longer as a "fallen angel" but instead as a "risen animal."

Some people, mostly of an older generation, are sincerely distressed by

this changed viewpoint. For them there was comfort in the thought that

man once was perfect, and that his principal task is to regain that perfect

state. Then along came knowledge of evolution, demonstrating that the

first men were not perfect at all. The more we learn of prehistoric men and

their predecessors the more we appreciate the fact that they were less "per-

fect" in the higher human attributes than are we. This means that man, as

found from the dawn of civilization down to the present, represents the

finest fruit of the evolutionary process. It does not necessarily mean that no

finer fruit will ever be produced, but if superior types of man do arise

they win be a new development, not a reversion to a perfect human state

once existent but subsequently lost. Accordingly it seems to me that evolu-

tion forms the optimistic viewpoint from which to look at man. From this

viewpoint we may well believe that the great days for humanity are yet

ahead of us, not behind us.

In the preceding paragraph I spoke bluntly of man as a "risen animal."

You may have thought that in so doing I was casting aspersion upon man.

Not at all; the emphasis is upon the "risen." In other words, we do not re-

gard man as "just an animal"; he is an animal who has achieved heights at-

tained by no other inhabitant of this planet. His use of tools has enabled him

increasingly to adapt his environment to himself, instead of adapting him-
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self to his environment. His development of spoken and written language

has made possible the development of a social inheritance which forms a

unique addition to his biological inheritance. Through this social inherit-

ance the ideas and achievements of past generations are handed on to de-

scendants, so that one generation builds upon the achievements of its pred-

ecessors in a manner totally unlike anything possible to lower animals.

Because one generation does thus build on the achievements of its prede-

cessors we have the possibility of social evolution, an evolution independ-

ent of biological evolution. The importance of this new evolution cannot be

overemphasized. It is a unique achievement of man, and it enables him

increasingly to control his own destinies.

We noted in earlier chapters that biological evolution varies from animal

to animal and from time to time. Some animals, hke the cockroach, remain

virtually unchanging for vast periods of time while other animals undergo

great changes. Still other animals, whose ancestors were highly developed,

become simpler in structure, losing many of the ancestral structures—par-

ticularly animals which develop parasitic modes of hfe. Evolution, then,

does not always mean progress, in the sense in which we usually employ

the word, for any particular species (but seep. 499). Yet viewed as a whole

the broad trend of evolution has been progressive, producing ever higher

types of organisms. Thus progress seems to be part of the design to which I

referred earlier. But it is not constant in rate, and it does not involve all

forms of life equally. While some forms progress, others retrogress, and

others travel down evolutionary blind alleys until they become extinct. At

any given time in the earth's history it would be practically impossible for

an observer to tell which forms were progressing and which were moving

toward extinction. With the wisdom of hindsight we see that in the latter

days of the Mesozoic era the dinosaurs were heading for extinction, while

the future belonged to the descendants of the insignificant little mammals.

But would an observer living at the time have drawn any such conclusion?

It seems most unlikely.

So it is with human evolution. Some human societies remain almost static

for centuries, others progress rapidly, still others retrogress. By analogy we
may feel confident that some societies will develop into something higher

while others, possessing the seeds of their own destruction, will become ex-

tinct. But as observers of the current scene we are as little likely to be able

to "pick the winner" as would have been our hypothetical observer of the

late Mesozoic scene. Thus while we may feel confident that progress will

be achieved, we cannot feel confident that it will necessarily be achieved

through one particular form of society which we may regard as "best." Per-
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haps our social and economic system is in the evolutionary bUnd alley, peo-

ples of some other cultures being on the road to progress. If it sounds like

heresy to suggest that the people with the most and best machines, the most

potent engines of destruction, and the most devastating bombs are not

surely on the road to progress, recall that the dinosaurs were the most

powerful destroyers in their day also! As a student of evolution I find

strange fascination in that most controversial of the Beatitudes: "Blessed

are the meek: for they shall inherit the earth" (Matthew 5:5). Perhaps the

future will demonstrate that this and its companion—"all they that take

the sword shall perish with the sword" (Matthew 26:52)—were correct

prophecies.

Though we cannot predict with certainty that ours is the society which is

on the road to progress, our knowledge of biological and social evolution

does provide us with inklings as to what may constitute the hallmarks of

progress. First we may note a grave error made by some of the immediate

followers of Darwin. Darwin himself stressed the struggle for existence.

One phase of this struggle is between individuals for supremacy and sur-

vival. Emphasis on this phase led to a school of thought called Social Dar-

winism, in which great emphasis was placed upon the value of struggle for

supremacy between individuals and between societies. This was the "na-

ture red in tooth and claw" concept applied to human Hfe and society. Ac-

cording to this view, ruthless economic competition, the exploitation of

"inferior peoples," and warfare constituted the accepted means of evolu-

tionary progress. "Might makes right" and "the devil take the hindmost."

So in the decades following publication of the Origin of Species the idea of

natural selection was taken as justification for all manner of exploitation,

economic and military. Those who were strong proved to themselves that

they were "the fittest" by exploiting the weak. Cutthroat competition and

the exploitation of colonial peoples were the order of the day. No wonder

evolution fell into disrepute with sensitive and thoughtful people.

Fortunately a reaction set in. Kropotkin was a leader in this with his

Mutual Aid; A Factor of Evolution (1917), and other voices were heard

calling attention to the fact that cooperation is as valid a factor in evolution

as is competition (see Allee, 1951; Montagu, 1950, 1952). On an earlier

page (p. 355) we mentioned the "survival value" of cooperation, for ani-

mals living together in societies. Man is such an animal. Clearly, cooperation

between individuals in a society is of the highest value for the success of

that society. In fact, we may anticipate that that society will be most suc-

cessful which achieves the most perfect state of cooperative living. For

man, then, cooperation is clearly a hallmark of progress.
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How inclusive must this cooperation be? In the time of the BibHcal patri-

archs the members of one family cooperated together, but each family was

more or less continually at war with other families. In later times families

joined together to form cities, but each city-state was more or less con-

stantly at war with every other one. Eventually the city-states joined to

form confederations and these finally became nations. Each change en-

larged the circle within which cooperation was operative. We have now

reached the stage when it seems imperative that for the good of mankind

nations shall join into super-states, enlarging the cooperative circle still

further. Just at present we seem destined to have two such cooperative

circles, one labeled '"the East," the other ""the West." The two circles are

pitted against each other, but this conflict seems unlikely to be a perma-

nent condition. By some means, peaceful or otherwise, the circles will

merse to form one—the ""One World" of Wendell Willkie.

Man has become so powerful in controlling his own social evolution, in-

cluding the invention of means for his own destruction, that nothing short

of complete cooperation by all peoples on our "'shrinking planet" will suf-

fice. If any people or society finds itself unable to adapt to such coopera-

tive living on a global scale we may predict that that people or society will

go the way of the dinosaurs, leaving the earth to those peoples who can

make the adjustment. Natural selection is not dead; but in the modern

world natural selection is placing a premium on ability to live coopera-

tively, not competitively.

Each of us is naturally interested that his society shall be among the sur-

vivors. It is not pleasant to imagine a future in which our particular race or

nation shall have no part. How can we help to insure that our group shall

not be eliminated by natural selection? Evidently, since social evolution is

so largely under human control, we can contribute most by supporting aU

measures which further cooperative living on this earth.

Perhaps all peoples will be able to make the adjustment to cooperative

living on a global scale. On the other hand, being as pessimistic as possible

for the moment, we may ask: What will happen if no peoples can make

the necessary adaptation? Then we may feel sure that mankind as a whole

will become as extinct as the dinosaurs (probably through self-destruc-

tion), leaving our environmental niches free for exploitation by some other

form of life. What form of life? We should have as great difiiculty predict-

ing; that as a dinosaur would have had predicting that the mammals would

inherit his place on earth.

But such pessimism is untimely. Possibly the way of progress will be

found to lie through some form other than man. We have reason to
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doubt that this will be the case, however. Increasingly man controls his own
evolution, especially his social evolution. Development of cooperative liv-

ing is one process in that social evolution. We may feel confident that man,

or at least some groups of men, will develop the qualities necessary for

cooperation on the scale required. If so, there now seems no ascertainable

limit to man's supremacy. Each of us can make his own contribution to-

ward creating a mental and spiritual climate in which the necessary co-

operation can thrive. "Cooperation begins at home" but it must not end

until it encompasses the earth. Each of us can contribute to this end.

In closing this letter on an optimistic note I may be laying myself open to

the accusation of being a "Pollyanna." After all, none of us can really fore-

tell the future—most especially the distant future. But optimism seems at

least as warranted as pessimism, especially when we recall the brief space

in which our social evolution has been operative. In Chapter 7 we spoke of

a hypothetical time-lapse movie of earth history. You will recall that the

movie runs continuously for a year, but that of that year man has been in

existence for only about twelve hours, and civilization has occupied only

the last five or six minutes. Much social evolution has occurred in that

five or six minutes; we may feel confident that much more will occur be-

fore man's time on earth equals that of many of his predecessors. Our so-

cial evolution is near its beginning, not its ending. Knowledge of evolution,

then, gives us the perspective for optimism. We say that these are "dark

days"; thoughtful reading of history will convince us that most days have

been "dark" in the sense we have in mind. But out of the darkness has

come progress in the past. That fact gives us optimism that progress will

also characterize the long trends of the future.
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See also Ape; Monkey
Antibody. 109

inducing mutations, 339, 340, 344-346

Antigens, 109

A. B. O, 121-124, 251, 324, 335

M, N, 124,251

Rh, 125,251,254
Antiserum, 1 10

Antlers, allometry of, see Allometry

Aorta, dorsal, 61 , 62-65, 63

ventral, 61 , 62-63, 64
Aortic arches, 67, 62, 63, 64, 65

Ape, 220, 221-225, 226-228, 229-232,

235
blood groups in, 123-124, 335

nutrition of, 85

See also Chimpanzee; Primates;

