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gies, and represent a large species radiation. This book draws together a
wide range of experts from fields as diverse as reproductive biology and
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Preface

Comparative studies have become both more frequent and more impor-
tant as a means for understanding the biology, behaviour and evolution of
mammals. Historically, studies of primate socioecology have been in the
forefront of the field and many interesting methodological developments in
comparative socioecology have emerged from earlier work. This is not to
say that other animals have not been examined — for example, there are
excellent studies of seals, carnivores and ungulates, not to mention exten-
sive work on birds.

But primates are particularly interesting in that they have complex social
relationships and diverse ecologies, as well as representing a large radiation
of morphologies. Socioecology, as used here, is taken to represent the
interactions between characteristics of the resource base, its mode of
exploitation, reproductive biology and life history, and the observed social
system. In this sense, primates can be considered as a test case for
hypotheses that the solutions to ecological problems have a social root.
Thus, the chapters in this book seek to explore the diverse relations
between sociality and resources, mating systems, energetics and reproduc-
tion. Questions of biological or physiological constraints on sociality are
also examined.

Since the 1987 publication of Primate Societies by Smuts et al., field
researchers have added greatly to our knowledge of primate social systems
and ecological variation, and this book attempts to synthesise some recent
work. It is perhaps notable that the socioecology of the primates is not
approached with a taxonomic structure here. Rather, this book tries to
cover less well-known species that have been the focus of recent field
studies, and specific issues that are of current theoretical interest for
primates as diverse as lemurs and humans.

xil



Part 1
Comparative methods

Editor’s introduction

Our ability to analyse variation within and between taxonomic groups has
been enhanced by the development of techniques for the statistical manipu-
lation of comparative data, but we have yet to reach a consensus on which
techniques are appropriate for specific analyses. Thus, several possible
approaches are presented. A comprehensive overview of the pros and cons,
as well as how to carry out different comparative techniques can be found
in Harvey and Pagel (1991).

It should be noted that there are two separate issues involved in
phylogenetic analyses. The first of these is fundamentally statistical. Al-
though it has long been recognised that the use of ‘species’ data in com-
parative analyses on closely related taxa may violate statistical assump-
tions of independence of data points (e.g. Crook, 1965), this was elaborated
in relation to phylogenetic similarity in allometry by Felsenstein (1985).
Stated simply, closely related taxa may share traits derived through that
genealogical relationship rather than as a result of selection, and species as
such are not independent within lineages. This issue had been at least
partially explored in earlier socioecological and life history research on
primates through data reduction techniques — the use of mean values for
different taxonomic levels — the ‘higher node’ approach (e.g. genera: Clut-
ton-Brock and Harvey, 1977; subfamily: Harvey, Martin and Clutton-
Brock, 1987).

But there is a second, more interesting, question raised by comparative
analyses, that of the evolutionary similarity within and between related taxa
(Purvis and Harvey, 1995), and it is in this context that the value of
phylogenetically controlled comparisons is most apparent. One of the most
common and accessible techniques, Comparative Analysis by Independent
Contrasts (CAIC), is presented by Purvis and Webster in Chapter 3. The
value of CAIC lies in its simplicity and in the detailed primate phylogeny
derived by Purvis. Some problems with the method are also considered.

The fundamental question, however, remains whether the comparative
study seeks to determine if evolutionary change in traits has occurred, or



2 P. C. Lee

whether it seeks to identify variation between species or groups of species in
an attempt to determine causality in this observed variation. Often, a
comparison of the results obtained from several different analytical tech-
niques may allow for more robust interpretations. This procedure is used in
a number of the chapters in subsequent parts of the book. Another tech-
nique for exploring evolutionary variation is that of nested analysis of
variance. Originally devised to determine which taxonomic level explained
the observed variance in a trait, and thus to limit comparisons to that
‘independent’ level, it has a further utility in partitioning variance between
these taxonomic levels and thus provoking evolutionary explanations.
Methods such as correcting for degrees of freedom in nested ANOVAs also
address the problem of statistical dependence (see Smith, 1994). Interest-
ingly, there may be times when different taxonomic levels explain variation
for distinct variables, suggesting that it would be difficult, if not impossible,
to ‘control’ for phylogeny by selecting a single independent higher
taxonomic node for analysis. For example, among primates, variance in
adult body weight is greatest at the level of the subfamily, whereas that of
density is greatest at the population level (Vella, 1995).

