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FOREWORD

It is now fashionable, among some biologists as well as among
popular writers, to declare that we are witnessing a revolution in
biology. This is perhaps a little more melodramatic than the facts
warrant, unless you are prepared to stretch the argument to mean
that biology has been in a state of permanent revolution for more
than a century, since Darwin. It is, of course, indisputable that the
advances, particularly in molecular biology, have been spectacular,
especially in the postwar period. We may go so far as to surmise

)

at least from Galileo to Einstein. The philosophical and methodo-
logical foundations of biology have not, however, been changed by
recent discoveries. These foundations continue to be the Descartian
mechanistic reductionism and the Darwinian evolutionistic com-

positionism. Both are equally important in the molecular and in
the organismic level biology.

What of the future? It is generally safe to expect that most excit-
ing scientific discoveries will be made in most unexpected places.
It does not, however, follow that scientists should study things at
random, in the hope that something interesting may turn up. On
the contrary, scientists endeavor to gain knowledge and under-
standing in order to guide them to problems most likely to yield
new knowledge and new understanding. In the biological sciences,
investigations on the molecular level are at present attracting most
attention, most money, and most students. And yet in recent years
there has also been some vigorous growth in the studies of animal
behavior, particularly of genetics and behavior. The interest and
importance of such studies are evident. After all we, men, are
animals, though a very special kind of animal. Human behavior is
an outgrowth, or a uniquely specialized form, of animal behavior.
Understanding the behavior of simpler creatures may help us better
to understand human behavior, even if the difference will prove to
be quantitatively so large as to amount to a qualitative difterence.

The genetics and evolution of behavior are at the same time very
old and very new subjects of study. Man has been associated with
his domesticated animals so closely and for so long that he could
not tail to be impressed by the individual and breed differences in

behavior. The individual and group differences in the behavior of
humans are also too strikingly obvious to escape notice. Yet it is

only quite recently that reasonably precise quantitative methods
for analytic, rather than anecdotic, description of these differences
have been found. This book edited by Professor Hirsch is concerned
with these methods and with the results of their application.

I1X



x FOREWORD

Although it is a collective work of nineteen authors, it is unlike so
many symposium volumes in which the different chapters are
disparate both in the level of scientific preparation they assume in
the reader, and too often also in the style and quality of the writing.
This collective effort has evidently been very carefully planned and
coordinated. Were the names of the authors not indicated at the
beginning of each chapter, one might perhaps take the book as a
whole for a systematic presentation by a single extraordinarily ver-

satile writer.

Theodosius Dobzhansky
The Rocketfeller University



PREFACE

In the summer of 1959 I proposed holding a conference on heredity
and behavior to R. C. Tryon and G. E. McClearn. The correspond-
ence between himself and B. E. Ginsburg that McClearn imme-
diately showed us made it clear that several people had been
thinking along the same lines.

After consultation with the National Science Foundation and the
Center for Advanced Study in the Behavioral Sciences, a committee
consisting of Benson E. Ginsburg, Jerry Hirsch (chairman), and
Gerald E. McClearn, later joined by Howard F. Hunt, was formed
to make arrangements for one or more meetings. A list of prospective
participants and a tentative agenda were proposed, and in due time
financial support for two meetings was obtained from the National
Science Foundation. Invitations were extended, a detailed agenda
was prepared, and two 3-week meetings were held in August, 1961,
and in August, 1962, at the Center for Advanced Study in the Be-
havioral Sciences, Stanford, California.

At the conference a rich fund of information, both technical and
general, was exchanged. Occasionally almost an entire day was de-
voted to detailed discussion of research from a single laboratory.
Other days the work of several laboratories was discussed. At still
other sessions, panels of specialists reviewed formal knowledge,
theoretical issues, and methodological problems in genetics, in be-
havior study, and in behavior genetics. That the meetings afforded
us all an oportunity to learn surprisingly more than we had antici-
pated was the consensus of the participants. To quote one of the
conterees, “Diversity without acrimony was the strength of the

conterence.”
Participants in one or both ot the meetings are listed below:

Gordon Allen David Yi-Yung Hsia
Peter Broadhurst | Howard F. Hunt

Jan H. Bruell John A. King

Ernst W. Caspari Daniel S. Lehrman

L. Erlenmeyer-Kimling Gardner Lindzey
Benson E. Ginsburg Aubrey Manning

David A. Hamburg Gerald E. McClearn
Eckhard H. Hess R. C. Roberts

Jerry Hirsch Walter C. Rothenbuhler

William R. Thompson

In addition, about a score more people then at the Center for
Advanced Study, Stanford University, the University of California,
San Jose State College, or temporarily visiting the area were in-
vited to participate at individual sessions. They contributed in an
important way to the success of the discussions.

Xi



xii PREFACE

As a direct result of those meetings, two possibilities initially put
forward in the conference proposal as tentative suggestions have
now been realized. First, a summer institute in behavior genetics,
in which several of us participated as teachers, was organized in
1964 for students of biology and the social sciences. It received
financial support from the Training Branch of the National Institute
of Mental Health and was administered at the University of Cali-
fornia, Berkeley, by G. E. McClearn, under the sponsorship of the
Committee on Genetics and Behavior (now called Biological Bases
of Social Behavior) of the Social Science Research Council (the
two previous summer meetings had played an important role in
launching that SSRC committee, as well). Second, the group repre-
sented in this volume undertook to make more generally available
the material it now contains.

Lastly, I wish to acknowledge my debt to Mrs. Gayleen Andrews
for her great care in seeing this volume through all its phases trom
typescript to index and to Professor Harry F. Harlow for his critical
reading of the manuscript and for his valuable suggestions about
its organization.

Jerry Hirsch
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[0 The nature of the effect of genetics upon behavior is one of the basic prob-

lems of psychology, in that no . . . explanation of behavior is complete without
heredity. It is also one of the basic problems of biology. . . . No theory of evolu-

tion of animals is complete without a consideration of behavior . . . (Scott, 1964 )

INTRODUCTION

Behavior-genetic analysis is the approach to the study of organisms and
their behavior that combines the concepts and methods of genetic analysis,
based on knowledge or control of ancestry, with the concepts and methods
of behavioral analysis from psychology and ethology, based on knowledge
or control of experience (see pp. 425-426).

Prior to the Roots of Behavior symposium (Science, 130:1344, 1959)
and the volume resulting from it (Bliss, 1962), the pattern of thinking
that motivated most behavioral-science research was pre-Mendelian, in
tact pre-Darwinian—what Mayr (1959) so aptly calls typological think-
ing. There was neither an appreciation of genotypic diversity nor of its
relationship to those ubiquitous “individual differences” that were buried
in the error term of too often inappropriate statistical analyses. Further-
more, many who learned textbook genetics, even those who actively
studied genetics and behavior, couched their interpretations of relations
between heredity and behavior in the causality-laden reductionistic ter-
minology that characterizes physiology and physiological psychology.
Where the physiologist uncovered the hormonal, neuronal, etc. (=causal)
bases ot behavior, others now searched for the genetics of behavior
(Hirsch, 1964, 1965, 1967). _

It will be apparent from much that appears in this volume, however,
that a typological-reductionist-causal terminology still has a high associa-
tion value in our collective verbal-habit hierarchies. Nevertheless, the
cumulative effect of the thinking and research that have become behavior
genetics is leading us wherever possible (with allowances for the tallibility
of human memory and fluency of expression) to eschew naive reductionism.

Inspired by the triumphs of Newtonian mechanics physiologists, psy-
chologists, and more recently ethologists embarked upon a causal analysis
of behavior. Their conceptual model was that ot the machine whose
operations are to be explained in terms of the functioning ot the compo-
nent parts. While the operations of a machine certainly are to be explained
in terms of its component parts, today we realize both the uniqueness
and the diversity of the “machines” that are studied in the biosocial
sciences. The characteristics of their components vary throughout popula-
tions and across species. Every individual is unique—a fact which today
is pertectly well understood within the framework ot mechanistic science
(see Hirsch, 1962, 1963). Individual uniqueness is the ontogenetic result

of the particular balance of components which arises first of all because
of a unique genetic endowment at conception (monozygotes excepted)

and then because of an idiosyncratic developmental history (monozygotes
included).

Our failure to appreciate sooner the limitations of the typological-
reductionist approach can be attributed, among other things, to (1) the

XV



xvi BEHAVIOR-GENETIC ANALYSIS

long fight required to establish the validity of mechanistic analysis and
to eliminate vitalism and (2) the heredity-environment controversy and
the fight to win recognition for the new science ot genetics, which, when
frst established, fell directly in line with the prevailing typological-
reductionist pattern of thinking. Before we understood the concepts of
population genetics, it might be that we were incapable ot appreciating
the limitations of the traditional thought pattern. Later it was also neces-
sary to exonerate genetics of responsibility for the more unsavory aspects
of the eugenics movement and the claims made on its behalf by elitists,
racists, and fascists, all the while guarding against the dangers of a
rampant environmentalism that led to Lysenkoism.

This volume considers several of the kinds of knowledge, both sub-
stantive and formal, on which behavior-genetic analyses must be based.
It presents neither an introduction to a so-called field, nor a comprehen-
sive summary of its literature, nor a review of human research and its
methodology. Those tasks have been performed by Fuller and Thompson’s
pioneering text (1960; see reviews by Caspari, 1961a, and by Hirsch,
1961a) and by the volume under Vandenberg’s editorship (1965) that
resulted from the 3-day Louisville conference organized at the suggestion
of R. B. Cattell.