Serum proteins, homology of

Ape-men, South African, see Australopi-

thecines

Aphid, transportation of. 284

Appendages, of crayfish, 37, 38, 39

of insects, 40
Appendix, vermiform, 40, 41 , 42

Archaeopteryx, 137, 188, 504
Archaeornis, 188

Archaic mammals, see Mammals
Archeozoic era, 136, 137, 143, 144-145

See also Pre-Cambrian era

Archipelago promoting speciation, 486,

487-489
See also Darwin's finches; Gala-

pagos Archipelago

Arey, L. B., 53. 54. 63, 76. 78

Arginine phosphoric acid (PA), see

Phosphagens
Aristotle, 4—5

Arm, see Limbs
Armadillo, 260, 261

Art, primitive. 245
Arteries, branchial: afferent, 61, 62, 64;

efferent, 67, 62
See also Aorta

Arthropoda, 147-149, 153-154. 311

appendages of, 38-39
Artificial selection, 11, 12,317,351,418-

420,450-451
Artiodactyla. 115, 116, 118, 120, 196,

220, 310
Ascending categories, see Classification

Ascorbic acid, see Vitamins, C
Asia, see Eurasia

Ass. 206
Assimilation, genetic, 420-424

ontogenetic, 423

Assortment, independent, 385-389, 386,

388
Atavism, see Reversion

Atlanthropus, 239
Auricle, see Heart
Aurignacian culture. 245-246
Australia, aborigines of, 251

animals of, 261-264, 263, 265-266
See also Marsupials

Australopithecines, 224, 228, 232-238
Australopithecus, 233, 234, 235, 250

africanus, llil

Aves, 310
See also Birds

Baboon, see Serum proteins, homology of

Backbone, see Vertebral column
Backcrossing. 479
Bacteria, antibodies against, 109

as early life form, 144-145

Badger, 28

Balanoglossus, 101-102, 150

Baldwin, E., 98, 107

Baldwin effect. 424-425, 466
Bandicoot, 192, 26J
Barley, 451

Barriers. 272-273

biological, 272
geographic, 326, 469-470, 485

to hybridization, see Isolation

physical, 272, 350
See also Dispersal; Geographic

distribution; Isolation, geographic

Barth, L. G., 78

Bass, 156

Bassler, 152

Bastard sandalwood tree, 303

Bat, 27, 220, 266, 289

evolution of, 504-506

wings of, see Wings
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Bates, 370
Battus philenor, 371

Baiirici, 17 J

Beadle. G. W.. 104. 107. 401, 402

Beaks, of Darwin's finches. 293-296. 295.

296,297, 356.488
of dinosaurs, 182, 184

of drepanid birds. 298, 299, 300, 301,

302. 303, 304. 488

of insects, 35, 36

Bear. 264
black. 375.433
cinnamon, 375. 433

polar, 28. 264

spectacled. 264

Beardmore. J. A., 466, 481

Beaver, 1 17

Bedbug, mouth parts of. 36

Bee, 355, 373

mouth parts of. 33-i4, 40
wings of, 30

See also Bumblebee; Honeybee
Beebe. W., 291. 305.370. 371. 374

Beech. 194

Beecher. 149

Beef, classification of, 115

See also Artiodactyla; Serological

tests

de Beer. G. R.. 47. 50-51, 73, 78, 107,

216.217
Beetle, 167

allometry in, 405, 406
transportation of. 285

Belemnites. 137, 175. 176

Bensley, 41

Bergmann's rule. 275-276

Bernard, C. 95

Bills, see Beaks
Binomial expansion, see Hardy-Weinberg

law

Binomial system, see Nomenclature
Biogenetic law, 50

See also Recapitulation

Biological isolation, see Isolation, repro-

ductive

Biological wastage, 475

Biotype. see Clone
Bird rock. 281

Birds, 505

brains of. 32. 187

courtship by, 492-493
display in. 491-493
drepanid. see Drepanid birds

excretion by. 92-94
flightless, 43, 44
limbs of, see Limbs
mating of. 493-494
migration of, 469-470

Birds (Continued)
origin of. 137. 187-189

as predator, 366-368. 370-373
reproduction in. 493-494
secondary sex characteristics of, 491-

493
songs of, 493

toothed, see Archaeopteryx
warning devices of, 493
wings of, see Wings
yolk sac of, 55

See also Fowl
Bison. 120.264
Bision betularia. 366. 367
Bladder, air. 158. 160

swim. 158

Blair. A. P., 481

Blair. W.F.. 476, 481

Blastopore, 48. 49, 71

Blastula, 49. 71. 72

Blood, origin of. 95

See also Placenta

Blood cell antigens, see Antigens

Blood groups. 121-125, 251, 253-254,
334-335

See also Antigens

Blood plasma, salts in. 94-95. 97-99
Blood serum, see Serum
Blood tests, see Serological tests

Blum, H. P.. 85. 91. To7. 340. 362. 497,

498, 506
Boa, vestiges in, 43

Body size, pleiotropic genes affecting. 351

unequal growth in. see Allometry
See also Stature

Bonds, covalent, 88

Bone, hollow, 186. 187. 188

See also Fossils: Pelvic girdle;

Skull; Vertebral column
Bonner. D. M., 401, 402, 403, 425
Boonstra. 171

Bottlenecks, in life cycle, 446
Boule. M.. 230. 255

Bovidae, serological relationship of, 120-
121

Boyd. W. C, 122, 125. 251. 252. 255
Boyden. A. A.. 70. 78. 116. 125

Brachiation, 225. 226-227, 236

Brachiopod. 137. 146, 147, 151, 153,

155. 164, 166

Bradytelic rate. 501

See also Evolutionary change,

rate of

Brain, of amphibians, 32

of apes. 235

of australopithecines, lltA-llS

of birds. i2. 187

of Bushman, 239
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Brain (Continued)

comparison of, 32
embryonic, 54, 58, 63

of Equus, 203, 205
offish. i2-33
of gorilla, 235

homology in, 32-33

of horse, 203
of Hyracotheriiim, 201, 203. 236
of mammals, -?2-3 3, 190-191

of man, 219, 228-229: development of,

236, 255
of Merychippus, 205

of Mesohippiis, 203

of Neanderthal man. 243

of opossum, 201, 203
of Pithecanthropus, 238-239
of pterosaurs, 186

of reptiles, 52, 170

of Stegosauria, 183

of tarsier, 221

See also Skull

Branchial grooves, 59-60
See also Gill slits

Breastbone, see Sternum
Breeding programs, see Artificial selec-

tion

Bridge, land, 120, 265, 266-267, 268, 280,

282, 283

Bridgeless gap. 319

Briggs, M. H., 145, 172

Bristles, of Drosophila, 446
piercing, of insects. 35, 36

Brittle star, 102

Brontosaiirus, 181, 182

Broom, R., 171,233,255,256
Brower, J. VZ., 371, 373, 374
Brower, L. P., 373, 374
Brown, F. A., Jr., 107

Brown, W. L., Jr., 238, 250, 256, 323,

324,329,487,506
Browser, three-toed, 201, 204, 205

Bryan, W. A., 305

Bryozoan, 152

Buchsbaum, 74, 75

Buffalo, see Bison

Bugs, mouth parts of, 35, 36

Bullfrog, see Frog
Bumblebee, 300, 373

See also Bee
Burbank, L.. 351

Burgess shale fossils. 148-149
Bushman, brain of, 239

pelvic bones of, 233
Butterflies, mimicry in, 370, 372, 373

Monarch, 371, 372
mouth parts of, 34-55, 40
and population size, 490

Butterflies (Continued)
Tiger Swallowtail, 371

transportation of, 285
Viceroy, 371,572

Cabbage, 479-420
Cabrera, A., 275, 323, 328

Cactospiza, 296
Cactus, prickly pear, 288, 290

spineless. 351

tree, 288
Caecilian, 170

Caecum, 40, 47,42
Caenolestid, 261

Cain, A. J., 370, 374
Comarhynchus, 296
Cambrian period. 137, 146-150

Camelidae. distribution of. 270, 277, 272
See also Camels

Camels, 268

Arabian, 271,273
Bactrian, 271,273
distribution of, 270, 277, 272
extinction of, 13. 272

Camouflage, see Protective coloration

Camp, C. L., 197, 198, 200-201, 205, 217
Canalizing selection, 422, 425, 466
Canary, 293

Canidae, see Dog
Canis, see Dog
Cannon bone, 23, 43

See also Limbs, of horse

Cape Verde Islands, 292-293

Capybara, 1 19

Carbohydrates, 80

digestion and absorption of, 86-87

formation of, S7, 87-88

manufacture of, 84-85, 139

Carbon, 79, 80, 57, 144

compounds of, see Carbohydrates

dating by, 138-140,246

film of. 129, 148, 176

Carbon dioxide, 84, 85, 86, 87-89, 92,

139. 144

Carboniferous period, lower, see Missis-

sippian period

upper, see Pennsylvanian period

Cardinal, 293

Carnivora, 220. 310, 312, 504
archaic, 195-196

caecum of, 40-41

interrelationships of, 121

See also Serological tests

Carotenoids, 104-105

Carp, number of eggs in, 352

Cartesian coordinate method in allome-

try, 415,476, 417
Case, 167, 168
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Castle, W.E., 351,362
Casts, artificial, 129

natural, 129

See also Worm burrows

Cat, 220, 310
caecum of. 40

See also Carnivora

Catalyst, see Enzymes
Catastrophes, effect of on hybrids, 479

and population size, 353

Catastrophism, theory of, 8

Cattle, see Beef

Cave. A.J. E.. 243, 257

Cell division. 82, 83

See also Mitosis; Ovum, cleavage

of

Cells, colonies of, 70, 71 , 72

formation of. 81

germ, see Germ cell; Germ plasm;

Ovum; Sperm
typical, 81

Cellulose, digestion of, 41

See also Carbohydrates

Cement of teeth, see Teeth

Cenozoic era, 137, 138, 193-217, 221,

224,261,268,504
Center of dispersal, see Dispersal

Central America. 291

animals of, 270

Central nervous system, see Brain; Spinal

cord

Centromere, 380, 381, 382, 396, 397
Cepaea. 370

Cephalaspis. 159

Cephalochorda, 311

Cephalopod, 151-152, 155, 166, 175-176

culmination of, 173-176

first, 137, 147

See also Ammonite; Belemnites;

Nautiloid

Ceratopsia, 183-184
Cerebral hemispheres, see Brain

Certhidea, 297
Cervical fistula. 76

Cetacea. 220. 310

See also Whale
Champy. 406
Chance, 254. 286. 322, 348, 350, 351

laws of, 516

in Mendelian inheritance, 378-380,

387, 427-435. 438. 439-444
See also Drift, genetic

Change, see Diversity

Chapman. F. M., 293. 305

Character displacement. 487, 488
Character gradient, see Cline

Chemicals, carcinogenic, 339
Chiasma, 394

Chicken, see Fowl
Chimpanzee, 222, 223, 224, 225, 226,

227, 231, 233
blood groups in, 123-124

See also Ape; Primates; Serum
proteins, homology of

Chin, of australopithecines, 234
of Cro-Magnon man, 245

development of. 232

of Pithecanthropus, 239
See also Jaw

China, see Pithecanthropus

Chinchilla. 260
Chiroptera, 220, 504

See also Bat

Chitin. 21

Chlamydomonas. 71

Chlorocruorin, 103

Chlorophyll, 84

See also Plants, green, photosyn-

thesis in

Choanichthyes, see Sarcopterygii

Chondrichthyes, 156-157

Chordata, 48, 68, 74, 100-103, 149, 150,

311,312,313
first appearance of, 153

Chorion, 51, 79/

Chorionic villi, 52, 53, 60, 191, 192

Chromatid, 381, 382, 383, 387, 394-395,

398,399
Chromosomal aberrations, 338, 339, 396-

400, 503

lethal, 396, 398

in number of chromosomes, 398-400,

418
structural, 396, 397, 398

See also Inversion; Polyploidy;