If two species share traits, is this the result of evolutionary convergence
or simply due to sharing ancestral traits between closely related descend-
ants? If we are exploring evolution within and between lineages, then
obviously the lineages themselves are part of the data we are examining. It
becomes critical to know both the phylogenetic relationships and to tease
apart the ancestor—descendant traits, as noted by Purvis and Webster. The
potential to determine separate evolutionary events by cladistic analysis is
outlined by Robson-Brown (Chapter 2). Such techniques are far more
accessible with current programs, but users need to be aware of the debates
about homology and analogy explored by Robson-Brown.

Other techniques, which rely on ‘species’ data but allow for an assess-
ment of the effects of phylogeny on the observed patterns, are potentially
available; for example the use of maximum likelihood estimators for co-
evolution in discrete traits (e.g. Pagel, 1994; Mace and Holden, Chapter 15),
or multidimensional scaling of traits which can produce visible clusters
among close phylogenetic relatives (e.g. Bean, Chapter 13). MacLarnon,
Chivers and Martin (1986) produced evidence for phylogenetic similarity
in gut areas among primates using multidimensional scaling, with a consis-
tent cluster of colobines in analytical space, despite observed differences in
diets from fruits, through seeds to mature leaf (Davies and Oates, 1996).
The power of such analyses lies in their ability to explore patterns explicitly
due to shared descent. Other possible means for incorporating phylogeny
that do not rely on phylogenetic subtraction, and thus the assumption that
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the mean of nodes reconstructs a single ancestral state (e.g. Pagel and
Harvey, 1988; Stearns, 1992), could lie in non-linear modelling, in nested
analysis of covariance, or in principle components data reduction tech-
niques. Consensus on the ‘most’ appropriate technique is still to be found.

The point of providing several different techniques and perspectives in
this book is to focus researchers on making explicit the hypothesis being
tested. Is it an evolutionary explanation, a mechanical or physiological
one, or a functional relationship? These issues are presented by Mac-
Larnon in a general overview of methodology (Chapter 1). When and why
should species be expected to vary? How do rates of evolution within
lineages vary? What are the effects on traits? Are predictive trends the aims
of the analysis or are we seeking mechanisms in evolution? The technique
used, or combinations of methods, needs to be tailored to suit the ques-
tions. Even after 30 years of debate, no single method can yet be considered
sufficient or even the most appropriate, and it is the question not the
methodology that should drive the exploration.
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1 The comparative method: principles
and illustrations from primate
socioecology

ANN MACLARNON

Introduction

There are two major means of investigation across a wide range of sciences,
both natural and social. These are the experimental method and the
comparative method. In the so-called hard sciences — physics and
chemistry — and also the ‘harder’ end of biology, investigation is more
commonly by experimental manipulation. Other biological questions, no-
tably those concerning evolutionary history and adaptation, are more or
less inaccessible to experimentation, as are other aspects of the natural
world, such as astronomical phemonena. Exploration of these areas and
the development of explanations are undertaken largely by the compara-
tive method, whereby common patterns and principles of variability are
sought out, providing the basis for possible interpretation in terms of
causes and effects. Similarly, in the social sciences, comparisons can be
made across space and time of different societies, divisions or aspects of
societies, with the aim of uncovering the origins and explanations of
present features and past changes.

The comparative method has its origins in the realisation of the En-
lightenment that the natural world can be understood and explained in
terms of common principles and predictable variation. It involves testing
the generality of suggested explanations for characteristics or phenomena,
in contrast to ad hoc, one-off explanations that may merely reflect coin-
cidence rather than causal connection. Predictions can be made from
proposed general principles, and tested on further species, societies, stars or
galaxies, and if borne out, they provide increased support for the validity of
a principle.