Part I places behavior study in an evolutionary perspective. We con-
sider the behavioral changes that reflect evolution and the role of behavior
as a factor in evolution. Caspari distinguishes two problems in the study
of evolution: analysis of the mechanisms responsible for the changes that
comprise evolution and reconstruction of the sequences of forms that
have appeared. Washburn and Shirek present a discussion of human
evolution that stresses the importance ot tool use, both in the evolution
ot bipedalism among the primates and in the development of man’s large
brain—a valuable example of the feedback relation between behavior and
our gene pool. King considers the relations of ecological and develop-
mental genetics to mammalian behavior and, most importantly, the kind
of teedback from behavioral variation to the gene pool that is now
amenable to investigation. Manning examines the literature on behavioral
evolution in insects, emphasizing how allelic differences could effect small
changes in nervous thresholds. And Rothenbuhler’s discussion focuses on
the Hymenoptera. It provides a detailed survey of an extensive literature
dealing with bee genetics and bee behavior as well as a description of
his own elegant analysis of two genes involved in hygienic behavior.

Part Il considers the mechanisms that intervene between genes and
behavioral phenotypes. Caspari reviews fundamental aspects of gene
activity as well as developments relating the genome to neuronal activity
and to memory. Ginsburg describes research strategies for behavior-
genetic analyses, using as illustrations work from his laboratory on the
relations between audiogenic seizures, heredity, and the morphology and

histochemistry of the hippocampus. Next, Hamburg examines the rela-
tions of hormone metabolism (adrenocortical) to heredity and to psy-
chological stress. And Hsia discusses inborn errors of metabolism as the

natural units involved in several human behavioral phenotypes. Then,
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Fugene Roberts develops a model of the synapse which he relates to
significant studies of the chemicals involved in nervous transmission.

Because of the complexity of behavior and because polygenic systems
are implicated in many complex phenotypes, Part III is an exposition of
quantitative genetic analysis. R. C. Roberts begins with an extensive re-
view of the fundamentals of quantitative genetics. N ext, tor geotaxis,
Hirsch describes behavior-genetic analysis at the chromosome level of
organization. Then, Bruell and Broadhurst discuss the analysis of quan-
titative traits in populations and describe the diallel method, with Bruell
showing the evolutionary implications in behavior-genetic data. In doing
so, Bruell examines the relations between inbreeding and heterosis and
between laboratory populations and natural populations.

Part IV deals with conceptual and methodological issues of general
import. In Genes, Generality, and Behavioral Research, McClearn dis-
cusses some limitations on the scope of the inferences that we can make.
He relates them to our ability to specify and control the biological makeup
of the organisms whose behavior we study. Then, from the point of view
of modern biometry, DeFries makes a retrospective evaluation of the
extant literature on experimental behavior-genetic analyses for quantita-
tive traits. R. C. Roberts shows the interesting opportunities that behavior
study now offers to genetics. Thompson considers some important dif-
ferences between behavior genetics and other kinds of genetics and how
they may be related to our understanding of the complexities of per-
sonality and intelligence. Then, Spuhler and Lindzey examine the race
concept and present their evaluation of its place in the study of behavior.

Finally, the last chapter provides a fundamental and completely gen-
eral treatment of race (p. 431), an overview and, it is hoped, syn-
thesizing commentary on the place of behavior-genetic analysis in the

biosocial sciences.






CHAPTER ONE

INTRODUCTION TO PART | AND REMARKS ON EVOLUTIONARY
ASPECTS OF BEHAVIOR

Ernst W. Caspari

Introduction
General theory of evolution

The role of behavior in selection and speciation

The phylogeny of behavior
Concluding remarks
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INTRODUCTION

(Al biological phenomena can be considered from two points of view:
mechanism and evolution. These two points of view do not exclude
each other, and both should be considered in the complete analysis
of any biological phenomenon. It is therefore necessary that one part
of this book should be devoted to the evolutionary aspects of behavior.

The theory of evolution has been one of the main pillars on which
the structure of biological theory has been erected. It deals funda-
mentally with two interrelated problems. First, the mechanisms by
which evolution proceeds must be described, analyzed, and experi-
mentally confirmed. Secondly, the evolutionary history of the species
that exist now and have existed in the past has to be reconstructed.
While these two goals of the theory of evolution are conceptually
ciosely interrelated, the methods used for the study of the two aspects
are so different that it is convenient to distinguish them from each
other by the use of different terms. | shall therefore restrict the word
evolution to the analysis of evolutionary mechanisms and use for the
study of the history of species and other taxonomic categories the word
phylogeny.

The mechanisms by which evolution proceeds are now reasonably
well established. The theory, which was originally developed by mathe-
matical models, is supported by a large amount of experimental and
observational evidence JThe theory and the supporting evidence have

been collected and integrated in numerous books, of which those by
Dobzhansky (1962) and by Mayr (1963) should be mentioned here,
since both contain a large amount of material on the topics discussed

In this book.

GENERAL THEORY OF EVOLUTION

/ The modern theory of evolution is based on our knowledge of the
" behavior of genes in populations. The basic conceptual advance in this
field was the recognition that a sexually reproducing population, a
“Mendelian’” population, can be regarded as a collection of genes, a

3



4 BEHAVIOR-GENETIC ANALYSIS

gene pool, in which the genes are reshuffled every generation. It Is
therefore possible to abstract from the individuals that are, so to
speak, attached to the genes and to describe the population In terms
of gene frequencies in the gene pool.

The basic facts of population genetics are so well known that it
appears unnecessary to repeat them here. Suffice it to state that
evolutionary processes, under the theory of population genetics, may
be defined as changes in the composition of the gene pool in time.
From an evolutionary point of view, it is therefore most important to
recognize the mechanisms by which the frequency of genes Iin a gene
pool can be altered. Several mechanisms have been proposed and
demonstrated, but among these natural selection is of such paramount
importance that it is sufficient to consider only this aspect in these
introductory remarks.

Natural selection, in its most general form, can be expressed as
the fact that usually two alleles of the same gene are not transmitted
to successive generations with the same frequency. The probability of
one allele’'s being transmitted to the next generation, as compared with
its partner, is designated as its ‘‘adaptive value.”” The adaptive value
of any gene is dependent on the phenotypic characteristics that it
imparts on its carriers in homozygous and heterozygous conditions. If
the adaptive value of one of the homozygotes is highest, the corre-
sponding allele will be favored by natural selection, and the other
allele will be gradually eliminated. If the heterozygote is superior In
adaptive value to either homozygote (‘‘heterosis’’) both alleles will be
kept in the gene pool, and a stable genetic polymorphism will result.

The adaptive value of a gene is not constant. It depends on environ-
mental factors and on the other genes present in the same population,
Its genotypic milieu. Therefore, changes in environmental conditions will
generally introduce changes in the adaptive value of some of the genes
present in the population. They will, therefore, if continued, lead to
changes in the composition of the gene pool, i.e., according to our
earlier definition, to evolutionary changes. These evolutionary changes
are generally in an adaptive direction; i.e., the resulting new gene pool
will have a higher fitness in the new environment, will be better adapted,
than the old gene pool had been. It is important to realize that genetic
adaptation of this type can proceed with considerable speed, provided
the selective pressure is sufficiently strong and the generation time
of the organism sufficiently short. Examples are the rapid adaptation of
many insect species to insecticides, as observed in nature, and the
cases of evolutionary changes of populations induced in the laboratory

—t % - - y ¢ ).

e.2.,-Dobzhansky:"ToF7™

While we generally assume a one-to-one relationship between gene
and phenotypic character, this holds strictly only for those characters
which are, in a developmental sense, ‘‘close’’ to the gene, e.g., protein
structure and the constitution of cell surface antigens. (See chapter on
gene action.) All other characters are influenced by several genes,
frequently by a large number. Such polygenic systems are thoroughly
discussed in Part lll. At this point, it should be mentioned only that
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the genetic control of a character in a population depends on the
genetic structure of the population rather than on the genetic nature
of the character itself. If, for instance, a particular character is de-
pendent on a certain number of genes, only one of which is represented
In a particular population by a pair of alleles, the others being
homozygous, then it would appear that the genetic variation of the
character in this population was depending on this one gene pair. In
other populations of the same species, however, a different gene or
more than one gene might be present in several allelic forms. It should
be obvious that these populations would react in genetically different
ways if the same selective pressure were exerted on them. Different
genes or gene complexes become fixed in different populations. There-
fore, the result of selective pressure on a gene pool depends as much
on the initial potentialities of the gene pool as it does on the quality of
the selective stimulus.

Since many characters, as described by morphological or behavioral
methods, are dependent on polygenic systems of genes, the relation of
these genes to each other in the production of the phenotypic character
IS interesting. This matter is discussed by others in Part lll. In the
present context it is of importance to note that the effects of different
genes on a complex character such as adaptive value are by no means
always additive, but the interaction is frequently much more complex.
What is meant by the above statement is that the effect of a particular
gene does not depend only on the environment but also on the other
genes present in the same population, the genetic milieu. A certain
gene may have a favorable effect in the presence of some specific
other genes in the population, but not of all others. The case of
hygienic behavior of the honeybee described by Rothenbuhler (Chapter—

_a)-offers a particularly simple example of this fact. Neither one of the
two genes involved would, by itself, alter the fitness of the population
In the presence of a damaging environmental factor, infection with
Bacillus cereus. But both genes in combination greatly increase the
fitness of the population. These two genes offer, therefore, a perfect
example of what Dobzhansky has called ‘‘coadaptive gene complexes.”
Selection for coadaptive gene complexes, coadaptation, appears to be
the rule in natural selection, and selection for individual genes may be
regarded as a borderline case, interesting because of its simplicity but
frequently confusing because it omits the complicating systemic nature
of the gene pool.