Translocation

Chromosomes. 338

arrangement of, 380-389, 381, 384,

385. 386, 394-395, 394, 395; sea-

sonal fluctuation in, 461-463, 468
in cell division, 82, 83, 331-334

giant, 460
normal, 397, 400

See also Genes
Church and evolution, 5-6

See also Religion

Circumpolar land mass, 268
Cladoselache, 157, 760

Clams, 147

Clark, A. H., 266. 278

Class. 310-311

Classification. 7. 306-329

by animal relationships, 313

artificial system of, 313-314
ascending categories in, 3 1 \-312

of asexual organisms, 318
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Classification (Continued)

of australopithecines, 235

basis of, 306-307
Linnaean system of, see Nomenclature,

binomial system of

of man, 248-250; transitional forms of,

242
natural system of, 313

of Neanderthal man, 244
nomenclature in, see Nomenclature
recapitulation in, 73-75
reflecting evolution, 312-314
scheme of, 309
by similarity: of physiology, 307; of

serology, 307; of structure, 307, 312

See also Morphology
Climate, changes in, 194-195
Climatiiis, 159
Cline, 274-277, 275

adaptive, llA-216
definition of, 274
neutral (nonadaptive), 274—275
versus subspecies, 323

Clone, 318
Coal, 145, 163

formation of, 164

Coati, 260
Cobalt, radioactive, 451

Coccyx, 43, 65

Cochran, V. A., 118, 119, 125

Cockroach, 164-165, 167, 501

adaptation in, 14

Cocos Island, 291,489
Coelenterata, 72, 73, 94, 134, 145, 150.

151

See also Coral; Hydra
Coelom, development of, 102

extra embryonic, 52
Coenzymes, 89-90
Coerebidae, 297
Coghill, G. E., 56, 57, 78

Colbert, E. H., 22, 172, 177, 178, 179,

184, 192, 217, 224, 256, 417, 425

Coldbloodedness, see Temperature
Colon bacillus, see Escherichia coli

Color, phases of, 375-376
Competition, 353, 356-357, 475, 486-487

489,490
among Darwin's finches, 294, 356, 487-

488
among drepanid birds, 298, 488
interspecific, 356
intraspecific, 356
for territories, 318

See also Struggle for existence

Competitive exclusion principle, 487
Condylarthra, 116, 195-196
Conifer, 164, 166,290

Continental drift, see Drift, continental

Continuity, see Ranges
Convergent evolution, 29-30, 187

See also Analogy
Cooperation, role of, 355, 520-522
Cooperative living, 520-522
Cope, 202

Copernicus, 510
Copulation, 471-472
Coral, 72, 134, 137, 145, 150, 151, 153,

155, 163

first, 137, 150

Corn, hybrid vigor in, 459
lethal genes in, 390

Corner, G. W.. 58. 78

Cosmic rays, 339
Cotylosauria, 137, 767, 170, 176, 777,

220
Courtship behavior, 472, 492-494

See also Sexual selection

Cranial capacity, see Brain

Crayfish, 38, 147

appendages of, 37-J9
Creatine phosphoric acid (PC), see

Phosphagens
Creation, special, theory of, 24—25, 42

stories of, 509, 511-513
Creator, 5-6, 512-515
Creodonta. 195-196

Cretaceous period, 137, 175, 181, 184,

188,191,192.195,265,283
Crinoid. 137, 150-151, 153, 155, 164, 166

Crocodile. 194

Crocodilians, 777
Cro-Magnon man, 224, 245-246, 249
Crooked toes, see Fowl, crooked toes in

Crossing over, see Genes, crossing over

Crossopterygii, 76, 157-/67, 762, 163,

220
preadaptation of, 13, 15-17, 159-161,

170, 500

Crustacea, 153, 404-405
Cuckoo, 292, 293

daCunha, A. B., 465, 481

Cuvier, 8, 24
Cyclostomata, 68, 100, 105, 156

Cystoid, 150

Darlington, P. J., Jr., 120, 125, 268, 278,

282. 305

Dart, R. A., 232, 235, 256

Darwin. C, 6, 10, 18, 33. 44, 274. 278,

287, 288-289, 292, 296, 305, 314,

337, 351-352, 353-354, 355, 362,

481,491-492,506
Origin of Species, The, 2, 6, 10, 33,

274, 278, 314, 337, 351, 362, 481,

506



INDEX 533

Darwin, F., 278

Darwinism, see Natural selection; Social

Darwinism
Darwin's finches, 292-296. 295, 487-488,

489
David. P. R., 402
Davis, P. R., 227. 256

DDT, 401,451
Deer, 27. 220, 264. 491

Deer mouse, see Peromysciis

Deficiency in chromosome. 396. 397

Deletion in chromosome, 396, 397, 398

Deme. 427

Demerec, M., 328, 401, 402. 451, 481.

482
Dentary bone, 172, 190

Dentine of teeth, see Teeth

Deoxyribose nucleic acid (DNA), 400,

498
Development, rate of, 357

Devonian period, 15. 137. 155-163, 173

De Vries. H., 337, 338, 419, 436
Dewar, D., 44
Diapsida, 176-77S
Diastema, 199.203, 230
Dice, L. R., 316, 324, 325. 328. 365. 366,

374
Difi"erences, see Diversity

Differential growth, see Allometry
Digits, see Limbs
Dimetrodon, 170-171

Dingo, 262
Dinichthys. 157

Dinosaurs. 137, 175

duck-billed, 182

evolution of. 176-187
extinction of, 13, 184-185
horned, 180, IS3-184
orders of, 179-180

plated, 183

See also Ornithischia; Saurischia

Dinotheriiim. 2X2-213, 215
Diploe in proboscidea, 208. 212. 214
Diploid. 382, 385, 399, 400, 418, 419-42Q

See also Polyploidy

Diplovertebron, 162

Dipnoi, see Lungfish

Discontinuity, see Ranges
Disease, 353

resistance to, 357
Dispersal, center of, 268, 269, 271, 272,

326
means of, 284-287, 290-291
to oceanic islands, 284-287

See also Barriers; Geographic dis-

tribution; Isolation, geographic

Display, 491-493
See also Sexual selection

Distribution, see Geographic distribution

Divergence, see Adaptive radiation

Diversity, development of. 325, 331-336,

341, 358-359, 473-474, 487. 489
genetic factors in, 375-402

See also Genes; Mutations; Nat-
ural Selection; Speciation

DNA, see Deoxyribose nucleic acid

Dobzhansky, T., 251, 252, 256. 322. 325,

328, 360. 362, 402. 419, 420, 421,

425, 426. 427. 438, 442, 449, 451,

454, 455, 456, 460, 461-462, 463,

464, 466, 467, 478, 480, 481, 482,

483,486,506
Doniger, D. E., 120, 125

Dog. 220
classification of, 115

coat density in. 421-422
epistasis in. 391, 392
limb of, 22-25

See also Camivora; Serological

tests

Dogfish, 156, 157

osmotic regulation in, 99
See also Shark

Dolichocephalic, 252
Dolphin, 15

convergent evolution in, 30
Dominance, partial, 347
Dominant, see Genes
Dragonfly, 165, 167

Drepanid birds, 296-304, 299, 300, 301,

302. 303. 488
Drepaniidae. 297, 300
Drepanis, 298, 300-301
Drift, continental. 282

genetic. 254. 349-351. 360. 439-449,
485, 487. 490; irreversible, 442;

models of, 442, 444. 443, reversal

of, 442

Drosophila, 360, 450
bar-eyed, 457. 458
bithorax in, 424, 425
ebony, 369, 457. 458, 459
eye color in, 337, 350-351. 403-404;

red, 351, 404. 472; white. 351. 404,

472
junehris. 453; temperature races of.

401,453.454
genetic assimilation in, 424
mating behavior of, 472, 475-476
melanogaster. 476
mutation rate in, 437, 501

and natural selection, laboratory ex-

periments in, 454-469. 475-476
persimilis, 475
pleiotropic genes in, 350-351
pseudoobscura, 369, 460-461, 475
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Drosophila (Continued)

rate of mutations in, 339

stubble mutation in, 445

sterility in, 475-476
viability mutations in, 452-453, 455,

456, 459, 462, 475-476
Drugg, H., 118, 119, 125

Drummond, F. H., 362
Dryopithecinae, 224, 225, 226, 227, 231

Dubinin, 442
Dubois, 238
DuBrul, E. L., 232, 256

Dunbar, C. O., 142, 147, 172, 217

Dunn, L. C, 251, 256, 402, 419, 426,

478,483
Duplication in chromosome, 396, 397
Durant, Will, 508

Eakin, R. E., 94, 107

Ear, embryonic, 59, 63, 66
middle, 62, 190

of New World monkey, 223

Ear canal, external, 62, 76

Eardrum, 62

"Early Neanderthals," 242

Earth, age and origin of, 143

crust of: folding of, 132, 133; sub-

mergence of, 131-132

Earthworm, see Annelida

Eaton, 186

Echidna, 262
Echinodermata, 102-103, 150

Ecologic isolation, see Isolation, environ-

mental

Ecologic niche, see Environmental niches

Ectoderm, 48, 49, 52, 53, 55, 68, 71, 72
Edinger, T., 201, 203, 205, 217

Egg, amphibian, 163

bird, 168-170
dinosaur, 184

of reptiles, 167-170
transportation of, 284

See also Ovum
Ehringsdorf people, 249

See also Skull

Eibl-Eibesfeldt, I., 305

Electrophoresis, 121

Elements, chemical, 79-81

trace, 79-80
Elephant, adaptations of, 207-210

African, 206-207, 277, 214-216
Asiatic, 206-207, 277, 214-216
evolution of, 206-210, 214-216
fetus of, 215-216
reproductive rate of, 352
skull of, see Skull

teeth of, see Teeth

Elm, 194

Elton, 284
Embryo, bird, 168-769
caecum and appendix in, 41

comparisons of, 46
development of, 47-50, 48, 385, 401,

404; canalized, 422, 425, 466
human, 797; development of, 51, 52,

53, 54, 55, 58, 59, 60, 62, 63, 64, 65,

66, 67-69

of marsupials, 192

organizers in, 68-69
of placental mammals, 191-192

of reptile, 168-169

typical, development of, 47-50, 48

waste products in, 93-94, 169

See also Embryo, human; Pla-

centa; Recapitulation

Embryonic disc, 52-53, 58

Emerson, A. E., 454, 481

Emerson, S., 363

Empedocles, 4

Enamel of teeth, see Teeth

Endemic, definition of, 287

Endoderm, 48, 49, 52, 53, 55, 77, 72,

169

Enemies, see Predators

Energy, release of, 89-91, 144, 497-498

source of, 85, 87-89

Engle, R. L., Jr., 126

Ennor, A. H., 102, 107

Environment, changes in, 8-9, 13-18,

358, 368, 502

effect of on structure, 354

hybrid, 478-479, 481

inanimate, and population size, 353

internal, 94-95

and mutations, see Mutations

unsuitable, 266, 267

See also Adaptation

Environmental niches, 18

and bats, 505

defined, 15

and Drosophila, 453, 468

and genetic assimilation, 420-421

and hybridization, 474-475, 477-478

and man, 254

on oceanic islands, 290, 293-294, 296,

487-488, 490
See also Adaptation; Preadapta-

tion

Enzymes, 89-90, 104

in digestion, 86-87

gene action on, 400-401, 403-404

Eocene period, 137, 194, 195-196, 200,

202, 210, 221, 223, 270, 272

Eohippus, see Hyracotherium
Epistasis, 390-391,592
Epoch, 193
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Equilibrium, genetic, 348-349, 427-439,