The fundamentals of the comparative method were first expounded in
the mid-nineteenth century by John Stuart Mill in his book A4 System of
Logic (1872,1967) in the chapter ‘Of four methods of experimental inquiry’.
These four methods essentially describe the basic principles of logical
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deduction used in scientific inquiry today, including the comparative
method. Despite the fact that Stuart Mill’s examples mostly come from the
physical rather than the living world, the applications of the methods as
outlined, their difficulties and limitations, are entirely pertinent to the
comparative method in biology, including socioecology. The four methods
are as follows:

1. Method of Agreement. ‘If two or more instances of the phenomenon
under investigation have only one circumstance in common, the cir-
cumstance in which alone all the instances agree is the cause (or effect)
of the given phenomenon.” (1967, p. 255).

2. Method of Disagreement. ‘If an instance in which the phenomenon
under investigation occurs, and an instance in which it does not occur,
have every circumstance in common save one, that one occurring only
in the former; the circumstance in which alone the two instances differ
is the effect, or the cause, or an indispensable part of the cause, of the
phenomenon.” (1967, p. 256).

These two methods can be combined in the Joint Method of Ag-
reement and Difference:
‘If two or more instances in which the phenomenon occurs have only
one circumstance in common, while two or more instances in which it
does not occur have nothing in common save the absence of that
circumstance, the circumstance in which alone the two sets of instances
differ is the effect, or the cause, or an indispensable part of the cause, of
the phenomenon.’ (1967, p. 259).

3. Method of Residues. ‘Subduct from any phenomenon such part as is
known by previous inductions to be the effect of certain antecedents,
and the residue of the phenomenon is the effect of the remaining
antecedents.” (1967, p. 260).

(Note: By ‘antecedent’ Stuart Mill is referring to conditions rather than
ancestors.)

4. Method of Concomitant Variation. “‘Whatever phenomenon varies in
any manner whenever another phenomenon varies in some particular
manner, is either a cause or an effect of that phenomenon, or is
connected with it through some fact of causation.” (1967, p. 263).

The main principles of scientific inquiry are established in the first two
Methods, while the third and fourth can be seen as special cases of the
Method of Difference. The Method of Difference describes a basic principle
of good experimental design whereby all factors bar one are the same for all
samples, and thus any difference in findings between the samples is related
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to the one differing factor (see also Chapter 3). As Stuart Mill discusses, this
is a better form of experimental design than the Method of Agreement,
because it is easier to ensure that virtually all circumstances are identical, as
the Method of Difference requires, than to be certain that one, and only one
circumstance of relevance is the same, for the Method of Agreement.
However, the strict conditions required by the Method of Difference can
rarely be found in the natural world, where observations of similarities and
differences between natural phenomena are the only available sources of
data and where experimental manipulation is not possible. The
requirements of the pure Method of Difference are highly unlikely to be
met if the experimental design cannot be controlled. As Stuart Mill puts it,
‘In the spontaneous operations of nature there is generally such com-
plication and such obscurity . . . and [these operations are] therefore so
seldom exactly alike in any two cases, that a spontaneous experiment, of
the kind required by the Method of Difference, is commonly not to be
found’ (1967, p.257). Hence, when using the comparative method rather
than experimental inquiry, the Method of Agreement is generally more
appropriate.