The main principle of evolutionary theory is therefore simple as far
as individual pairs of alleles are concerned, but it becomes highly
complex when whole gene pools are taken into account. The reaction
of a particular population to a specified selective stimulus is not pre-
dictable unless the total constitution of the gene pool is known, which

cannot be accomplished in practice. Even if it were known, there is

some doubt whether the reaction of the gene pool would be completely
predictable — 3 G5 _

The discussion up to this point has dealt with evolutionary changes
which lead to adaptation of the population to changes in the environ-

-
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6 BEHAVIOR-GENETIC ANALYSIS

ment. Another aspect of evolutionary changes, that of speciation, must
be mentioned. Speciation consists in the breakup of a gene pool into
two discrete gene pools, species. The mechanisms involved and the
consequences of the process have been exhaustively and brilliantly
discussed by Mayr (1963). It is sufficient to indicate here that spe-
ciation, by definition, is dependent on the occurrence of a mating barrier
inside a population which inhibits the exchange of genes between groups
of members of the original population. This mating barrier may be
geographical, ecological, physiological, behavioral, or of several other
types. The mechanism does not matter, as long as gene exchange is

inhibited or at least greatly diminished. The two resuiting gene pools
will differentiate along different lines, giving rise to different species.
The two aspects of living organisms mentioned, their adaptedness 1o
the environments in which they live and their division into reproduc-
tively isolated species, are very striking to every observer of nature.
Both of these phenomena find their answer only in the context of the
theory of evolution. They constitute indeed the most serious problems
with which workers in this field are concerned at the present time.

N

<
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THE ROLE OF BEHAVIOR IN
SELECTION AND SPECIATION

Adaptive value, as defined in the preceding section, is a highly complex
character which embraces almost all the characters and activities of
an organism. In order to analyze it further, Wright (1949) has divided
it into three components: viability, defined as the probability of
a genotype’s surviving to reproductive age; fertility, the probability of
a genotype’'s producing offspring; and fecundity, the average number
of offspring contributed by a genotype to the next generation. To these
three components, Spiess and Langer (1961, 1964) have added rate
of development and maturation for mating. While the influence of
these components depends to a large degree on the ecological con-
ditions in which the organism lives, there is no doubt that they may
be in some cases important factors of fitness, as shown by Spiess and
Langer for some chromosome rearrangements of Drosophila persimilis.

The behavior of an animal may be related to several of the above
mentioned components of fitness. It would be expected to be espe-
cially effective in the determination of the first two components. The
effectiveness of mating is obviously very important for the fertility of
crossbreeding organisms, and mating behavior constitutes its main
determinant in free-living animals. Considerable attention has therefore
been given by population geneticists and evolutionists to the genetic
determination of mating behavior, particularly in insects, and the
chapter by Manning quotes numerous examples. It may be stated here
only that in the investigation of the adaptive value of mutants it has
frequently turned out that their pleiotropic effects on mating behavior
rather than on viability are the predominant cause of their lowered

fithess.
It may also be expected that viability is to a certain degree de-
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pendent on behavioral characters. Behavior is an active way by which
an animal adapts to its environment. Behavior leads to the active
selection of favorable habitats and food sources and to escape from
dangers such as enemies. Examples are given in all chapters in Part |
but it appears that the genetic determination of this aspect, possibly
because it appears so obvious, has not been Investigated as thoroughly
and systematically as mating behavior in insects. On the other hand, it
appears that behavioral characters will have less influence on fecundity
and rate of development, which do not involve strong interaction with
the environment.

The influence of a gene on behavioral characters may, then, con-
stitute a major factor in its adaptive value and may determine whether
a particular allele will be kept in the population or eliminated. On the
other hand, the genetically determined characteristic behavior of 2
species may have a strong influence on its ecology and population
structure. Behavioral characters, therefore, in turn, iInfluence the struc-
ture of a gene pool and its potentialities for change. This point has
been elaborated in the chapter by King and does not need any further
discussion here.

Mention should be made of the modifiability of behavior. It is well
known that behavior of an individual can be modified by environmental
conditions and particularly by previous stimuli and behavioral activities
of the same animal. Complex learning in its various forms is often
assumed to be restricted to the higher vertebrates, but the chapter by
Rothenbuhler gives impressive examples of learning by bees. Neverthe-
less, modifiability of behavior by learning is particularly pronounced
In mammals and birds. There is good evidence for a genetic determina-
tion of learning ability. But the evolutionary implications do not seem
to have been extensively studied.

Seiger and Kemperman (unpublished) have therefore recently in-
vestigated, by means of theoretical models, the possible influence of
Imprinting in birds on evolutionary processes. They make the simplifying
assumptions that birds mate only with partners who phenotypically
resemble their parents on which they have been imprinted in early
life and that similarity or dissimilarity is determined by one pair of
alleles for which the population is polymorphic, e.g., a color gene. It
turns out that this situation leads to the breakup of the population into
two separate populations, each one homozygous for one of the two
alleles, i.e., to speciation. It is not clear whether such an oversimplified
model has any direct bearing on situations found in nature. But the
case of the snow goose and the blue goose (Cooch and Beardmore,
1959) may well be an example since assortative mating has been

observed (Manning, quoted in Mayr, 1963, p. 469). However, other

possible explanations of this case have been proposed and cannot be
excluded at the present time.

iInfluence not only on the evolutionary processes that lead to adaptation
but also on those leading to speciation. The evidence that genetically
controlled mating and habitat preferences may be important factors in
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the formation of species is supported by a large amount of experimental
material, particularly from Drosophila. Even in cases where a behavioral
character is associated with cross-infertility in the establishment of a
mating barrier, it can sometimes be demonstrated that assortative
mating is the primary source for the breakup of the original population.
In a case investigated by Ehrman (1964) it has been shown that as
yet incomplete reproductive isolation of two populations of Drosophila
paulistorum was initiated by genetically determined mating preferences

the hybrid males.

THE PHYLOGENY OF BEHAVIOR

After Darwin established the theory of evolution by natural selection,
problems of phylogeny occupied the center of interest of biologists for
about 50 years. In the past four decades, interest in phylogeny has
abated in favor of an interest in mechanisms, even In evolutionary
studies. Phylogeny is primarily a historical discipline. It attempts to
understand the present as a result of processes which have gone oOn
in the past. The reconstruction of the past offers serious methodological
difficulties which are the same in the phylogeny of organisms, in human
history, and in cosmology. They are due to the fact that all conclusions
are based on indirect and often fragmentary evidence and are not
subject to confirmation by experiment. All statements concerning
history do not, therefore, have the same degree of certitude as state-
ments concerning processes and mechanisms directly observable at the
present time.

Nevertheless, methods have been worked out in all historical sciences
which lead to valid conclusions if applied with proper caution. The
methods used in phylogeny at the present time have been discussed
and exemplified at a Symposium on Principles and Methods In
Phylogeny (Caspari, 1963a) sponsored by the American Society of
Naturalists. There are fundamentally two methods used: the comparative
study of similarities and dissimilarities in extant organisms and the
more direct but fragmentary evidence obtained from fossils. It should
be mentioned that the more modern methods by which it is attempted
to elucidate phylogenetic relationships, such as the study of chro-
mosomes, of proteins, and particularly of the DNAs of related organisms,
are extensions of the comparative method at more fundamental levels.
They are, however, expected to give, by reason of their closeness 10 the
basis of evolutionary processes, i.e., changes in the genetic material, a
more nearly correct picture of the actual phylogenetic relationships than
the comparison of morphological and physiological characters.

From a taxonomic point of view, different species differ in their
behavioral activities and potentialities just as much as they do in
their morphological characters. Mayr (1958) has pointed out that
taxonomy could be based just as well on behavioral as on morphological
characters and that in many cases behavioral analysis would give more

refined and reliable results. Since the taxonomy of an animal group
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retlects its phylogenetic relationships, it should be possible to use for
the study of the evolution of behavior criteria that are in principle
similar to those used for the investigation of morphological characters.
The similarity of behavior patterns inside a group of related organisms
enables us to use the comparative method for the study of these
characters.

It may be assumed that, from the point of view of the phylogeny
of behavior, only the comparative method is applicable; it has indeed
been extensively used and given rise to many fascinating problems.
But the use of fossil evidence for behavioral characters is by no means
Impossible, as is Impressively shown in the chapter by Washburn and
Shirek for the evolution of human behavior. Here, preserved artifacts play
a very large role, but it should be noted that, from the structure of the
bones and from the circumstances of preservation, far-reaching con-
clusions can be drawn concerning the behavior of extinct organisms.