459
Equisetum, 164

Equus, 198, 199, 201. 202. 204, 205-206
allometry in, see Allometry
brain of, 203. 205
limbs of, see Limbs
skull of, 199

See also Horse; Hyracotheriiim

Equus burchellii or quagi^a, 275

Era, see Geologic time scale

Erosion, 131- 1^32, 136

Eryops, 162

Escherichia coli, 401, 451, 452
Eskimos. 251

Ethological isolation, see Isolation, re-

productive

Euchirus longimanus. 406
Eurasia, animals of. 224-225, 264-265,

268-269,271.280.375
Eurypterid, 137, 153-154, 156

Eustachian tube, 62, 76

Eusthenopteron, 158, 160, 161

Evolution, directive forces in, 496-500
social, see Social evolution

Evolutionary change. 330-507

rate of, 17. 293, 500-506; external

factors in, 501-502; internal factors

in, 500-501

summary of, 494-496

Exogenous accommodation, sec Adapta-

tion, exogenous

Exoskeleton, 21

Eye, embryonic, 59, 60. 63

lens of, experiments on, 344

pineal, 165. 171

in primates. 220

of tarsier, 221

See also Sight

Eye color, inheritance of. see Mendelian
inheritance

Eyebrow ridges, 232, 234, 241

of Cro-Magnon man, 245

of Neanderthal man, 243

of Pithecanthropus. 239
Eyelid, third, see Membrane, nictitating

Family, 308-310
Family tree, defined by Aristotle, 4-5

defined by Lamarck, 5

of horses, 204

of proboscidea, 211

of reptiles, 177

Fankhauser, G., 92, 105. 107

Fats, 80

digestion and absorption of, 86

formation of. 57

manufacture of, 84-85

Fauna, disharmonic, 283, 286, 289, 290,

291,490
harmonic, 283

Faunal stratification, 261
Feathers, 187, 188

Fecundity, see Fertility

Felidae, see Cat
Felis, see Cat
Fern, seed, 155

tree, 164

Fertility, 357

factors affecting, 355, 401-402, 450,
473

lack of, 418, 419, 473, 474, 475-476
self, 418

See also Genes; Hybridization;

Mutations
Fertilization, 472-473

See also Fertility; Isolation, re-

productive

Fetus, human, 65, 66
Figs, 194

Finback, see Dimetrodon
Finch, cactus ground, 294, 295

ground, 294, 295, 356
insectivorous tree, 295, 296
vegetarian tree. 295
warbler, 296, 297
woodpecker, 294, 295, 296, 297

See also Darwin's finches

Fingers, see Limbs
Fish, aortic arches of. 61

armored, see Dinichthxs; Ostracoderm
blood vessels of. 6/. 62

bony. 97-99, 100,416-417
brains of, 32-33
cartilaginous, 99, 100

coelacanth, 157. 159, 160

dominance of, 137, 155-159
embryonic development of. 46
excretion of ammonia by, 91-92
fleshy-finned, see Sarcopterygii

fresh-water, 97
gills of, 60, 61

heart of. 61

jawless, see Ostracoderm
lobe-finned, see Crossopterygii

locomotor apparatus of, 56, 57
muscular system of, 55, 56
nostrils, external. 158-159
osmotic regulation in, 97-100, 98
ray-finned, see Actinopterygii

reproductive rate of. 352
respiratory mechanism of, 60-67
salt-water, 97-99

See also Chondrichthyes; Cros-

sopterygii; Osteichthyes; Placoderm
Fisher, J. R., 94, 107
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Fisher, R. A., 374. 482
Flatworms, see Platyhelminthes

Flora, see Plants; Tree
Florkin, E., 98, 103, 107

Fluorine, dating by, 140

Fly, mouth parts of, 35, 36

as predator, 373

transportation of, 284
See also Drosophila; Housefly

Flycatcher, tyrant, 292
vermilion, 292

Flying reptile, see Pterosaur

Flying squirrel, 28

Folding of strata, 132, 133

Folsom points, 139

Fontechevade people, 249

See also Skull

Food supply, competition for, 356

limiting population size, 352-353
Foot, see Limbs
Foraminiferans, 134, 137, 145, 146, 164

Ford, E. B., 78, 257, 369, 374, 404, 447,

449, 490, 506
Foregut, 53, 54

Forehead, of Cro-Magnon man, 245

of Ehringsdorf skull, 241

of elephant, 208

of man, 229, 232

of Neanderthal man, 243

of Pithecanthropus, 239
of Steinheim skull, 241

Forelimb, see Limbs
Fosdick, H. E., 509, 510, 513, 522
Fossils, 3, 127-130, 134-136, 216

insect, first, 137, 164-165

transitional, 17, 503-504, 505-506
See also eras listed by name (as

Palezoic era); Geologic record;

Geologic time scale

Founder principle, 446

Fowl, Blue Andalusian, Mendelian in-

heritance in, 379

crooked toes in, 466-467
kidney, embryonic, 94

liver, embryonic, 94

Fox, 28

arctic, 276
desert, 276
red, 276
and temperature, 276

France, A., 229
Fringillidae, 293
Frog, 92, 267

hybridization in, 476, 477
retinal pigments in, 106

See also Amphibians
Frozen specimen fossil, 129, 216

Fruit fly, see Drosophila

Fungi, nutrition of, 85

Galapagos Archipelago, 286, 287-296,
288, 356, 487-488

Gamete, 385, 398
Gammarus, 404-405
Gar pike, 156, 158

Gastrula, 49, 77,72
Gates, R. R., 249, 256, 314, 328
Gaudry, 214
Gause, G. F., 487, 506
Gecko, 285, 289

See also Reptiles

Gemeroy, D., 116, 125

Gene pool, 349, 429-430, 437, 473-474
Genes, 82-84

in body cells, 380
changes in, see Mutations

crossing over, 336, 382, 394-i95, 398

dominant, 333, 337, 338, 346, 347,

348-349, 438-439
and fertility, 390, 462
fixation of, 441-442
frequency of occurrence of, 250, 252,

322, 348, 350

in germ cell, 376, 378, 380, 385

independent assortment of, see Assort-

ment, independent

interaction of, 334, 347, 390-394, 501

lethal, 389-390, 401-402, 456, 467
linkage in. 394-395
and metabolic processes, 403-405
modifier, 391

multiple, 322, 391-394,595
mutations in, see Mutations

new. origin of, see Mutations

pleiotropic, 351, 402

rate, 404-405
recessive, 333, 337, 338, 345, 346, 347,

348-349, 360, 436, 438-439
shufiling of, 331-336, 348, 389

single, diff'erences caused by, 376-380
translocation of, 336

and viability, 390, 449, 462
See also Chromosomes; Drift, ge-

netic; Genes, interaction of; Genes,

multiple; Germ plasm; Mutations

Genesis, Book of, 5-6, 7, 51 1-513

Genetic drift, see Drift, genetic

Genetic equilibrium, see Equilibrium

Genetic homeostasis, see Homeostasis

Genetics, population, see Heredity; Popu-
lation genetics

Genotype, 333,402, 421

Genus, definition of, 232, 307
origin of, 358-359
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Geographic distribution. 258-305

on continents, 258-278
on oceanic islands, 279-305

See also Barriers; Dispersal; Iso-

lation, geographic

Geographic races, sec Race; Subspecies

Geologic record, 7, 7-9, 127-257

disturbance of. 131-134

incompleteness of, 17, 134-136, 144-

146. 504

nature of, 127-142

"pages in," 130-131

Geologic time, visualization of, 140-141

Geologic time scale, 136-138

Geospiza, 294, 295
Germ cell, 33 1-332, 343, 349-350

diploid, 382, 383, 385

genes in, see Genes
haploid, 382, 383, 385
primordial, see Oogonium: Spermato-

gonium
See also Germ plasm; Ovum;

Sperm
Germ plasm, 338

changes in. 339. 345

See also Genes; Ovum; Sperm
Germann, J. C, 184

Gershenson, S., 376,402
Gibbon, 222, 224-225
Gilbert. M. S., 60, 65-66, 78

Gill pouches, see Pharyngeal pouches

Gill slits, of fishes, 60-67

in human embryos, 59-62

Gills, 60, 6/

excreting ammonia, 92, 97

external, 163

osmotic regulation by, 97, 98, 99

Glaciers, effect of on hybrids, 479
formation of, 166, 193, 194-195. 268

Glick. P. A.. 284. 305

Globin. 103

Gloger's rule, 276
Glucose, digestion and absorption of. 86

formation of, 87-88

See also Carbohydrates

Goat, 491

classification of, 115

mountain, 264
See also Serological tests

God, see Creator

Golden whistler. 485. 486
Goldfinch. 293

Goldschmidt. R., 17. 18. 274. 276. 278.