For the Method of Agreement, the circumstances in common must be
the only ones that could possibly have a cause-and-effect relationship with
the phenomenon of interest. In practice, it is difficult to be certain that this
requirement is met, even when the experimental design can be controlled.
Hence, if the experimental design is controllable, the Method of Difference
is preferable. However, the Method of Agreement can still be useful even
when the absolute exclusion of other possible relevant common circum-
stances is not possible. At the very least, even if phenomenon a is only
found when circumstance A is in place, then circumstance A may be a
condition for the existence of a, though they are not necessarily related as
cause and effect. This is where the Joint Method of Agreement and Diff-
erence enables closer approximation to the determination of a cause-and-
effect relationship, and in fact many of the applications of the comparative
method in evolutionary biology essentially use the Joint Method of Agree-
ment and Difference. By comparing different circumstances under which a
phenomenon occurs and does not occur, it can be deduced which of the
different circumstances are at least conditions for the presence or absence of
a phenomenon, even if a causal link cannot be established with certainty. It
is always possible that another, unidentified, third factor actually causes
both the variation in circumstances and the presence or absence of the
phenomenon. Put into modern terms, ‘correlation does not mean
causation’. However, establishing a conditional link is a useful step that
other information or comparisons may help to make firmer.
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The Method of Residues can be seen as the Method of Difference under
special circumstances, in which a phenomenon is caused by several factors.
If a case in which all but one of these factors is present is compared with
another case in which all the factors occur, the difference in the size of the
phenomenon between the first and second instances is related to the
differing factor. As with the Method of Difference, the difficulty in using
this method for deduction from observations of the natural world comes in
making the assumption that all circumstances are similar save one. Never-
theless, the Method of Residues as described by Stuart Mill forms an
interesting parallel with the method of phylogenetic contrasts recently
developed for comparative biology (see Chapter 3). This method utilises
subtraction (or calculation of residues) between the sizes of a phenomenon
or feature in pairs of closely related taxa, which share many factors because
of common ancestry. It investigates whether such subtracted differences
are associated with differences between the paired taxa in some other
feature of biological or adaptive concern.

Stuart Mill’s Method of Concomitant Variation is applicable in cases in
which phenomena are always present to a greater or lesser extent, and
hence it is not possible to compare the effects of their presence and absence.
In such cases, comparison can be made between the size of two phenomena
in different contexts, and rules can be deduced about the relationship
between changes in one phenomenon and changes in the other, which may
reflect a cause-and-effect relationship. This method therefore applies to
phenomena or variables that are continuous as opposed to categorical
variables. Like the Method of Residues, the Method of Concomitant
Variation is really a special case of the Method of Difference, and it is
widely used in comparative biology, including applications of phylogenetic
contrasts to continuous variables.

Throughout his explanation of the four methods, Stuart Mill emphasises
the difficulty of determining which of two related phenomena is the cause,
and which the effect. In an extended example investigating the cause of dew
formation, the problem is resolved by recognising the primacy of basic
physical properties such as the heat conduction of different materials, and
these are therefore identified as the causal factors. In comparative biology,
reference to basic biological laws and knowledge is similarly useful.

The use of the comparative method in evolutionary biology essentially
follows the methods outlined by Stuart Mill and encounters the difficulties
he describes. The resulting logical deductions resemble those possible from
experimental results, but with the handicap that research design played no
part in determining the combination of phenomena and circumstances,
variables and subjects in each ‘natural experiment’. There are therefore
inevitable gaps in a simple line of deduction, and the comparative method
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involves making best use of whatever ‘natural experiments’ are available,
for example the species (populations, higher level taxa, etc.) that exist.
Good biological knowledge of the factors and features that vary between
sample species, and of fundamental biological laws and processes is essen-
tial. Detailed methodological issues are also important where they affect
results. The chapters of this book provide rich and varied examples of the
use of the comparative method in socioecology.

The first step: investigation of patterning

The first step in comparative analyses is to describe the patterns of dis-
tribution of the characteristics of interest across a chosen sample, in order
to establish whether the conditions for one of the four methods exist. This
involves investigating whether particular variants of one categorical
variable are associated with particular variants of another, or whether
continuous variables are correlated across the sample. Essentially, this is a
similar process whether the variables concerned are categorical or con-
tinuous, and many features can be described either way. For example,
dietary variation can be categorised according to the predominant food, as
insectivory, frugivory etc., or measured according to the proportion of a
particular food type in the diet, such as percentage fruit (e.g see Chapter 13).
Where there is a choice of either a categorical or continuous measure,
factors such as the nature and quality of available data, and the question
under investigation are important. For example, duration of lactation is a
measure used in both Lee and van Schaik et al.’s chapters (Chapters 5 and
8). Lee’s study focuses on variation in the length of the lactation period
itself and the degree of correlation with other continuous life history
variables. However, for van Schaik et al., the feature of interest is categori-
cal: whether the lactation period is longer or shorter than the gestation
period. If it is shorter, post-partum oestrus, enabling reconception immedi-
ately following a birth, would be a viable evolutionary option, given that
energetically the mother must wean one infant before having to feed a
second. It should be borne in mind, however, that where it is possible to
choose between categorical and continuous versions of a variable, this
could affect the results, particularly levels of significance.