In the elucidation of the phylogeny of behavior of groups that rarely
give rise to good fossils, such as birds and insects, the comparative
method plays the predominant role. Rothenbuhler’'s discussion of the
social behavior of different species of bees offers a good example of
the potentialities of the comparative method in behavior studies. The
topic is discussed on a more theoretical level in the chapter by Manning,
who points out that the comparative method permits isolation of “‘units’’

of behavior which, in the course of evolution, can be reshuffled and
modified and put to different functional uses. The genetic nature of
these units of behavior identified by comparative observation con-

stitutes one of the most important problems in understanding the
phylogeny of behavior.
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CONCLUDING REMARKS

Part I, on the evolution of behavior, contains four chapters, two of
which deal primarily with evolutionary mechanisms, whereas the other

the main emphasis of the discussions follows this division.
Furthermore, the two chapters on evolutionary mechanisms deal es-

pecially with these groups of organisms that have been most Intensively
Investigated from the point of view of behavior genetics: insects and

higher vertebrates. In the two chapters dealing primarily with phylogeny,
the same dichotomy into insects and vertebrates has been followed.
In this case, the highest and most complex type of social behavior

found in each one of the two groups has been chosen for intensive
treatment, that of the honeybee and of mankind.
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INTRODUCTION

Evolution is the result of changes in the gene frequencies of populations.
Behaviors leading to reproductive success are favored by natural selec-
tion, and the genetic bases of these successful behaviors are incorpo-
rated into the gene pool of the population. There Is a feedback between
behavior and its biological base, so that behavior is both a cause of
changing gene frequencies and a consequence of changing biology.
This relationship is appraised in much more detail in other chapters
of this volume, and it has recently been reviewed, with particular
reference to man, by Caspari (1961b, 1963b) and Dobzhansky (1962).
A more general account of the relations of genetics, evolution, and
systematics is given by Mayr (1963).

Emphasis on variable populations and behavioral-structural com-
plexes is leading to a reformulation of many of the problems of human
evolution. For example, it used to be argued that the hand of an ape
could not evolve into a human hand because there was a trend In
ape evolution leading to longer and longer fingers and a shorter
thumb. This argument overlooked the great variation in the hands of
contemporary apes (Marzke, 1964), depended on the idea of ortho-
genesis, and was based on the notion that the human hand had
evolved to its present form long ago. In contrast to this earlier
typological, orthogenetic approach, we recognize today that the evolu-
tion of hands was affected by the changing selection pressures that
came with bipedalism and tool use. The earliest hominid hand shows
very apelike features in the basal phalanges of the fingers and a
thumb intermediate between that of contemporary apes and man
(Napier, 1962). Remains of this hand, discovered by Leakey in Olduvai
Gorge, Tanganyika, clearly show that many of the features that dis-
tinguish the human hand evolved long after bipedalism and tool use.
The characteristic features of the human hand, and of the areas of
the brain that control it, evolved in response to new selection pressures,

1 This is part of a program on primate behavior supported by Public Health Service
Grant MH 08623. We wish to thank Phyllis C. Jay and Jane B. Lancaster for their
comments and criticism.
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and the form of the hand is not a frozen relic to be used in evolutionary
argument without regard to the changing way of life of our ancestors.

As can be seen from the example of the hand, the contribution of
genetics to the study of long-term human evolution is to suggest a
model, that is, to give the rules that guide the interpretation of the
fossils. Problems are posed by fossils, and without fossils the course
and rate of evolution could not be determined. But, even with a con-
siderable number of well-dated fossils, there will be no agreement
among scientists unless interpretation is attempted within a comparable
frame of reference. If what evolved was successful behavior, then
understanding of the evolution of our species can be achieved only
by the reconstruction of the behaviors of past populations. The more
well-dated fossils that are available and the more that is known of the
behavior of the living primates, the more reliable the reconstruction
of the past will be. But it must be stressed that understanding comes
from the reconstruction of past populations and not directly from the
fossils themselves. This is because the ancestral forms were alive when
they took part in the evolutionary process and it was their reproductive

success, not some feature of a bone as such, that determined the
course of evolution.

cussed the anatomical difficulties inherent in the arguments for de-
riving man from an apelike ancestor (deriving the Hominidae from the
Pongidae). However, recent biochemical and cytological investigations-
have shown that living men are most closely related to the apes
(Pongidae) and especially to the African apes (genus Pan), including

* Harrison et al. (1964) give an excellent, brief discussion of this problem. They point
out that the specimens from almost every Individual site have been placed in a3
Separate species or even genus, which results in the assignment of specimens that
can usefully be included in Australopithecus africanus and A. robustus to five separate
genera. The specimens which Simpson (1963) or Le Gros Clark (1964) assigns to a
single genus, Australopithecus, have been placed in as many as seven genera by
different scientists. In each case the justification has been that the new specimens
are not anatomically the same as previously known specimens assigned to Australo-
pithecus. Aside from the overemphasis on minor anatomical points and the lack of
attention to variability (Schultz, 1963), the interpretation of the anatomical differences
depends on the reconstruction of the way of life of the fossils. If the members of
the genus Australopithecus were bipedal, savanna-living, tool-using, hunting creatures,
it is likely that they occupied extensive ranges with only racial variation. This view
IS supported by the similarity of the two Jaw fragments from Java, called Meganthropus,

which are very like the comparable parts of A. robustus from South Africa (Robinson,
1962).

° The latest evidence is summarized and evaluated in the three symposia edited by
Buettner-Janusch (1963-1964), by Napier and Barnicot (1963), and by Washburn (1963).
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both the chimpanzee and the gorilla (Simpson, 1963). Conclusions
from the latest information agree with those of Huxley in 1863; among
living primates men and apes are most closely related. The support
given this theory by the latest techniques greatly strengthens the
position taken by Gregory, Keith, Hooton, Schultz, and many others,
and. unless some radically new discoveries are made, it Is no longer
necessary to consider theories that postulate that man is descendeaq
from a monkey, tarsier, or even more primitive form.

Given the high probability that the Hominidae arose from the
Pongidae, it is evident that the differences between the families are
primarily in the brain and in the manner of locomotion; it is evident
in the fossil record that bipedalism came first and that it was not
antil much later that the brain increased three or four times in volume
to typically human size. The general sequence of events has been dis-
cussed elsewhere (Washburn and Avis, 1958; Spuhler, 1959; Wash-
burn and Howell. 1960), but the important point in this sequence 1S
that stone tools and evidences of hunting are found with the earliest

bones of Australopithecus.
Robinson (1962) gives 450 to 550 cc as the capacity of the skulls

of both the large and small species of Australopithecus from South
Africa, and the skull of the large species from Olduvai has a capacity
of 530 cc (Tobias, 1964). The smaller species from Olduval has a
cranial capacity estimated as between 640 and 720 cc (Tobias, 1964).
As Le Gros Clark (1964) has pointed out, taking all the evidence Into
account, the forms from Olduvai should be included in the genus

Australopithecus, and, particularly because some populations of
Australopithecus of the Lower Pleistocene probably evolved into Homo
of the Middle Pleistocene, the discovery of intermediate forms should

be expected.*
The representatives of the genus Homo from the Middle Pleistocene

all have much larger cranial capacities. According to Weidenreich
(1943), the capacities of the five best-preserved skulis from Peking
range from 915 to 1,225 cc, and estimates from more fragmentary

specimens suggest that the range of the population may have been
850 to 1,300 cc, with a mean in the neighborhood of 1,050 cc. The
capacities of the three skulls of Java man are /79, 900, and 935 cc,

according to Weidenreich (1943).
These figures are significant to genetics because they show that

most of the differences between the brains of apes and of men evolved

1 Some fragmentary remains of these intermediate forms may already have been
discovered. The fossils first called Telanthropus (Robinson, 1954, 1963) and the later
specimens called Homo habilis (Leakey et al., 1964) may be regarded as either the
end of Australopithecus or the beginning of Homo, and the distinction may mean very
little if one evolved into the other. However, the remains are exceedingly fragmentary,
and it must be remembered that the rates of evolution of the various parts of the
body are not the same and that it is not yet certain that any fossils earlier than Java
or Peking man had a fully human bipedal-locomotor adaptation. There may well have
been a period of from two to four hundred thousand years in which the main events
‘n human evolution were the transitions from Australopithecus 1o Homo, and the con-

tinued emphasis on the separation of the two groups is merely obscuring the evidence
for human evolution.
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In response to the new selection pressures that came with the human
way of life: bipedalism, tool use, and hunting. The brain did not
evolve first for some unknown reason and then make possible the
discovery of the human way: the human way and the structural basis

for that way evolved at the same time and in a feedback relation to

(1950), the sizes of the areas of the motor or sensory cortex primarily
concerned with a particular function are proportional to use. For
example, in man’s brain the areas concerned with the motor control
of the thumb and hand are greatly enlarged over the comparable areas
In the brain of a chimpanzee. Selection for hand skill has altered the
proportional representation of this part of the body in the cortex. This
Interpretation is supported by the fact that the cerebellum has also
Increased in size and that there the areas concerned with the hand
are proportionally large also. Selection for increasing hand skill came
with tool use and affected not only the proportions of the fingers and
thumb and the muscles that move them but also the parts of the brain
controlling their action. In summary, the brain not only increased
greatly in size; it increased also in such a way as to make specifically
human behavior possible. The structure of the brain that makes
memory, planning, and language possible is also the result of the
feedback relation between social evolution and its structural base.