327, 328, 361-362, 363. 414. 425,

503, 506
Gomphotherium. 211. 214
Goniatite, see Ammonite

Goniiim. 70. 7/. 72
Gordon. E. B., 123, 126

Gorilla, 224, 225, 226, 227, 230, 231, 235
blood groups in, 123

Graphite, 137, 145

Graptolite, 137, 150, 152, 153

Grasshopper, mouth parts of, 33, 34, 40
transportation of, 285

Grazers. 198-200

one-toed, 204, 205
three-toed, 204, 205

Greek philosophers, 3-5

Green, R., 297

Gregory, W. K., 46, 56, 162, 224, 234,
240. 256

Griffiths, D. E.. 102, 107
Grosbeak, 293

Growth, see Allometry
Growth index, initial, 406
Guanaco, 260, 270
Guinea pig. 119. 120

independent assortment in, 385-389,
388

nutrition of. 85

Gulick. A.. 286, 304, 305
Gunson, M. M., 362
Gustafsson, A., 451,482
Guyer, M. F., 24, 32, 44, 48, 188, 207,

276,339,344,345,363,372

Habitat isolation, see Isolation, environ-

mental
Hadzi, J., 73, 78

Haeckel, E., 50-51,65,73
Hagen, 38

Hagfish, 68, 100, 154, 156

Hair characteristics, inheritance of, see

Mendelian inheritance

Hamster, color phases of, 375-376, 377
melanism in, 376-379, 377, 383, 384-

385, 427-429, 432-435, 437, 438-
441

Hancock, 154

Hand, see Limbs
Haploid. 382. 399. 400. 418, 420

See also Polyploidy

Hardin, G., 356, 363, 487, 506
Hardy, A. C, 78. 257, 374, 449
Hardv-Weinberg law, 348, 431-435, 436,

442-443,444
Hare, classification of. 1 17-1 19

varying. 264
See also Lagomorpha

Harmony, secondary. 297

Harrow. B., 90, 107

Hawaiian Islands, birds of, 296-304, 488
insects of, 286, 490
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Heart, embryonic, 53, 54, 58, 59, 60,

63,64
of fishes, 61 , 62-64

Heat, see Energy; Temperature
Hedgehog, 192

European, 120

Height, see Body size; Stature

Hellbaum, H. W., 372

Heme, 103

Hemichordate, 150

Hemignathits, liicidus, 301, 302
obscurus, 300, 301, 302
M'ilsoni, 302

Hemiptera, 36

Hemoglobin, 103

Henderson Island, 286-287
Henle's loop, 92, 100

Heredity, 10

of acquired characters, 14, 340-346,

358, 420-424
mechanisms of, see Mendelian inherit-

ance

natural selection and, see Natural se-

lection

and population genetics, see Popula-

tion genetics

See also Genes; Mutations

L'Heritier, P., 457, 458, 462, 463, 482
Hermaphroditism, 420
Hesse, 276
Heterogony, see Allometry

Heterosis, see Hybrid vigor

Heterozygotes, 332, 333

calculating frequency of, 433-434
importance of, 346-347, 369, 436, 439
superiority of, experiments in. 457-469
viability of. 360. 467

Heyerdahl, T., 285, 305

Hibernation, 185, 267

Hind gut, 53, 54, 63

Hind limb, see Limbs
Hipparion, 204, 205

Hog, limb of, 22-2J
Holmes, A., 138, 142

Home, see Territories

Homeostasis, genetic, 466—469
Hominid. see Man, evolution of

Hominidae, 228, 234, 312
Homo, erectits, 238, 249, 250

neanderthalensis, 244, 249
sapiens, 224, 225, 238, 249, 312; char-

acteristics of, 228-232, 245; early,

242; races of, 250-255
sapiens neanderthalensis, 244
transvaalensis, 235, 250

See also Man
Homology, 21-26, 28-29, 313

in brain structure, 32-33

Homology {Continued)
in embryos. 45-50. 46
in invertebrates, 33-36
serial, 36-40
of serum proteins, 1 10-113

in skull structure, 30-32
See also Similarity

Homozygotes, 332, 333

See also Heredity; Pure lines

Honey creeper, 297

See also Drepanid birds

Honeybee, 274
mouth parts of, 33-^-^

See also Bee
Hoof, see Limbs
Hopkins, D. M., 268, 278

Horn, growth of, see Allometry

HoroteHc rate. 501

See also Evolutionary change,

rates of

Horse, 28

adaptations of modern, 197-200

brain of. 203
evolution of. 197-206, 268, 341, 359,

408, 409, 410. 411-413, 417
extinction of in North America, 206
family tree of, 204

limbs of, see Limbs
nictitating membrane of, 42, 43

reversion in, 76-77
skull of, see Skull

teeth of, see Teeth

transitional stages in, 202-206
vestiges in, 23, 42, 43

See also Eqiiiis; Hyracotherium

Hot springs, preadaptation for, 453

Housefly, 401,451
mouth parts of. 35, 36

reproductive rate of, 352

See also Fly

Howell, F. C, 242. 256

Hubbs, C. L., 477, 482
Hubricht, L., 478, 481

Humans, see Man
Hiirzeler, J., 228, 256

Hussey, R. C, 133, 142, 172, 175, 217

Huxley, Julian, 78, 257, 274, 278, 328,

363, 374, 404, 405, 406, 411, 425,

449, 483, 492, 493, 494, 506, 507

Huxley, T. H., 80

Hybrid environment, see Environment,

hybrid

Hybrid habitat, see Environment, hybrid

Hybrid swarm, 479
Hybrid vigor. 459, 463

See also Heterozygotes

Hybridization, 249, 317, 321, 335, 419,

471-473,493
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Hybridization (Continued)

advantageous, 477-479
disadvantageous, 474—477
introgressive, 479-481

See also Heterozygotes

Hydra, 77,72, 151

Hydrogen, 79, 80. 5/

Hyena, 28

Hypohippiis. 204. 205. 409, 410
Hypopharynx in insects, 33, 34, 35, 36

Hyracolherium, 200, 201, 202, 203, 204,

270, 272, 409, 411

brain of, 201,205, 236

limbsof, 795. 200-201.202
skuUof. 799. 201

teeth of, 207

See also Equiis; Horse

Ice ages, see Pleistocene period

Ichthyosaurus, 15, 129, 7 77. 185-186

convergent evolution in. 30

Iguana, marine, 289

terrestrial, 289, 290, 291

Immigration, see Dispersal, means of;

Migration

Immortality, belief in, 244

Immunity, 109

Implements, see Tools

Impression, fossil, 129

Inaccessibility, 265-267
Inchofer, Father, 510

Infusoria, 73

Inghram, M., 138, 142

Inheritance, mechanisms of, see Mende-
lian inheritance

Inner cell mass, 5 1 , 52

Insect, 137, 147,446
beaks of, 35, 36

courtship behavior of, 472, 493

excretion by, 94

of Hawaii, 286, 490
mimicry in. 373

mouth parts of. 33, 34, 35, 36, 40

Pennsylvanian, 164-765

Permian, 166-167

preservation of, 129

proboscis of, 35, 36, 40

reproductive isolation of, see Isolation,

reproductive

social, 137,355
transportation of, 284—285
wings of, see Wings

See also Ant; Bee; Drosophila;

Fossils

Insectivora, 192, 195, 220, 221, 504
arboreal, 505

Interbreeding, see Hybridization

Interglacial period, 195

539

Intergradation, areas of, 520-321
Inversion, 336, 597-398, 460

experimental, 398

Invertebrates, homology in, 33-36
See also Animals

Invertebrate-vertebrate relationships, bio-

chemical evidence of, 100-103

Iris, hybrid, 479
Irish stag, extinction of. 41

1

Iron ore. 145

Irradiation, see Radiation and mutation

formation

Island-hopping, 120,266
Islands, continental, 270, 280

"floating." 285-286
and founder principle. 446

oceanic: defined, 280: dispersal to,

284-287; nature of, 281-282; popu-

lation of, 282. 445, 485, 488, 490
volcanic. 28I-2S2
young, 286-287

Isolation, 469-474
action of. 473-474
biological, see Isolation, reproductive

of breeding groups, 469-470
environmental, 470-471, 473-474, 478,

485. 489
geographic, 265-267. 270, 293, 418,

445, 469-470, 471, 473-474, 485,

489
mechanical, 471-472

reproductive, 248, 250, 314-317, 318-

319, 321, 418. 420. 471-473, 474,

476, 485-486, 487-489, 493

sexual, see Isolation, reproductive

See also Barriers; Isolation, re-

productive

Isometric growth, see Allometry

Isotopes. 138-140

Ives, P. T., 501,507
Ivory, 209

James Island, 289

Java man, see Pithecanthropus

Jaw, of apes, 230-232

of australopithecines, 234

of birds. 188

of chimpanzee. 257

of Cro-Magnon man. 245

of elephant, 215-216

of Gomphotherium, 213, 215, 216
Heidelberg. 240

of Homo sapiens, 230-232

of humans, embryonic. 59

of mammals, 172, 190

of mammoth, 215-216
of mastodon, 213-214
of Moeritherium, 210-212, 216
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Jaw (Continued)

of Phiomia and Paleomastodon, 212
of reptiles. 172, 190

of Tyrannosaurus, 180-181

Jellyfish, 72, 94, 129, 145, 146, 148

Jepson. G. L., 142. 363, 411, 425, 426,

449, 482, 483, 506, 507
Johannsen, 354
Johnsgard, P. A., 121, 125

Johnson, R. E., 477, 482
Jurassic period, 137, 175, 181, 188, 189,

190, 191. 192

Kangaroo, 192,261-262
red, 262, 263
tree, 262, 263

Karpechenko, 419
Keeler, C. E.. 351. 363

Kenedy. R., 370. 371,374
Kettlewell, H. B. D., 366, 367, 368, 369,

374
Keulemanns, 299
Kidney, of amphibians, 68, 92, 99

of birds, 68-69, 92-93, 100

in chick embryo, 94
offishes, 68, 97-99, 100

of hagfish, 68. 100

and homeostasis, 466
of mammals, 68-69, 92, 100

original function of, 99-100
of reptiles, 68-69, 92-93, 100

Kingfisher, 285

Kinkajou, 260
Kiwi, 43, 44
Kjeldahl test, 113

Knight, C.R., 180, 182

Knight, G.R., 476, 482
Knopf, A., 142

Koala, 192,262,265
Koh-Tiki, 285-286
Koopman, K. F., 475-476, 482
Krakatoa, 284
Krieger, A., 246, 256
Krogh, A., 107

Kropotkin, 520, 522
Kulp, J. L., 138, 142, 194,217

Labella of insects, 35, 36

Labium in insects, 33-36, 34
Labrum in insects, 33, 34, 35, 36
Labyrinthodontia, 137, 155, 159-161,

162, 165-166, 167, 170, 176, 220
See also Amphibians

Lack, D., 288, 290, 292, 293, 294, 295,

296, 297, 299, 304, 305, 327, 328,

488,489,507
Lagomorpha, classification of, 117-119,

310

Lagomorpha (Continued)
first, 196

serological relationships of, 117, 118,

119

See also Hare; Rabbit
Lamarck, J. B. P., 5, 340, 363
Lamarckism, 340-346, 421

Lamprey, 100, 154, 156

retinal pigments in, 105

Land bridge, see Bridge

Latimeria, 160
Latin for scientific names, 308
Laws of nature, 5 1 4—5 1

5

Leacock, R., 297
Leakey, L. S. B., 237, 256
Le Conte, 23

Leg, see Limbs
LeGros Clark, W. E., 140, 142, 221, 222,

226, 227, 229, 231, 233, 234, 235,

237, 239, 240, 241, 242, 249, 256
Lemur, 220, 221, 222, 224, 225

Lens of eye, experiments on, 344-345
Lens proteins, 339
Leone, C. A., 121, 125

Lerner, L M., 356, 363, 466, 482
Libby, W. F., 139, 142, 195, 217
Libby Photronreflectometer, 116