In comparing different species, variation in overall body size is comm-
only an important factor. The question of interest may be how a variable,
say brain size, correlates with body size, or attention may be focused on
residual variation from scaling relationships, such as relative brain size.
Both types of investigation are utilised in this volume (e.g. Chapters 4 and
5). Allometric methods of analysis are commonly necessary in cross-species
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comparisons as many features do not scale to body size, or to each other, in
a linear fashion. Rather, they are related through power functions. Thus,
simple ratios, for example of neonate weight to maternal weight, should
only be used with great care. The intention may be to ‘remove size’ from the
comparison of species, but such ratios will not be ‘size free’ unless the
variables concerned scale linearly with one another — that is, with the same
exponent in relation to body size. For example, Charnov’s recent life
history theory (see Chapters 4 and 6) predicts that several life history
characteristics will scale to body size with the same exponent (0.25). Hence,
ratios of these variables are expected to be constant across species. How-
ever, instances of size-free ratios are rare in comparative biology.

The analyses presented by van Schaik et al. (Chapter 8) illustrate the
centrality of investigating patterning to the comparative method. Data
were collected for primate species for a wide range of features such as the
incidence of infanticide, infant care styles, whether lactation is longer or
shorter than gestation, mating patterns during pregnancy, the presence or
absence of post-partum oestrus, the development of sex skin, and whether
females produce calls related to mating. These data were examined to
determine whether the pattern of distribution across species of variants of
one feature is associated with that of another — the basic requirement if
variables are causally or functionally related. For example, the species in
which the mother alone carries the infant do not have post-partum oestrus,
whereas most of those which park their infants, or in which carrying is
shared with other individuals, do. In Ross and Jones’ study (see Chapter 4),
patterning is similarly fundamental, but here the variables are largely
quantitative, such as maternal weight, age at first reproduction, mortality
rates and interbirth intervals. The first step was to investigate the pattern of
correlation between the variables. For example, across primates, taking
variation in body weight into account, levels of mortality among infants
and juveniles are correlated with birth rates, and species with higher
pre-reproductive mortality reproduce faster. However, adult mortality
rates are not correlated negatively with age of first reproduction for
females, as was predicted; species with higher adult mortality do not start
reproducing earlier (at least not in the small sample available).

The question of homology
A fundamental requirement of the comparative method is that the features

compared across a sample should be homologous. Robson-Brown (Chap-
ter 2) provides an overview of attempts to define homology and their
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application in socioecology. Some definitions require that a common
feature in two species must derive from a common ancestor in order to be
homologous (‘taxic’ definitions), whereas others require only that features
are indistinguishable (‘operational’ definitions). For the types of analyses
contained in this book, the former definition is not only extremely restric-
tive, in that the necessary work on the detailed development, structure and
evolutionary history of the features concerned has rarely been done, but it
would also render most of the analyses invalid. Many working in com-
parative biology agree that only when the presence of similar features in
different taxa results from separate evolutionary events can these taxa
provide independent data points for the testing of informative correlation
or association (see Chapter 3). Clearly, this requirement is mutually ex-
clusive with the more restrictive definition of homology, and acceptance of
both would rule out the use of the comparative method. Indeed, the
separate evolution of closely similar features in several species or taxa can
provide a useful basis for the deduction of the adaptive or functional cause
of their evolution, as many examples in this book illustrate. This is a
version of the Method of Agreement.

Van Schaik et al. (Chapter 8) present data showing that male infanticide
has not been observed in primate species in which communal infant care is
well developed. The forms of communal care involved are not identical in
all the sample species; for example, the caretakers other than the mother
vary. Also, this type of behaviour must have evolved more than once, given
its distribution across the primate phylogeny. Therefore, ‘communal care’
does not meet the conditions for the stricter, ‘taxic’ definition of homology.
However, the basis of the use of the comparative method in van Schaik et
al’s study is that similar behaviour evolves for similar functional reasons,
and it is not necessary for either factor to be absolutely identical across the
sample for the results to enhance evolutionary understanding. The Method
of Agreement is a flexible tool that requires reasonable, but not rigid,
application.