BRAIN AND CULTURE

The interrelationships of the size and complexity of the brain with the
behavior it makes possible may be illustrated by language. Apes cannot
be taught to talk, because they lack the necessary neural mechanisms,
although they can make a wide variety of noises and there is nothing
In the structure of the ape mouth or larynx to prevent speech. In
marked contrast, human beings learn a language easily. What has
evolved in human beings is the structural basis for the ability to learn,
a linking of auditory and motor speech areas, a family of unlearned
responses making possible human language, and increased control of
the vocal apparatus (Bastian, 1965: Penfield and Roberts, 1959). For
the individual, the brain makes language possible. For the species the
success of sound symbols introduced new selection pressures that
changed the evolution of the brain, and, in many populations over
many thousands of years, selection built in the mechanism necessary
for language as it exists today.? The evolution of human society IS so

> Language may well follow the same model as tool using, and there may have been
many thousands, or even millions, of years between the first use of verbal symbols
and the evolution of languages of the complexity of those in use today. The success
of the first use of sounds to convey more restricted, symbolic meanings changed
selection pressures on the nervous system, muscles, and other structures that make
language, in the modern sense, possible. Today we see the results of this evolutionary
interaction between speech and the structures that make it possible. Bryan (1963)
attributed man’s ability to speak to preadaptation. (Erect posture, changes in the
larynx, mouth, tongue, and nose-mouth relations prepared the way for speech.) The
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closely linked with that of language that one cannot be considered
without the other. The efficient transfer of information makes complex
social life possible, and the more that is known about the societies
of monkeys and apes, the greater appears to be the role of language
in the matrix of human behavior. It is doubtful if the greatly increased
human capacities for memory, planning, and cooperation would have
been of selective advantage without at least the beginnings of language.

Human society has depended upon the brain and has evolved In a
feedback relation with it. The functions of the brain that are linked
with society may be thought of as the ‘‘social brain,’”” that is, the
complex of parts that make human social life possible and distinguish
it from the social life of monkeys and apes. Although the human social
way is learned, this learning is possible only because the human
brain evolved in response to selection for successful society. Any
particular social system—Iike any particular language—is learned, but
the ability to participate in complex culture is biological.

Viewed in this way, specialization of roles in society is one of the
most important factors in human evolution and changes the whole
pattern of relationship between biology and culture. As long as each
human individual had to learn the whole behavior pattern of his group,
the evolution of the brain set a limit to the evolution of society. But
once roles were specialized so that the individual needed to learn only
one set of skills, to understand only a part of his culture, then social
complexity could evolve without further evolution of the brain. It IS
orobable that this change began primarily with agriculture and has
proceeded at an accelerating pace ever since. The primitive hunter had
to know the way of his tribe, including religion, folklore, economic and
social skills. and the skills of war. Except for the difference in the roles
of males and females, he had to be a master of all his tribal culture,
and these are the conditions under which the human brain evolved. With
specialization, society may be complex but the individual need learn
only a small part of the culture. In this way the evolution of complex
culture is freed from the limitations of the individual organism.

From the standpoint of what the single human individual must know,
modern civilization need not be more complex than tribal society. The
final burst in social evolution, beginning with agriculture and vastly
accelerating with the industrial-scientific revolution, is dependent in
part on the freeing of culture from the limitation of being comprehen-
sible to the individual actor and so allowing rapid change to great
complexity without the necessity for further evolution of the nervous
system of the human participants. This situation in which culture Is
vast and complex but the individual need learn only a small fraction
of it in order to participate may be illustrated by language. A dictionary

i S

major importance of changes in the central nervous system is minimized. This is
another example of the traditional thinking which supposes that the structure evolves
first, making the behavior possible. We believe that language and the structures making
it possible evolved together In a feedback relation and that there must have been a
long evolution between noise-making apes and the speech of Homo sapiens. The
demonstration, that contemporary apes cannot make human sounds, merely shows

that they have not shared in this part of human evolution.
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gives over 550,000 English words. This is an edited list and might
be supplemented by many archaic terms and special technical vocabu-
laries. For example, a medical dictionary gives over 80,000 technical
medical terms alone. Certainly our culture is using well over a million
words, but, for an individual participating in a part of this culture,
a few thousand words suffice.

In view of the great importance of the brain in human evolution,
it would be interesting to be able to relate the detailed biological
evolution to the archeological succession. But unfortunately the only
direct evidence is cranial capacity, which is a poor guide to function
(Mettler, 1956). A partial answer to the problem may come from
relating the evolution of the brain to the rate of cultural change, rather
than only to cultural complexity. Although the evidence is scanty and
the absolute dates are still under discussion, the following correlation
Is at least suggestive. Very simple stone tools existed in the Lower
Pleistocene (J. D. Clark, 1964). It seems safe to say that members
of the genus Australopithecus made at least some of these tools, hunted.
and lived bipedally in the open savanna away from trees. This stage of
human activity probably lasted for a minimum of 2 million years with
very little evolution. With the Middle Pleistocene, some 500,000 years
ago, members of the genus Homo made complex tools, killed large
animals, and made fire, and there is substantial and steady evolution
In the archeological record. In the past 40,000 years the rate of
cultural evolution increased vastly; this increase seems to correlate
with the presence of Homo sapiens. Over the broad expanse of the past
2 or 3 million years, rate of cultural evolution and cultural complexity
seems to correlate with the kind of hominid.

In summary, the notion that the evolution of the brain parallels the
evolution of culture seems to fit the fossil record reasonably well.
Because brain and society evolved together, it is no accident that the
human brain makes possible the basic human social skills. What
evolved were the structure and physiology that make complex human
language and social learning possible. The biological base, therefore,
does not determine the form of any particular culture; it is a necessary
prerequisite to all cultures.

HUMAN ORIGINS

Speculative as these conclusions may be, there is far more evidence
for them than for the reconstruction of the preceding stage in human
evolution. There is very little evidence to connect Australopithecus of
the Lower Pleistocene with any particular group of Pliocene apes (that
IS, to connect the Hominidae with the Pongidae). As indicated earlier,
the latest evidence suggests that man is particularly closely related to
the African apes, but the fossil fragments that are the most similar
are those of Ramapithecus of India (Simons, 1963a). Simons notes that
Ramapithecus shares many features with Kenyapithecus of Africa, which,
unfortunately, is also represented only by very fragmentary remains.
These forms are from the early Pliocene or the end of Miocene, some
10 million years before the earliest specimen of Australopithecus.
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The question of whether man originated in Africa or Asia has been
debated for many years, but even this phrasing of the question Is
misleading. Both the fossil record and genetics suggest that the area
of origin and the meaning of the term origin be reexamined (Simons,
1963Db).

Fossil apes have been found in Europe, Africa, and Asia, and the
separation of these areas is geologically recent. Simons (1963a,
1963b) has pointed out the similarity of such forms as Pliopithecus
(Europe) and Limnopithecus (Africa) in addition to the similarity of
Ramapithecus and Kenyapithecus. During the Miocene and early
Pliocene, forests extended from Europe to eastern Asia and to Africa;
there was no barrier for apes, and a single genus might be represented
by species in India and Africa (Simons, 1964). The habit of auto-
matically placing African and Asiatic forms in separate genera Is
unwarranted. Indeed, a single species of monkeys, Cercopithecus
acthiops, occupies an area as wide as the distance from eastern India
to east Africa. The origin of the Hominidae from the Pongidae need
not have taken place in one local area, as is traditionally assumed.
Instead, this transition may have occurred in populations of widely
distributed successful apes. The entire area which linked India to
Africa was occupied by apes, and the transition may well have taken
place in this huge area over a period of some millions of years.

To seek a local area of origin is as much a relic of typological think-
ing as to classify almost every new fossil in a new genus. The
desiccation and climatic change that subsequently separated the forests
of India and those of Africa removed something on the order of 5
million square miles from the habitat that could be occupied by
arboreal apes. This reduction took place over a period of some 10
million years. If a genus of apes (perhaps of the Ramapithecus-
Kenyapithecus group) evolved into Australopithecus, the rate of that
evolution would be a new genus in something of the order of 8 million
years, a span of time that is about average for mammals (Simpson,
1953b). If we assume that the species of ape that evolved into
Australopithecus occupied only 2 million square miles (which is less
than many species of monkeys) and that there was a density of 10
per square mile (which is low), there would have been 20 million
animals in the transitional populations at any one time. If we assume
a generation time of 10 years, then 800,000 generations separate
populations of Australopithecus from populations of early Pliocene
apes. Naturally, calculations of this sort may be very far from the
actual facts, but they are introduced to correct the impression that
the origin of man occurred necessarily in one restricted small place or

in a short period of time.

BIPEDALISM AND TOOLS

Whatever the actual time required to separate the Hominidae from
the Pongidae, the main behavioral differences between populations of
apes and of Australopithecus are bipedalism of the human kind and
the use of tools. All known members of the Hominidae are adapted
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for life on the ground away from trees, and coming to the ground has
been regarded as a crucial stage in the transition from ape to man.
Various reasons have been suggested for this descent from the trees,
but, if we can judge by the behavior of contemporary monkeys and
apes, feeding on the ground is the primary one. Different groups of
Old World monkeys and apes have left the trees and taken to feeding
on the ground. The macaques and baboons offer an example of very
successful ground living. Geladas, patas monkeys, and one langur
(Presbytis entellus) show comparable feeding adaptations. Cercopithecus
aethiops is primarily a ground feeder, and many other species of
Cercopithecus come to the ground to feed occasionally. Most of the
gorilla’s food i1s obtained on the ground (Schaller, 1963).