Life, conditions necessary for, 143-144
origin of, 90-91

Liguus, 315

Limb buds, 59, 60
Limbs, of amphibians, 159, 162, 165-166

of antelope, 29, 220
of bats, 21-22. 26, 30, 504-505
of beetles, 405, 406
of birds, 21-22, 25-26, 30, 187-188

of Cameiidae, 270-271

of Cro-Magnon man, 245

of dog. 22-2i
of elephant, 207
embryonic, 60, 66
of Equus, 198, 201, 205-206
for grasping and handling, 220, 236
of hog, 22-2i
of horse, 22-25, 29, 76-77, 197-198,

202, 341, 359, 361, 412, 413

of Hvracotherium, 198, 200-201, 202
of labyrinthodonts, 159. 162, 165-166

of mammals, 26-29, 27
of man, 21-22, 23, 37, 227, 229
of manatee, 29

of Merychippus, 201, 205, 206

oi Mesohippus, 203

of Miohippus, 201, 203, 205
of Neanderthal man, 243

of Ornithischia. 182

of Ornithopoda, 182

of Parahippus, 205
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Limbs (Continued)

pentadactyl, 25, 26-29
of Phiomia and Paleomastodon, 212
of Pithecanthropus, 238
of Pliohippiis, 205-206
of primates, 220. 226-227, 236
of Proconsul, 227
of pterosaurs, 22. 186, 187-188

of Sauropoda, 181

of sea cow, 29
of seal. 23-24. 29

of sea lion, 23-24

of sheep, 22-2J, 337
of Stegosauria, 183

of thecodonts, 777, 178-179

of therapsids, 172

of Tyrannosaurus, 180

of vertebrates, comparison of, 22, 23-

26

of whale, 23-24, 75

Limestone, formation of, 134, 145, 150,

152, 163-164

See also Rock, sedimentary

Limnoscelis. 167
Linkage, see Genes, linkage in

Linnaeus. 7. 307-314

Lion. 28,491
Liver, in chick embryo, 94

embryonic, 60, 63

Lizard, 177
aquatic, see Iguana, marine
embryonic development of, 46
excretion by. 93

on oceanic islands. 285. 291

See also Reptiles

Llama. 13.270-277.273
See also Camelidae

Lobelia blossom, 298-301, 300
Lobster, see Crayfish

Locomotion, bipedal, of thecodonts, 178

quadripedal, of dinosaurs, 179, 181,

182, 183

Locy, W. A., 4, 6

Loess, 135

Lord, K., 142

Lord, R., 142

Loxops virens, 29%-300
Lull, R. S., 27, 30, 44, 77. 183. 192,

196, 208, 209, 211, 212, 215,

217
Lung bud, 63

Lungfish, 157, 158-159, 162, 163

Lungs, circulation for, 64-65

embryonic, 63, 64-65

Luther, Martin, 510

McDougall, W., 342. 343. 362, 363
McGregor, 239, 243, 245

Macroevolution. 361, 502
Magdalenian culture. 246
Magnoha, 194

Malaria, malignant tertiary, 465-466
Malthus. 352
Mammalia, see Mammals
Mammals, adaptive radiation in, 26-29,

27
aerial, 27
age of, see Cenozoic era

aquatic. 27, 28

arboreal. 27, 504-505
archaic, 137, 195-796
brains of, see Brain

carnivorous, caecum of. 40-41
cursorial, 27, 28, 29

even-toed hoofed, see Artiodactyla

evolution of, in Cenozoic era. 195-197
excretion by. 92
fossorial. 27, 28

of Galapagos Archipelago. 289, 290
gliding. 28

herbivorous, caecum of, 41

limbs of, see Limbs
on oceanic islands, 283, 285-286
origin of, 137, 189-192,504
placental, see Placental mammals
progressive. 195-197
skulls of, see Skull

terrestrial, 26-27
time chart of, 137

See also Marsupials; Monotremes;
Placental mammals

Mammary glands, of primates, 221
reversion in, 76

Mammoth. 2/7.214-216
imperial. 216
wooly. 129.216

Man. adaptation in. 14

allometry in. 405

ancestry of. 219-220. 224, 225-228
arm of. see Limbs
brain of. see Brain

caecum and appendix in, 40, 41, 42
embryonic development of, see Em-

bryo, human
evolution of, 112-113, 218-257; dia-

gram of. 246. 247, 248
future of, 518-522
limbs of, see Limbs
nutrition of. 85

transitional forms of, 240-242
vestiges in, 40, 41, 42, 43

See also Australopithecines; Cro-
Magnon man; Homo sapiens; Ne-
anderthal man; Pithecanthropus

Manatee, limbs of, 29

Manchester, H., 451, 482
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Mandible, of insects, 33, 34, 35, 36, 40
See also Jaw

Marble, 136

Marcus, E., 73, 78

Marsupials, 137. 190, 191-192, 195, 201,

261-264, 26i, 266
interrelationships of, 121

Marsupium, 192

Martin, 292
Mascarene Islands, 291

Mastodons, 211, 213-214, 215, 216
Mate, choice of, see Sexual selection

Mating, homogamic, 475-476
random, 427-429, 430, 435, 445, 490

See also Sexual selection

Matthew, W. D., 268, 269, 271, 278

Mauna Kea, 282
Maxillae in insects, 33, 34, 35, 36, 40

Mayfly, 167

Mayr, E., 142, 187, 235, 238, 244, 248,

249, 250, 256, 285, 305, 315, 317,

328, 363, 420, 425, 426, 447, 449,

471, 473, 475, 482, 483, 485, 488,

506, 507
Mazur, M., 90. 107

Mechanical isolation, see Isolation, me-
chanical

Medawar, P. B., 423, 426
Mega-evolution. 502-506
Meganthropiis, 237
Meiosis, 380-385, 391,400

in female, 383, 384, 385, 387, 398

in male, 380-383, 381, 386, 394, 395
suppression of, 399

Melanic, 366
See also Melanism; Pigment

Melanin, 104, 276
See also Pigment

Melanism, industrial, 366-370
natural, 375, 376

See also Mendelian inheritance

Membrane, differentially permeable, 95-

98,96
embryonic, 191

nictitating, ^2-43

See also Osmosis

Mendel, G., 124,380
Mendelian inheritance, 331-336, 332,

362, 376-402, 427-435, 437-444
in blood groups, 124, 334-335
of eye color: in Crustacea, 404-405; in

Drosophila, 403-404; in man, 332-
334, 348-349

of hair characteristics. 252, 334, 386-
389, 388, 391, 392, 421-422

of melanism, 376-379, 377, 383, 384-
385, 427-429, 432-435, 438-441

of plant height, 391-i9i

Mendel's law of independent assortment,

see Assortment, independent

Mendel's law of segregation, 376, 385
Merrell, D. L, 476, 482
Merychippus, 11, 204, 409-410, 409, 412,

'413

brain of, 205
limbs of, 202, 205. 206
skull of, 799, 205
teeth of, see Teeth

Mesoderm. 49, 53, 55, 72
Mesoglea, 72

Mesohippus, 204, 409, 412, 485
brain of, 202
limbs of, 203

skull of, 799, 203
teeth of, 203

Mesonephros, 68-69
See also Kidney

Mesozoic era, 13, 137, 138, 173-192,

290
Metabolism, 401

defined, 84

genes controlling, see Genes
Metamere. 39
Metamorphosis, biochemical, 105-106
Metanephros, 68-69

See also Kidney
Metazoa, origin of, 69-73, 71

Microevolution, 361, 502
Microgeographic races, see Subspecies

Migration, 265, 446, 469-470, 473, 474
See also Bridge, land

Miller, M. M., Jr., 121

Miller, R. R., 447, 449
Millipede, 137, 154

Millot, J., 159, 172

Mimicry, aggressive, 373
protective, 370-373, 372; Batesian, 370,

371, 373, 493; Mullerian, 370, 371,

493

Mind, human, 219
See also Brain

Miocene period, 137, 194. 205, 213, 224-
225,226-228,266.291

Miohippus, 201, 203, 204, 205, 485
"Missing links," 188,233

Mississippian period, 137, 163-164
Mite, 155

Mitosis, 83, 381, 383, 384, 385

See also Cell division

Moa, 44
Mockingbird, 292, 293

Moeritheriiim, 210-212, 277, 272, 216
Moffatt, 511

Molars, see Teeth

Mold, bread, see Neiirospora

fossil, 129
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Mole, 27, 28, 192

marsupial, 262, 263
Molgula, 73, 74, 75

Moliusca, 74, 151,311
of Galapagos, 291

shells of, r47, 151-152, 154

See also Ammonite; Cephalopod;
Nautiloid; Snail

Monkey, 27, 220, 221-225
embryonic development of. 46
macaque, 222
New World, 221-223, 259, 261

nutrition of, 85

Old World, 221-22^227
Rhesus, 125

spider, 260
See also Primates

Monogamy, 492
Monotremes, 189, 190,262
Montagu, M. F. A., 520, 522
Moody, P. A., 118, 119, 120, 121, 125,

324, 328, 442, 449
Moore, J. A., 470, 471, 476, 477, 482
Moore, R. C, 172

Moose, 264
Morgulis, S., 98, 103, 107
Morphology, defined, 20

and serology, 115-121

See also Homology
Morrison, J. F., 102, 107

Moth. Ctenuchid, 370, i7/
isolated population of, 447
mating in. 369
mimicry in. 370, 371

mouth parts of, 34-36
peppered. 366-369. 367
protective coloration in, 366-369, 367

Mountain, formation of, 131

Mouse, 117,447,448
adaptation in, 14, 273

field, 261,445
marsupial. 263
white-footed, see Peromyscus
yellow, 389-390

Mousterian culture, 244
Mule, 459, 473

Muller, H. J., 339, 347, 363, 491, 507
Murray, P. D. F., 409. 410, 426
Muscle segments, see Somites

Muscles, contraction of, 102

release of energy in, 89

See also Somites

Muscular system, embryonic develop-

ment of. 55-59

Musk ox. 195

serological relationship of. 120-/2/

Mustard gas inducing mutations. 339
Mutation pressure, see Mutations, rate of

Mutations, 9-10, 14-17. 82, 113, 254,

318, 336-351, 354-355, 357-362,
396-402

advantageous, 360, 450-457, 468
causes of, 338-340
chemical, 103-104, 336-337, 338. 396,