Nevertheless, care must be taken in deciding whether or not such co-
categorisation of non-identical features is reasonable. Kappeler (Chapter
10) provides an extensive discussion of whether lemur social structures are
similar enough to those of anthropoids for their comparison to provide a
useful test of the generality of theories originally developed for an-
thropoids. He examines whether lemur species can be divided into similar
categories to anthropoids on the basis of variation in four major aspects of
female—female relationships: philopatry, nepotism, tolerance and desp-
otism. Female—female relationships in lemurs, he concludes, display a
number of different features, and different combinations of features from
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those of anthropoids. Reasons for this lack of comparability are suggested,
including fundamental grade differences between the groups such as the
lesser visual acuity of lemurs. This is clearly an example of too many
concurrent dissimilarities alongside other similarities, rendering the com-
parative method unusable, and further theoretical groundwork is needed
first. In other words, the conditions are not met for the Method of Ag-
reement, the Method of Differences, or the Joint Method.

The assumption of adaptational equilibrium

It is a basic assumption of the use of the comparative method in
evolutionary biology that species are in adaptational equilibrium. That is,
their combinations of features, morphological, behavioural and ecological,
have evolved to be co-adapted — they are in an evolutionary steady state.
This is normally a reasonable assumption given that evolution is generally
viewed either as occurring gradually over a very long timescale, making
significant perturbations or disequilibria unlikely, or as occurring rapidly
in small populations interspersed by much longer periods of stasis, or
equilibrium, such that the latter are much more likely to be sampled.
However, within primates, there are two taxa for which there is good
evidence that the assumption of equilibrium is not valid, at least for certain
features. The first is humans, for whom recent, extraordinarily rapid cul-
tural and technological changes may have occurred too fast for any neces-
sary balancing biological changes to keep up, although Foley (Chapter 14)
argues that humans may well be adapted at least to the changes brought
about with the advent of agriculture. However, to overcome the possible
problem of human disequilibrium, Blurton Jones et al. (Chapter 6) use data
from remaining hunter—gatherer groups, our presumed long-standing
state, to compare reproductive life history strategies with those of great
apes. Kappeler (Chapter 10) refers to the second probable disequilibrium
that results from the relatively recent extinction of numbers of lemur
species. Some extant species may have taken advantage of vacated niches,
for example by switching from nocturnal to diurnal activity patterns, or
aspects of their environment may have altered, such as the array of sympat-
ric species or predator pressure. Such species may not yet be fully adapted
to their new situation and, hence, at least some of their features may not yet
be in equilibrium with current conditions. Lack of agreement between
factors present for these lemur species compared with other species, or lack
of consistent patterns of differences, may therefore not yet provide the basis
for conclusions about selective causes and adaptive effects.
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Hypothesis testing and variable selection

All the chapters in this book demonstrate the utility of the comparative
method for hypothesis testing. In most cases, this is overt and the
hypothesis is stated at the outset, although in some, a wide range of
variables is first tested for correlational patterns leading to the formation of
hypotheses. For example, Bean (Chapter 13) investigates a wide range of
possible causal factors for variation in great ape foraging strategies, in-
cluding the effects of sexual dimorphism, producing hypotheses about the
relative importance of climatic, ecological and energetic factors. However,
even in such cases, the selection of variables for testing can be seen as
implicitly hypothesis related. For example, Plavcan (Chapter 9) sets out to
test the hypothesis that sexual dimorphism in anthropoid primates is the
result of sexual selection produced by male competition for mates. His first
task is to select suitable variables to measure sexual dimorphism and male
competition. The former is apparently more straightforward, but as his
own analyses show (Table 9.1, p. 247), different measures of sexual dimor-
phism do not necessarily give identical results concerning whether or not a
particular difference in male competition levels has a significant effect on
dimorphism. Male competition is even harder to measure, and Plavcan
discusses this in some detail. He prefers a categorisation of species accord-
ing to the intensity and frequency of male-male competition, or the use of
species’ operational sex ratios (i.e. the ratio of males in a group to available
breeding females) to the more frequently used categorisation by mating
systems. The former two measures are better surrogates for the likely
reproductive consequences of male competition, ultimately the measure of
evolutionary interest. The selection of variables is also addressed by
Williamson and Dunbar (Chapter 12) in connection with modelling the
relationship between group size and habitat in baboons and chimpanzees.
Climatic variables are used to measure food resource availability, and
Williamson and Dunbar provide detailed support for their choice of
climatic measures and indices. In view of the differences that variable
selection can make to results, these must always be given careful con-
sideration, and the same hypotheses tested using different variables can
produce contradictory results.