The very successful species Cercopithecus aethiops, one of the most
abundant and widely distributed monkeys in Africa, shows the advan-
tages and problems of coming to the ground in perhaps the clearest
form. These vervets are distributed from West Africa to South Africa
along the edge of the forests, in savanna where there are trees, and
along rivers. They feed in the trees and on the ground, and as one
watches them it is obvious that a troop is brought to the ground far
more often for feeding than for moving from tree to tree, although they
do that too. As we have indicated, observations of the contemporary
primates strongly suggest that the primary motivation for arboreal
monkeys to come to the ground is food. Fruits, buds, grasses, insects,
and the like offer immediate rewards to monkeys or apes that come
to the ground, and the great importance of ground feeding should
not be overlooked in accounting for descent from the trees.

It has been suggested that, as the climate became drier and forests
decreased, apes came to the ground simply to walk to the nearest
trees (Hockett and Ascher, 1964). This view stresses the conservative

side of evolution, but evolution is also opportunistic (Simpson, 1949),
and observations of contemporary monkeys and apes indicate that
ground feeding may be an important motivation. Of the living primates,
the chimpanzee’'s behavior fits the ‘“‘coming to the ground to stay in
the trees’” model best. Chimpanzees are chiefly fruit eaters, and they
walk along the forest floor when moving from one feeding area to
another (Goodall, 1963; Reynolds and Reynolds, 1965). If an animal
moves from one group of trees to another in order to feed in the
trees, It must keep its arboreal-climbing adaptation. The chimpanzee

adapts to ground life by quadrupedal knuckle walking (Tuttle, 1965)
and maintains its arboreally adapted pelvis and foot, Keeping climbing
efficiency. Maintaining efficient climbing adaptation precludes the POSSI-
bility of evolving a nongrasping, weight-supporting foot. An animal that
Is ground-living only in order to move from one tree to another must
keep its fundamental arboreal adaptations. Adaptation to ground feed-
Ing, although compatible with both bipedal-locomotor efficiency and the
loss of climbing adaptation, is not enough to explain the evolution of
bipedalism. Ground-living gorillas and baboons are quadrupedal, dem-
onstrating that the evolution of bipedalism cannot be explained solely
in terms of adaptation for coming to the ground.

Desiccation and restriction of forests are an Inadequate explanation
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not only of bipedalism but of coming to the ground as well, since the
edge of forest, open forest, and savanna with trees were most extensive
during wet times. Consider the length of the forest borders, when they
extended from Europe to eastern Asia and to South Africa. As the areas
of rain and temperate forest increase, so does the periphery, and with
it the likelihood of the evolution of partially or fully ground-dwelling
species such as Cercopithecus aethiops. There is every reason to believe,
both from the fossil record and from the climatic conditions, that there
were many more kinds of apes in the end of the Miocene and the
beginning of the Pliocene than there are today. Both because of num-
bers and because of the length of forest borders and the extent of open
forest, there were far more opportunities for ground-living forms to
evolve in wetter periods than in drier ones. However, a species can
adapt only to the actual conditions under which it is living, not to long-
term trends. For example, if the climate became drier at the rate of

1 inch per century, rainfall would be reduced from 60 to 10 inches In
5,000 years. What would, in sum, amount to a catastrophic climatic
change would not be detectable during the lifetime of even the longest-
living primates. Annual and local variations in climate in the short run
are far greater than long-term trends, and it is to these actual local
conditions that the species must adapt. The long-term trends increase
or decrease the area available to a species, but the adaptation of the
species must be to local, short-term conditions.

In summary, many Old World monkeys and apes have come to the
ground. This is most likely to occur when the climate is wet and the
forests are of maximum extent. Ground feeding is the most likely expla-
nation for this move. Bipedalism might have happened only once and
is not to be explained merely on the basis of providing a means for
ground living.

The specialized bipedal locomotion of the Hominidae seems to be
the result of the success of tool using. Numerous authors have stressed
the importance of bipedal locomotion in freeing the hands for carrying
(see recent reviews of this subject by Hewes, 1961, and by Hockett
and Ascher, 1964). Carrying (whether tools, weapons, food, or infants
too immature to cling) has been of the greatest adaptive importance
to the successful evolution of man, and it is probable, on the basis of
the field studies as well as the evidence of fossils, that tool-using
behavior came first and the evolution of bipedalism was In response
to the success of this new pattern of behavior. The traditional state-
ment of the problem has been that bipedalism freed the hands and
that the locomotor pattern evolved first—and for unexplained reasons.
Recent evidence suggests that the beginnings of tool use came first,
that the success of this pattern of behavior changed selection pres-
sures, and that bipedalism then evolved in response to these new
pressures.

We think of ‘‘carrying’’ in the broadest possible way, including
carrying weapons, which changed the relation to predators and other
human groups; carrying tools, which changed food supplies and habits;
carrying food, water, and protective garments. When the hands are
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free, carrying infants, the wounded, and the sick is no problem. Biped-
alism freed the hands for a wide variety of skills, making possible the
human way of life. This point of view may be stated in the following
way. In many populations of apes over some millions of years minimal
tool use was present. In some of these populations the carrying of
tools, and the products of tool use, became sufficiently important so
that selection favored those groups of apes in which bipedal locomotion
was more efficient. Bipedalism permitted the evolution of skillful, prac-
ticed tool use, and, as the locomotor pattern evolved in response to
the new pressures, more effective tool use also evolved. Locomotion
and tool use affected each other (were in a feedback relationship), and
each is at once cause and effect of the other. The use of tools was not
made possible by a preceding bipedal adaptation, nor was tool use a
simple discovery. Probably it was the result of repetitive events in
thousands of populations of apes, of several species, over millions of
years. The evidence for this point of view will now be examined.

Tool using by monkeys and apes has been reviewed by K. R. L. Hall
(1963a and 1963b), and it is remarkable how little evidence there is
for the use of tools among nonhuman primates. Although many
monkeys and apes easily use sticks and stones in captivity, evidence
from field studies suggests that under natural conditions such behavior
IS rare or absent. Certainly objects are used no more than by many
nonprimates, and, if it were not for its possible relation to human
behavior, object manipulation among the primates would be of no more
interest than the utilization of objects by some species of birds or
mammals (K. R. L. Hall, 1963a). In fact, it is surprising to see mon-
keys, like baboons, skillfully groom, pick small objects, dig and clean
food, without making any effort to use easily available sticks and stones
to help in any of these tasks.

The chimpanzee provides the one exception to this statement con-
cerning tool use by primates (Goodall, 1964). It is almost certainly no
accident that it is this ape, which in many other ways is the closest
of the living apes to man, that makes substantial use of objects.
Goodall reports that chimpanzees throw stones and use sticks, branches,
and leaves. She observed chimpanzees throwing stones toward baboons
as a part of agonistic displays. They break off sticks and vines, pre-
pare them, and use them to get termites out of their holes (during one
season of the year only). The chimpanzees break these sticks or pieces
of vine used for catching termites or fire ants at a suitable length and
remove the side branches; several sticks may be prepared and carried
to the nest where they are to be used. Chimpanzees use leaves to
clean the body and as sponges. By chewing leaves until a pulpy mass
Is formed, the chimpanzee makes an efficient sponge that is used to
get drinking water from pools. Young animals were observed to make
tools too short or in other ways unsuitable, and it appears that learning
plays a substantial part in the development of this skill.

These observations suggest that selection of material and its prepa-
ration are as old as any concept of tool use. The frequently postulated
evolutionary stage in which natural objects are used prior to being
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modified by the user is not supported by these observations. Objects
are used for utilitarian purposes (getting termites, ants, water, clean-
ing, breaking nuts) and in agonistic displays. Display, such as branch
shaking, 1s a common supplement to threat gestures by primates.
Orangs may even break off a branch and drop it (Schaller, 1961).

Hall's review of these behaviors makes it clear that there are two
possible ways for a weapon to evolve, either as a consequence of the
use of larger sticks for utilitarian purposes or from the repeated dis-
covery that a stick waved in display may do damage if it actually hits
the animal against which the display is directed. Similarly, rocks
thrown in the direction of another animal during display may occa-
sionally hit it and the result of actual hitting be discovered.

The many uses of objects by the chimpanzee offer a broad base of
differential use, and from such an array of behavior more efficient tool
~using might evolve. Goodall’'s observations show the artificiality of
traditional speculation on whether weapons may have evolved before
other tools or the use of clubs before stones: these are human cate-
gories, and they do not relate to the behaviors of the chimpanzee.
Equally artificial is the discussion of whether carrying meat came before
other kinds of carrying, for chimpanzees carry fruit, meat, and objects.
The field studies clearly show the extent to which evolutionary hypoth-
eses have been distorted by the tacit expectation that human categories
will be useful in the description of ape behavior. Tool using by human

beings differs from that of the apes in the degree of skill and in the
extent of the result.

Probably the greatest importance of bipedal locomotion is that it
permits the animal to move while holding an object, so that skilled use
may be learned at leisure. It is skill, rather than mere carrying, that
IS made possible by the freeing of the hands from locomotor functions.
During the lifetime of the individual the preparation for skill is play,
and young children enjoy playing with objects; apparently this play is
essential for the development of adult motor skills. Among the non-
human primates juvenile play soon becomes almost exclusively inter-
personal; its importance lies in the deveiopment of social skills (fight-
ing, sex, dominance relations, grooming, and affective behaviors).