498-499
chromosomal, see Chromosomal aber-

ration

control of, 339
disadvantageous, 360, 450, 451-453,

456. 468. 490
dominant. 347
in Diosophila, see Drosophila
efl^ects of. 360. 401-402, 453-454;

cumulative, 358; large, 358, 360-362,
414; small, 358. 360-362

and environmental factors, 452
fate of, 346-351, 436-439
and fertility, 401-402, 450. 462
gene, 396, 400-402, 438-439, 503
and genetic assimilation, see Assimila-

tion, genetic

and heterozygotes, see Heterozygotes
induced, 451, 467
lethal, see Genes, lethal

loss of. 440
random, 339-340. 420-421, 499
rate of, 339, 359, 436-439, 451, 455,

500-501,503
recessive. 346-347, 360, 438-439
reverse, 437
role of in natural selection, 450-457
success of, 453

systemic. 17. 361-362. 414, 503
and viability. 401-402. 450. 452-454,

455, 456. 459, 462, 467
See also Drift, genetic; Fertility;

Equilibrium; Genes; Natural selec-

tion; Viability

Myotomes. 56-57

Names, common, 264, 308
scientific, see Nomenclature

Napier, J. R., 227, 256
Nares, of proboscidea, 208, 212

See also Nostrils

Nash, G.. 92, 105, 107

Natural selection, 3, 10-12, 254-255, 317,
322, 335-336, 351-360, 404, 450-
506

and allometry, see Allometry
essence of, 357-358
and genetic drift, see Drift, genetic

and genetic equilibrium, see Equilib-

rium

and heterozygotes, see Heterozygotes
intensity of, 359
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Natural selection (Continued)

laboratory experiments in, 448-449,
454_469, 475-476, 477

and mutations, see Mutations

negative, 11,354,459,466
positive, 11-12, 16-17, 354, 459, 469
and protective coloration, 369-373

rapidity of, 449, 464, 503-505
in state of nature, 364-374

See also Hybridization; Mutations

Nautiloid, 137, 152, 755, 173, 175-176

Nautilus, 151-152

chambered, 151

pearly, 154, 176

Neal, 159

Neanderthal man, 224, 242-245, 243
Nectar feeding, 298-302, 488
Needham, J., 93, 107

Neural fold, 53-54
Neural plate, 53-54, 68

Neural tube, 54, 68

Neurospora, 85, 104, 401, 403

Neutral characteristics, see Nonadap-
tive characteristics

New Zealand, animals of, 266

Newt, 92

retinal pigments in, 105-106

See also Amphibians
Nigrelli, R. F., 107

Nitrate in plant nutrition, 84

Nitrogen, 79, 80, 81

in precipitin test, 113

Nitrogenous wastes, disposal of, 91-94,

97,99, 100

Nomenclature, 232

binomial system of, 307-308
trinomial system of, 320-321

Nonadaptive characteristics, 322, 417-
418,486

Nondisjunction, 398, 399
Nordenskiold, E., 6

Norm of reaction, see Reaction range

North America, animals of, 192, 213,

264-265, 266-267, 268-269, 271-
272

North pole, 268
See also Circumpolar land mass

Nostrils, of Crossopterygii, 16, 158-159
of elephant, 207-208
of labyrinthodonts, 160

of monkeys, 223

of Sauropoda, 181

See also Nares
Notochord, 63, 68, 101, 311, 313
Numbers of living things, 352

factors limiting, 352-353
Nutrition, animal, 85-87

autotrophic, 84, 85

Nutrition {Continued)
heterotrophic, 84-87
plant, 84-85, 90
specialization in, 86

Nuttall, G. H. F., 115, 125

Oakley, K. P., 140, 142

Occipital condyle, in amphibians and
reptiles, 170, 171

in elephant, 209
Octopus, 151, 176
Oenothera lamarckiana, 337, 419
Old age, racial, see Senescence

Old Stone Age culture, 244, 245-246
Oligocene period. 112, 120, 137, 194,

202, 205, 210, 212, 223-224, 225,

266
Olson, E.G., 190, 192

Ontogenetic series, 408, 409
Ontogeny, 50, 408
Onychophoran, 148-149, 150
Oocyte, primary, 383, 384, 385

secondary, 383, 384, 385, 398, 399
Oogenesis, see Meiosis, in female
Oogonium, 383, 384, 399
Oparin, A. I., 91, 107

Operculum, 174

Opossum, 192, 195,261,501
brain of, 201,205
embryonic development of, 46, 192

Orang-utan, 224, 225, 226
Order, 310
Ordovician period, 137, 150-153
Oreopithecus, 224, 227-228, 236, 238
Organic evolution, 1-2

Ornithischia, 777, 179-184
Ornithopoda, 182

Ornithorhynchus, 262

Orthogenesis, 411, 499
Orthogenetic series, 41

1

Orthognathism, 231, 245

Orthoselection, 411

Osborn, H. F., 3, 6, 196, 201, 202, 217
Osgood, W. H., 320, 328

Osmosis, 95-100, 156

Osmotic pressure, 96

Osteichthyes, 157-161

Ostracod, 137, 153

Ostracoderm, 100, 137, 153, 154, 155-

156, 760

Ostrich, 423

Otter, 28

Ovary, 343

Overspecialization, see Specialization,

dangers of

Overthrust, 132, 133

Ovum, 45, 46, 332, 383, 384, 385, 387,

388, 398, 399, 400
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Ovum (Continued)

cleavage of, 47-50, 48, 51, 52, 71

human, size of, 51

See also Egg; Germ cell; Germ
plasm; Mendelian inheritance; Poly-

ploidy

Owl, 293, 322

color phases in. 375. 433

nictitating membrane of, 42

as predator. 364-365
Oxygen, 79, 80, 5/ , 144, 169

PA, see Phosphagens
Paca, 119,260
Pachycephala pectoralis, 486
Palate, hard, 172

Paleocene period, 117, 137, 194, 195, 196

Paleodictxoptera. 165

Paleogenesis, see Recapitulation

Paleomastodon, 211, 212-213

Paleozoic era, 137. 138. 146-172, 173

Palestine. Neanderthal man in, 244
Palms, 194,285, 290
Palps in insects, 33, 34, 35
Panamanian current, 291

Pandorina, IQ). 71,12
Pantotheria, 137, 190, 191, 192, 220
Parahippits, 204, 205

Parallel evolution, 29-30, 102, 105, 113,

124, 189, 196-197, 262, 301

Paramecium, 73

Paranthropiis, 235
Parapitheciis, 223-224, 225
Parasites, 499

Park, O., 454, 481

Park,T., 454. 481

Parsons. C. T., 291

Parthenogenesis, 420
Patten, B., 52, 59

Patterson. B.. 417, 426
Patterson, C. 138. 142

Paulsen, E. C. 126

Pauly, L. K., 121, 125

Pavlovsky, O. A., 466, 481

PC, see Phosphagens

Pea, garden, Mendelian inheritance m,
380

Peanut, 451

Peiping man, see Pithecanthropus

Pelvic bones, 233

Pelvic girdle, 43

of australopithecines, 233
of gorilla, 2i0
of Homo sapiens, 229, 230, 233
of Oreopithecus, 228
of Ornithischia, 779-180
of Saurischia, /79-180
of thecodonts, 178

Pelycosaur, 171, 177

Pennsylvanian period, 137, 164-166
Pentadactyl limb, see Limbs
Perch, 156

climbing, 160

Period, see Geologic time scale

Peripalus, 148, /50

Perissodactyla, 196, 197, 269, 310
Perkins, R. C. L., 302, 303, 305
Permian period, 137, 166-172, 178,

189

Peromvscus, 316-317, 318-319, 320-323,
364-365, 472

gossypinus, 3 1

6

leucopus. 316, 318,335
maniculatus, 316, 318, 320, 321, 324-

325, 335
polionotus, 322-323

Persons, S., 256. 328. 523
Pert, J. H., 126

Peruvian current, 288
Petrifaction, 127-128

See also Fossils

Phalanger, 262
flying, 262. 263, 264

Pharyngeal pouches, 60, 62, 63, 76
Pharynx, 62. 76

Pheasant, argus, 492
Phenotype 333, 347, 402, 421
Phenylthiocarbamide (PTC), 251
Phiomia. 21 1,212,213
Phosphagens, 102, 103

Phosphoarginine (PA), see Phosphagens
Phosphocreatine (PC), see Phosphagens
Phosphorus, 80

and energy, 90, 91, 497-498
Photosynthesis, see Plants, green, photo-

synthesis in

Phyletic evolution, 484-485
Phylogenetic series, 407, 408, 409
Phylogeny, 50, 67, 408
Phylum, 311

Pigment, of blood cells, ,see Chloro-

cruorin; Hemoglobin
of retina, see Retina

of skin, 104. 252, 253-255, 322-323,
394

and temperature, 276
visual, see Retina

See also Melanism
Pigmy glider. 263
Piltdown man. 140

Pineal opening. 171

See also Eye, pineal

Pipilo, erythrophtludmus. 480
ocai, 480

Pirsson, L. V., 148, 155, 156, 157, 158.

159, 165,201
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Pisces, 3 1

1

See also Fish

Pithecanthropus, 237, 238, 239, 240, 250,

251

erectus, 238
pekinensis, 238

Placenta, 53, 59, 60, 69, 797-192

Placental mammals, 137, 190, 191-192,

195,220,262,266,504
dispersal of, 268-272

See also Mammals
Placoderm, 137, 154, 157-158, 760
Plants, backcrossing in, 479

breeding season of, 472
cross-pollination prevented in, 472,

473
disharmonic, 286, 290, 291

green, nutrition of, 84-85, 90; photo-

synthesis in, 84, 87-88, 90, 91, 145

hybrid, successful, 478-479

multiple genes in, 391-393
Pennsylvanian, 164

Permian, 166

speciation in, 418-420
terrestrial, first, 137, 154, 155

See also Hybridization, introgres-

sive; Tree
Plasticity, see Adaptation

Platyhelminthes, 72, 73

Platypus, duckbilled, 189, 262

Platyspiza, 295
Pleiotropic gene, see Genes
Pleistocene period, 137, 193, 194-195,

206, 213, 216, 225, 228, 232, 237-

238, 240, 247, 249, 254, 268, 269,

271, 272
Plesiosaurs, 777, 185

Pliocene period, 120, 137, 194, 205, 206,

225,226,228,237,271
Pliohippus, 204, 205-206, 409, 410
Pliopithecus, 224, 227

Pocket gopher, 28

Pocock, 158

Polar body, first, 383, 384, 385

second, 383, 384, 398, 399

Polygamy, 492
Polygenes, see Genes, multiple

Polymorphism, 375-376
balanced, 369, 465, 468

Polynesia, 291

Polyploidy, 399-400, 418-420, 474, 503
Polypterus, 163

Pongidae, 228, 232
Population, allopatric, 319, 473-474

breeding, effective, 447-448
buffered against change, 466
defined, 427
genetic reserves in, 436, 453, 468, 490