The use of outgroups

In using the comparative method to test possible causes and functional
reasons for the evolution of adaptations, it is important to establish what
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the ancestral state of a feature was, and hence which species or groups of
species have undergone adaptational change requiring explanation. Also,
theories or hypotheses proposed to explain variation in features can be
shown to be more robust, or refuted, by testing them on more than one
sample. Both of these aspects of comparative methodology involve the use
of outgroups, such as other orders of mammals in addition to primates, or
strepsirhines as well as haplorhines. This use of the Method of Agreement is
an important aspect of analyses presented here in a number of the chapters.

Based on information on female relationships and dispersal patterns in
New World monkeys, Strier (Chapter 11) questions the common assum-
ption that female kin-bonding is the primitive state in primates. If, as she
suggests, female kin-bonding, which is common in Old World monkeys, is a
derived adaptation rather than the evolutionary starting point for primates,
its explanation will need to be reconsidered and to encompass a broader
range of factors than are usually included. Strier uses New World monkeys
as an outgroup to test the food resource and predation hypotheses for the
maintenance of female kin-bonding, which were largely derived from data
on Old World monkeys, and concludes that the hypotheses are insufficient
as general explanations.

Kappeler (Chapter 10), as described above, demonstrates how the at-
tempt to use outgroups can show up weaknesses, or the local specificity of
apparently general theories. Until the problems he identifies in charac-
terising or categorising lemur social groups in a homologous fashion to
anthropoid groups are solved, socioecological theories about the causal or
functional factors that shape the social structures of all primate groups,
both strepsirhines and haplorhines, cannot be successfully formulated and
tested.

In both these cases, outgroups are used to test whether the patterns of
similarity and difference noted for more restricted samples are local coin-
cidences or are more likely to indicate causal connections. In other words,
outgroups provide an important means of checking whether the presumed
conditions for the Methods of Agreement or Difference are really present.
In particular, the Method of Agreement requires that only one factor of
relevance is shared in common, and a factor that is shared coincidentally
could be mistaken for one of causal importance. A broader, more varied
sample reduces the chances of such an error.

Outgroups are used in comparative biology to provide an evolutionary
context for the features of interest, and to provide a check on the robusticity
or generality of hypotheses. In some senses, the difficulties encountered in
trying to uncover the adaptational reasons for rare characters are at the
opposite end of the methodological spectrum. If a single species or taxon
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has evolved a unique variant of some feature, then there is only a sample of
one available for the testing of possible explanatory hypotheses. This is
insufficient for the Method of Agreement, leaving only the more difficult
Method of Difference. Put in other terms, in most chapters in this volume,
statistical methods are used to test whether feature x is significantly as-
sociated with situation y, or at least the frequency of their occurring
together is investigated. However, for Blurton Jones et al. (Chapter 6), such
an approach is not possible as there is only one human species, with its more
or less unique set of reproductive life history features, such as a very
extended juvenile period from weaning to first reproduction, high fertility
rates during the female reproductive period, a long female post-reproduc-
tive lifespan, and low adult mortality. The authors were able to identify
clearly which features of the reproductive lifespan of humans are unusual,
and which fit common mammalian, or at least great ape, patterns using
Charnov’s predictions for mammals and comparative data on great apes.
The first step of the comparative method, the identification of patterning,
does, therefore, serve a useful purpose in such extreme circumstances,
enabling the authors to focus on the features requiring explanation specifi-
cally for humans. In this second stage, comparison is also useful, as features
which are different require explanatory factors which also differ. This is the
Method of Difference. The unique degree of help available to reproductive-
ly active human females from their post-reproductive mothers (the grand-
mother effect) is Blurton Jones et al.’s suggested explanatory link between
the suite of unique life history features. In combination, these features
actually fit with Charnov’s model of trade-offs between growth and repro-
duction, although the combination is unique. This is a form of the Method
of Agreement.