SUMMARY

The view of human evolution presented here suggests that the charac-
teristic features of the human body evolved at the same time as the
human way of life. The evolution of behavior and of the structures
related to behavior are two facets of the same process. Further, it Is
suggested that this evolution took place in many populations, In large
areas, over millions of years, for many reasons. It is most unlikely that
the transition from the Pongidae to the Hominidae occurred In one

place or for one reason, such as desiccation. Behavior genetics shows
that in evolution behavior precedes structure, that new structures
result from new selection pressures, and that such changes are most
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likely in large species that are partially divided in a wide variety of
adaptive niches. The diversity and distribution of apes in the early
Pliocene suggest that this may have been the time of the origin of the
Hominidae, and the fragmentary fossils called Ramapithecus-Kenya-
pithecus may represent the ancestral species. It is suggested that
bipedalism evolved with the success of tool using and that the brain
evolved with the success of the complex human way of life based on
skills, complex social life, and language.
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INTRODUCTION

Behavior is modified and influenced by genes. Behavior is also active
in modifying the frequency and expression of genes in a population.
Perhaps no other general character of a species, including its mor-
phology and physiology, has such influence in altering the genetic
character of its populations. Often only large deviations from the nor-
mal morphological or physiological characteristics of the species sig-
nificantly reduce viability or fertility of the aberrant individual, whereas
even slight behavioral deviations from the norm can affect the union
of the gametes in the population, the number of young produced and
brought to sexual maturity, the flow of genes within and between popu-
lations, as well as the survival and continuation of the gametes of each
individual. Breeding patterns, assortative mating, courtship, parental
care, social tolerance, migration, ingestion, shelter seeking, and ago-
nistic behavior are the behavioral patterns associated with changes in
the gene frequencies of populations. The study of the relationships
between behavior and changes in the gene frequency of populations
may be designated the ‘‘ecological genetics of behavior,”” which empha-
sizes the effect behavior has first upon the dynamics of populations
and ultimately upon the genetic constitution of populations.

Behavior can possibly alter the expressivity of the genes or their
effect upon the phenotype in a manner that affects the composition of
the gene pool. Because the genotype of an animal is not expressed In
a vacuum, such environmental factors as nutrition, temperature, and
substrate conditions affect the expression of the genotype in the resuit-
ing phenotype. Behavior can determine the nature of these environ-
mental factors during ontogeny. Furthermore, the phenotypic expres-

1 The work reported in this chapter was supported by PHS Research Grant MH-05643
from the National Institute of Mental Health, Public Health Service.
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sion of genes affecting behavior may be determined by the behavior
itself. This area, which emphasizes how a particular array of genes is
expressed in the phenotype, may be designated as ‘‘developmental
genetics of behavior.”” This includes those genes primarily affecting
morphology and physiology as well as those genes most directly related
to behavior.

tcological genetics (Ford, 1964) and developmental genetics (Mar-
kert, 1965) are established scientific disciplines which apply to behav-
lor as well as other organismic characters. The experimental material
for ecological and developmental genetics of behavior, however, is
indirect and widely scattered throughout the diverse disciplines of
genetics, embryology, ecology, and psychology. The purpose of this
chapter is to illustrate the organization of ecological and developmental
genetics of behavior with related experiments and observations. Ecologi-
cal genetics of behavior will be treated first, followed by a discussion
of developmental genetics of behavior.

ECOLOGICAL GENETICS OF BEHAVIOR

Population dynamics and population genetics are well-established areas
which require no review here (see Slobodkin, 1961: Li. 1955). Although
their relationship to behavior is not well defined, Blair (1953), Klopfer
(1962), and Wynne-Edwards (1962) have made substantial contribu-
tions to our knowledge of this relationship. In this section, the effect
behavior has upon the dynamics of populations will be emphasized,
since behavior has only an indirect effect upon the genetic structure of
populations. The procedure followed in this section will illustrate behav-
loral contributions to the temporal, spatial, and sex-age distributions of
the population, with brief reference to their effect upon the gene pool.

Temporal Distribution

The temporal distribution of a population depends upon the balance
between natality and mortality. If natality exceeds mortality, the popu-
lation will grow in size and usually become more dense. Decline results
from an excess of mortality over natality. Over the course of time any
population will show excesses in both natality and mortality, and the
population will oscillate. The genetic composition of the population is
altered by the genetic constitution of those individuals which contribute

most to population growth and of those which are preferentially affected
by its decline.

Natality The primary source of recruits to the population is the
birth of individuals within the population. Before birth of the offspring,

the gonads in the parents must ripen, and the gametes must unite:
both processes are determined to some extent by behavioral characters

(Tinbergen, 1951).
Darling (1938) was one of the first Investigators to propose that

fertility in colonial birds may depend upon external stimulation arising
from the social interaction of colony members. The subject of extero-
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ceptive stimuli affecting reproductive processes in birds and mammals
has been reviewed by Lehrman (1961). That a basic physiological proc-
ess. such as ovulation, depends upon behavior may be illustrated by
house mice (Whitten, 1956). When mice were first paired for mating,
fewer than the expected one-third mated on the first and second nights,
while many more than the expected number mated on the third night.
Apparently the females were not exhibiting their regular 3-day estrous
cycle prior to pairing. After the females were united with males, the
regular cycle occurred and estrus appeared on the third night when
most matings took place. Males confined to a small wire basket within
the female's cage induced estrus. The placing of females in a cage
recently contaminated by males similarly induced estrus. Some char-
acteristic of the male, most likely his odor, was essential for the regular
occurrence of estrus. Not only did the male induce estrus In female
mice, but the occurrence of estrous cycles can be inhibited by the
presence of other females (Whitten, 1959). When females were kept
together in groups of 30, most mice failed to exhibit the normal
estrous cycle. The perceptual stimuli orovided by other individuals of
the same species are capable of inducing or inhibiting the physiological
processes involved in fertility, one of the first requirements for the
maintenance and increase of the population (Parkes and Bruce, 1961).

Another critical stage determining the growth and size of populations
is the union of the gametes. Among sexually reproducing species, this
involves the orientation of potential mates to each other, the synchroni-
sation of their sexual receptivity, the inhibition of activities which con-
flict with mating, and some form of mate selection (Tinbergen, 1951).
These functions are fulfilled by courtship behavior. Failure of any one
function prevents fertilization, with a subsequent loss of the gametes
to the population or at least differential fertility. The actual loss or
possible gain in the amount of natality due to variation in courtship
behavior is difficult to assess. In situations that disrupt courtship pat-
terns. such as overcrowding, copulatory behavior is frequently absent
or reduced, or the copulations do not result In fertilization (Calhoun,
1949).

More important in inducing changes in the composition of the gene
pool than the relative gain or loss of fertility brought about by variation
in courtship is the differential fertility resulting from mate selection,
brovided that the selection is correlated with or is determined by
genetic characters. In homozygous matings, recessive mutants will
appear in the phenotype, upon which selection can act. The sexual
selection described by Darwin was largely discredited when many of the
displays attributed to courtship were found to be threat displays. The
pendulum has swung again in the other direction, and now both threat
and courtship are recognized as contributing to differential fertility
(J. M. Smith, 1958). Courtship Is a complex type of behavior which
includes aggressive and escape components as well as copulatory re-
sponses (Andrew, 1961).

Sexual isolating mechanisms among sympatric species preserve the
cenetic integrity of each species but have little or no effect in altering
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the gene pool within a species (Spieth, 1952) unless they fail, in which
case hybridization may occur (Dobzhansky, 1941). Within a species,
differences in courtship behavior may alter gene frequencies. Seversl
mutants of Drosophila melanogaster exhibit different cou rtship patterns
which contribute to differential fertility in population cages with wild-
type flies (Bastock, 1956; Merrell, 1949). Merrell (1953) examined the
change in the frequency of four sex-linked recessive mutant alleles by
combining the mutants with wild-type flies in population bottles. By
starting with a gene frequency of 0.5 in the mutants, the departure
from random mating would be indicated by an excess of the mutant
gene in the males as compared with the females. Populations sampled
each month (estimated generation length = 24 days) over a period
of 6 to 30 months revealed three of the four mutant genes (yellow, cut,
raspberry) decreasing in frequency and no significant change in one
(forked). Some of the replicate populations (nine for each mutant)
totally eliminated the mutant gene after a few generations. These
changes in gene frequencies could also result from factors other than
courtship, since the behavior of the flies was not observed. However,
the previously established fertility and viability of the mutants indicated
little difference from the wild type, whereas mating success was dif-
ferent. This effective elimination of mutants, rather than the maintenance
of equilibrium, strongly implicates courtship as the most Important
causal factor for differential productivity and the consequent changes in
gene frequencies.

In addition to the effect of courtship and aggression upon natality,
these behavior patterns are also responsible for sexual isolation and
the establishment of breeding systems. The excellent studies on sexual
Isolation between species involving many different classes of animals
precludes the necessity of describing examples (see Perdeck. 1958;
Blair, 1958; Marler, 1960; also see chapter by Manning). Sexual isola-
tion is certainly a most conspicuous way in which behavior can initiate
and maintain populations of different genetic structure. The effect of
breeding systems will be discussed later in relation to sex distribution.