Population (Continued)
interbreeding in, see Hybridization

Malthuson, 352-353
size of, effect of, 349-351, 360, 441-

444,445,446,489-491
sympatric, 474

See also Dispersal, means of;

Equilibrium; Homeostasis; Num-
bers; Subpopulations

Population genetics, 349-350, 427-449
Population structure, balance hypothesis

of, 467-468
classical hypothesis of, 467-468

Porcupine, 119-120
Porifera, 94

Porphyropsin, 104-106
Porpoise, 15,28,220
Porsch, 300
Position effect, 397-398
Postadaptation, 12, 16, 335, 358, 479
Postnatal care, importance of, 357
Posture, of apes, 229

erect, 236
of Homo sapiens, 229
of Neanderthal man, 243

of Pithecanthropus, 238
Preadaptation, 12-13, 15-16, 158, 159-

161,335,453,477-478,479
Pre-Cambrian era, 143-146

See also Archeozoic era; Protero-

zoic era

Precipitin, 1 10

Precipitin test, 109-121

application of, 110-113,777
measurement of. 113-115, 1 14

Predators, and population size, 353, 356
protection from, 364-366

Preference in mate selection, see Isola-

tion, reproductive; Sexual selection

Premolars, see Teeth
"Presapiens," 242

Primates, evolution of, 221-248, 224, 247
limbs of, see Limbs
modern, 222
orderof, 220-221,310, 312

nutrition of, 85

See also Ape; Chimpanzee; Man;
Monkey

Primitive streak, 54
Primrose, evening, 337, 338, 419
Probability, see Chance
Proboscidea, 310

evolution of, 206-216, 277

See also Elephant

Proboscis, of insects, 35, 36, 40

of proboscidea, 207-208, 210, 277, 212,

270
Proconsul, 224, 225, 227, 231, 237
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Prognathism, 231, 234, 239
Progress of organisms, 499-500, 519-520
Pronephros, 68

See also Kidney
Propliopitheciis, 224

Prosimii, 221, 223

Prospective adaptation, see Preadapta-

tion

Prosser, C. L., 102. 107

Protective coloration, 322, 364-373

Protein, 80

digestion and absorption of, 86-87

first, 91,498
formation of, 5/, 87.498
manufacture of, 84-86

serum, see Serum proteins

Proterozoic era, 137, 143. 145-146

See also Pre-Cambrian era

Protista, 70

Protoceratops. 1 84

Protochordates, 707-102

See also Amphioxus; Balanoglos-

siis; Molgiila

Protohippus, see Merychippus
Protoplasm, 80, 57. 82, 95, 97

Protozoa. 70. 71, 73, 94, 134, 145, 146,

311,315
colonial, 70, 77, 72

Protylopits, 272
Psittirostra kona, 303
Pseudonestor, 302-iOJ
Psychological isolation, see Isolation, re-

productive

PTC, see Phenylthiocarbamide

Pteranoilon. 186

Pterodactyl, see Pterosaur

Pterosaur, 777, 7S6-187. 505

brain of, 186

limbs of, see Limbs
Pure lines, 354, 467, 476
Pygmies, 251, 252
Python, vestiges in, 43

Quantum evolution, 505
Quaternary, 137, 194

Quills, 120

Rabbit, 117-119,266,370
caecum and appendix in, 41

classification of, 117-119

mutation tests on, 344-345
serological relationships of, 117, 775,

779
See also Lagomorpha; Serological

tests

Race, determination of, 250-255
genetic differences in, 250-254
geographic, see Subspecies

Race (Continued)

microgeographic, see Subspecies, and
microgeographic races

origin of, 358-359
"pure," 254
and species, 249, 250-255

Race prejudice, 251, 253-254
Radiation and mutation formation, 339,

390,403,451,455,467
See also Adaptive radiation; Geo-

graphic distribution

Radioactivity, see Carbon; Uranium
Radiocarbon, see Carbon
Radiolarian. 146

Radish, 4/9-420
Rafts, natural, 120, 283, 285-286
Rana pipiens, All
Rand, 159

Random survival, see Drift, genetic

Ranges, continuous. 273-277
discontinuous, 269-272
expansion of, 273

home, 445
See also Barriers; Territories

Raper,K.B., 451.482
Raplianobrassica, 419, 420
Rassenkreis, 326-321
Rat, 117

adaptation in. 13-14. 273

hooded, gene interaction in, 391
pleiotropic genes in. 351

rice. 286. 290

white: nutrition of, 85; training of,

and inheritance, 342-343
Rate-genes, .v^^t' Genes, rate

Ratios, Mendelian, see Mendelian in-

heritance

Raymond, P. E., 160, 172

Reaction range, 421-424
Recapitulation, 163. 205, 216

biochemical. 92. 106

in classification. 73-75

in human embryo, 51-65
interferences with, 65-69
and metazoa. 69-73

theory of, 50-5

1

Recent period, 137, 194, 195

Recessive, see Genes
Recognition characters, 493
Redwx>od, 194

Reed, E. W., 360, 363, 459, 463, 464,
472,483

Reed, S. C, 360. 363, 459, 463, 464,

472,483
Reeve. E. C. R.. 409, 410, 426
Regan, T., 314
Reindeer. 195. 264
Religion, 508-518
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Rensch, B., 326-327, 328, 363

Repeat, see Duplication in chromosome
Reproduction, bisexual, 420

factors affecting, 355-356, 469

rateof, 352, 356, 357

Reptiles, 167-172

age of, see Mesozoic era

aquatic, 777, 185-186

brains of, 32, 170

compared to amphibians, 170

excretion by, 92-93

family tree of, 177

first, 137, 166, 167

flying, see Pterosaur

of Galapagos Archipelago, 288-289

hibernation of, 185

mammal-like, see Therapsida

on oceanic islands, 285-286
skulls of, see Skull

yolk sac of, 55

See also Cotylosauria; Crocodile;

Crocodilians; Dinosaurs; Lizard; Or-

nithischia; Saurischia; Snakes; Tur-

tle

Reptilia, see Reptiles

Retina, pigment of, 104-106

Rettie, J. C, 140, 142

Reversion, 76-77

Rhinoceros, wooly, 128

Rhinoceroslike animal, hypothetical al-

lometry in, 406, 407, 408, 410-411,

413, 414-475, 417

Rhodesian man, 244

Rhodopsin, 104-106

Rhynchocephalians, 177

Ring test, 114-116, 114

See also Precipitin test

Robb, 412

Robertson, A., 476, 482

Robertson, J. D., 97, 100, 107

Robinson, J. T., 233, 235, 237, 255, 257

Rock, Archeozoic, 145

Cambrian, 143

igneous, 143

metamorphic, 135, 145 »

Proterozoic, 145

sedimentary, 130, 131

See also Geologic record

Rocky Mountains, elevation of, 185

Rodentia, 266, 504

classification of, 117-119, 310

first, 196

hystricomorph, 119

South American, 119-120
See also Mouse; Peromyscus; Rat

Rods and cones, 104

Roigneau, 46, 56

Romanes, 24, 42

Romaschoff, 442
Romer, A. S., 16, 18, 44. 78, 100, 108,

156, 157, 159, 167, 171, 172, 182,

192, 202, 212, 213, 214, 215, 217,

239, 240, 243, 257
Rostrum, see Beaks, of insects

Rothschild, 300, 301, 302, 303, 304
Rowell, L. S., 169, 191

Rufous phase, 375, 433

Rushes, scouring, 164

Rzasnicki, A., 323, 328

Salamander, embryonic development of,

46
Saldanha man, 244
Salmon, 106. 156

migration of, 469-470
reproductive rate of, 352

Salt, 80

in blood, 94-95
necessity for, 94-95

See also Osmosis; Osmotic pres-

sure

Saltation, 504

Sarcopterygii, 158

Saurischia, 777. 179-182

Sauropoda, 181

Sayles, L. P., 44

Scale, bony, 153

horny, 170

Scale tree. 164

Schepers. G. W. H., 256

Schleiden, M. J., 82

Schmalhausen, I. I., 11, 19, 426, 466, 483

Schmidt, 276

Schmidt. K. P.. 454, 481

Schuchert, C, 148, 155, 156, 157, 158,

159, 165,201

Schwann, T., 82

Scorpion, 137, 154, 757

sea, see Eurypterid

Scott, W.B., 199,216,217
"Scud," see Garnmariis

Sea anemone, 72

Sea cow, limbs of, 29

Seal, 27, 28

limbs of, 23-24, 29

Sea lily, see Crinoid

Sea lions, 28

limbs of, 23-24

Sea scorpion, see Eurypterid

Sea urchin, 48. 102

Seeds, transportation of, 284, 285

Selection, stabilizing, see Natural selec-

tion, negative

See also Artificial selection; Natu-

ral selection; Sexual selection
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Selection pressure, see Natural selection,

intensity of

Sellards. E. H.. 140. 142

Semilunar fold, 42

Senescence, racial, 153, 175

Septum, see Shell

Serial homology, see Homology
Serological tests, 109-126. 324-325

Serpula, 103

Serum, 109

Serum proteins, homology of, 110-113

Seton, E. T.. 308. 328

Sewall Wright effect, see Drift, genetic

Sex characteristics, primary, 491

secondary, 491-494

Sexual isolation, see Isolation, reproduc-

tive

Sexual selection. 350. 472. 475-476. 491-

494
Seymoiiria. 167. 168

Shanidar man, 244

Shark, 156, 157, 161

aortic arches of, 61

convergent evolution in. 30

embryonic development of, 46

gills of, 60, 61

heart of, 61

osmotic regulation by. 99, 100

respiratory mechanism of, 60-6i

shell-crushing, 137, 164

Sheep, classification of, 115

clavicle of, in embryo, 75

color in, 349, 433

limb of. see Limbs
mountain, 264

See also Ancon ram; Serological

tests

Shell, of brachiopods, 147

egg, 168, 769

of molluscs, 147, 151-152, 154

septum of, 151, 154, 173. 175

suture of, 151-152, 154, 155, 159,

173,174, 175

See also Fossils

Shell fish, see Mollusca

Shell membranes, 168, 769

Sheppard, P. M.. 370, 374, 447, 449

Shrew, 26, 27, 192

tree, 220, 221,222, 224

See also Insectivora

Shrimp, brine. 148

Sibley. C. G., 121, 125, 477, 480, 481,

483

Sicher. H., 232, 256

Sicklebills, see Drepanid birds

Sight, in birds, 187, 366-368, 370-373

in predators, 364-370

in pterosaurs, 186

Silurian period, 137. 153-154
Simian gap, 230. 2i/, 234
Simian shelf, 230-231

Similarity, in blood plasma, 94-95

in chemical composition, 79-82, 105

in classification, see Classification
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