After the gametes have matured and united, the behavior associated
with care of the offspring has its effect upon the growth and size of
the population. Parental care, like courtship, cannot be isolated from
other types of behavior affecting the survival of the offspring. Southwick
(1955) observed that aggression, gregariousness, intermingling of
sexes, nest destruction, and communal nesting were interrelated in
their effect upon litter survival among house mice. Some of these fac-
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was retarded or ceased altogether. Aggression affected litter survival
by creating social unrest and stress and by direct killing of the young
during fights between adults. The actual number of deaths attributable
to such aggression was difficult to establish, but In communal nests
the percentage of survival was as low as 13 percent. Parental care In
many other species is particularly vulnerable to changes in social
milieu, often disrupting those patterns which normally lead to the
survival of the young (Sawin and Crary, 1953).

Intrinsic control mechanisms for maintaining population size In
natural populations have been reviewed by Wynne-Edwards (1962) and
Christian and Davis (1964). Wynne-Edwards postulates a feedback
mechanism from population density to behavior, whereby an increase
in population density produces certain behavior patterns that [imit
further increase (King, 1965). Christian and Davis more specifically
suggest that an endocrine feedback mechanism is responsible for the
limitation of population growth among mammals.

Natality and population growth are more than simple correlates of
behavior: they are the products of behavior, from the maturation, re-
lease, and union of the gametes to the age when the young enter the
population as independent fertile organisms. Population size, or N,
which plays such an important role in the calculation of genetic
changes in populations, is a figure that depends to a large degree upon
the behavior of the organism. On the other hand, the number of indi-
viduals in the population is also important in modifying some patterns
of behavior.

Mortality Mortality is almost the mirror image of natality. Behavior
that does not lead to birth and survival leads to death. This may occur
at any time in the life cycle, with the gametes often more vulnerable
to mortality than the individuals. We have already discussed some as-
pects of behavior related to natality, from the production of gametes to
that stage in the life cycle when individuals become independent of
their parents. We can proceed from this stage by regarding those
behavior patterns not leading to natality as contributing to mortality.

Individuals of different species become independent at various stages.
Many species which never encounter their parents depend upon the
behavior of the mother in her choice of a location to deposit the eggs.
Except for this provision, the survival of the young depends primarily
upon their own behavior. They must locate food sources, escape from
enemies, and adjust to the physical environment in order to survive.
In many species, mortality is greater at this early period than at any
other period in their life cycle. The usually smaller size of the young
increases the number of potential predators, their structural immaturity
prevents the elicitation of adult responses, and their lack of experience
and learning often causes them to make nonadaptive responses. The
same mortality-causing factors in the young are also operative in the
adult, although sometimes in different form. The higher mortality of
the immature and their greater potential for modifying behavior than
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the adult make immature animals particularly interesting to examine
behaviorally.

Behavior is variable and often modifiable through processes of
fatigue, adaptation, habituation, and learning. In the course of devel-
opment, certain responses become fixed by habit formation. Other
responses maintain a certain leve| of plasticity, which enables the
animals to apply past learning to new situations—a learning set. The
actual effect of learning upon survival in natural populations is difficult
to measure, although few observers wculd question its Importance. One
widespread phenomenon throughout much of the animal Kingdom is
the attachment an animal exhibits to its home or home range. In
contrast to this attachment is the apparent stress. timidity, inactivity,
or confusion animals exhibit in a strange environment. Such effects of
a strange environment have been reported for several invertebrates,
such as planaria (Best and Rubinstein, 1962) and cockroaches (Woolpy
and Schaefer, 1962) as well as many vertebrates (Barnett, 1963).
Attachment to the home range is climaxed by homing behavior. The
essential difference between the home range and a strange area is the
knowledge an animal acquires of the home. Learning of some type
occurs In this process of familiarization. To what extent does it affect
mortality?

Our best evidence is the comparison between mortality of animals
In their home range and those unfamiliar with the same region. Unfor-
tunately mortality figures are difficult to establish for wild populations.
The absence of identifiable individuals from the study area is the most
common indicator, for dead animals are rarely found and predation is
seldom observed. Emigration is the most probable alternative to mortal-
Ity to account for missing Individuals, and both mortality and emigra-
tion provide similar results as far as the genetics of the population is
concerned. Blair (1940) saturated an area inhabited by a pair of deer
mice with 45 mice from another area. After a week he was able to
recover the original pair familiar with the home range, and only 6
of the 45 introduced mice remained. Traps placed around the area of
release added only 10 more mice during the following 3 weeks of
trapping. Approximately 64 percent of the mice introduced into strange
territory suffered mortality within a month, while the two resident mice
remained and produced a litter. In a somewhat similar experiment, 60
laboratory-reared deer mice were introduced into an uninhabited, iso-
lated field provided with food and nest boxes on three different occa-
sions. At the end of 9 days, a mean of less than 25 percent of the
mice survived; most of them disappeared during the first 4 days (King
and Eleftheriou, 1957). These observations are not adequate tests of

the hypothesis presented here, but they indicate that mice in a strange
environment are extremely vulnerable to mortality factors.
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when they leave the nest. Hoffmann (1958) found mortality as high as
82 percent among postweaned voles (Microtus) in a population he
studied. Although Snyder (1956) found mortality to be age-independent
among white-footed mice over 5 weeks of age, his regression lines
show a steep decline of surviving mice with increasing age. Many life
tables made for a number of vertebrates illustrate that mortality is
independent of age after sexual maturity, whereas mortality prior to
mating is dependent on age. The reasons for high mortality among the
young are certainly multifold, but among higher vertebrates, at least,
the lack of knowledge of the home range is an important cause. | have
stressed learning, especially in the young, as a primary factor N
mortality;: however, all behavior from the simplest taxis to true insight
is fundamental to the survival of animals in all age classes.

Oscillation Natality and mortality affecting different genotypes dif-
ferentially are the basis for all genetic changes in a population. How-
ever, certain combinations of these two factors demand special con-
sideration. Growth and decline are of special interest, because after
a population crash, the reconstituted population may represent only a
small percentage of the genotypes originally in the parent population.
In his study of vole populations, Frank (1957) found years In which
only 1 percent of the original population survived to reconstitute the
subsequent population. A pilot study of deer mice surviving the winter
under seminatural conditions revealed a similar resurgence of the
population from one or two females. The genetic consequences of these
extreme fluctuations in size of population are clear (Elton, 1946;
Wright, 1931), but how does behavior contribute to these oscillations?

The role of behavior in population oscillations is not firmly estab-
lished, but behavior is strongly implicated in the fluctuations of several
species of small rodents (Christian and Davis, 1964). Growth of the
population, although dependent upon behavior, is usually stimulated
by favorable conditions of food and shelter. Initial increases occur In
the spring and continue late into the fall or early winter. Winter
mortality tends to be relatively low during periods of population growth,
and so by the following spring a large number of sexually mature mice
contribute their progeny to the population. A population asymptote is
reached usually within 3 or 4 years, at which time the population density
s high. Then a rapid, precipitous decline occurs until only a small
fraction of the population from the preceding year remains. These
oscillations have been considered cyclic, occurring at regular intervals
of 3 to 4 years among voles. The empirical evidence substantiates the
cyclic nature of these populations, but so far no mechanism for its
cause has been demonstrated to differ significantly from what might
occur in a random series of nhumbers (Cole, 1957). Cyclic phenomena,
however, are less important to possible genetic changes than individual
oscillations, regardless of their periodicity.

During a population increase, the chances for individuals to come Into
contact with each other also increase. Each contact results in some kind
of social interaction. which tends to become more and more com-
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petitive as the resources of the environment are depleted. Social stress
contributes to other organic stresses experienced by the animals, and
the general adaptation syndrome is initiated (see chapter by Hamburg).
Continued activation of the adrenal cortex upsets the regulatory
mechanisms of the pituitary and causes hypertrophy of the adrenal
cortex. Adrenal size increases, and gonads decrease in size. Reproduc-
tion is reduced, and, under continued social stress, animals succumb
in the exhaustion stage of the syndrome (Christian, 1959; Frank, 1957).
Social stress may continue to affect the reproductive performance of
subsequent generations (Christian and LeMunyan, 1958: Chitty, 1960).
Field observations and laboratory experiments tend to confirm that this
interaction of population oscillation and behavior, principally social
behavior, is the determining factor in the oscillation.

Spatial Distribution

The genetic alteration of a population distributed throughout time as
it grows with natality and declines with mortality and infertility is
matched in importance by its spatial distribution. Most population
genetic models began with the assumption of panmixia in which the
Chances of animals breeding are independent of their spatial distribu-
tion. Random distribution is merely a statistical convenience and not
a biological fact, as model builders are aware. An animal at one extreme
of the range of the population has little chance of breeding with
anotner at the opposite edge of the range. Even animals in geographic
proximity may have little opportunity to mate. These spatial barriers
to mating depend largely upon such behavioral factors as habitat
selection, territoriality, and group cohesion. Furthermore, the flow of
genes from one population to another results from migratory behavior,
homing, and dispersal.

Habitat Selection Those individuals selecting the same habitat in
a region of heterogeneous habitats not only increase their chances of
interbreeding, but they also tend to encounter similar forces of natural
selection. Our knowledge of habitat selection is almost exclusively
limited to the recognition that it occurs. The perceptual cues involved
and the effect of learning in making the selection are only partially
understood. Selection of a habitat is so tightly intermingled with the
adaptation of a species to it that we cannot readily decipher the causal
relationships (Pittendrigh, 1958). The structural capacities of animals
may lead them to select the habitat where these adaptations are used,
or the reverse may be true. An animal’s ability to learn the perceptual
cues and the motor responses suitable for a particular habitat further
complicates the processes of habitat selection (Wecker, 1963). Species
competition for the most effective habitat utilization<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>