Foley (Chapter 14) describes an alternative means of using the com-
parative method to examine the socioecological adaptations of humans.
The 15 or so extinct hominid species provide a comparative framework for
extant humans, albeit that evidence from the fossil record is inevitably
patchy and limited. However, as Foley points out, analyses using extant
species only are also using samples made patchy by the uneven effects of
extinction. These ‘terminal twigs’ of the surviving branches of evolutionary
history are themselves a time-limited snapshot of past adaptive radiations.
Palacobiological evidence provides access to the conditions under which
adaptations actually evolved, including those no longer represented in the
modern-day survivors. As well as some disadvantages, the fossil record
therefore also has advantages as a source of data for socioecological
investigations.
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Within-species analyses

Most chapters and analyses in this book concentrate on comparisons of
species, or higher level taxa or species groupings. However, a number also
demonstrate the use of comparisons within species to test hypotheses (e.g.
Lee, Chapter 5; Mace and Holden, Chapter 15). This also serves as a
reminder to beware of treating species as invariable, and of the potential
dangers of combining species-specific data from different individuals or
populations. Barton (Chapter 7) discusses one aspect of this, the so-called
Economos’ problem. Lee (Chapter 5) uses intraspecific data from rhesus
macaques to show that target weaning weights in relation to maternal
weights appear to exist within species, as well as there being species-typical
values, so strengthening support for the importance of metabolic con-
straints on this life stage. However, individual mothers can covary the
relative rate of infant growth and duration of lactation required to reach
the target weight, hence providing the mechanism for differential responses
to local ecological and individual social factors. Strier (Chapter 11) shows
that intraspecific variation among Saimiri in the defensibility of food
resources does correlate with predictions from theories developed for Old
World monkeys, that female philopatry and kin-bonding are causally
linked with resource defence, so providing one example in which New
World monkeys are similar in these respects to Old World monkeys,
amongst many others in which New World monkeys differ. Williamson
and Dunbar (Chapter 12) use interpopulation variation in climatic
measures, activity budgets and group sizes to model aspects of the behav-
ioural ecology of Papio baboons, gelada and chimpanzees. The compara-
tive methodology used in such analyses is not different from that for
interspecific comparisons, it just focuses on patterns of correlated variation
among population groups.

Mace and Holden’s study (Chapter 15) is specifically limited to humans
and involves treating sub-Saharan African societies as separate data points
to examine the possible adaptive value of different cultural inheritance
patterns, particularly matrilineal and patrilineal descent systems. The
authors defend the use of the comparative method and an evolutionary
approach to the study of human cultural traits against their rejection by
many contemporary social anthropologists. In doing so, they provide
useful parallels for the value of the method for studies of social features in
non-human primates, even though the complexity and means of transmis-
sion of such behaviours may differ. Their results indicate that patrilineal
descent tends to evolve following a shift to pastoralism, and that mat-
rilineal descent, coupled with a ‘roving male’ strategy, can be adaptive for
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both females and males when inherited resources are of little intrinsic
value. However, such a system may be unsustainable once land becomes
valuable in itself or hard to protect.

The necessity of biological knowledge

Good biological knowledge is essential to the successful use of the com-
parative method in evolutionary biology in a number of ways. Firstly, in
order to determine what questions to ask, knowledge of which features
vary among species and which are similar forms the basis for enquiry into
why the variation occurs and suggests possible explanatory factors. Collec-
ting data, even from published sources (the ‘fieldwork’ of much com-
parative biology), is also not the easy task it might seem at first sight. The
variables selected must be meaningful and homologous, and sometimes
categorisation or measurement is not straightforward, particularly for
behavioural characteristics. Sifting good data from poor often also requires
good biological understanding, or appreciation of the observational or
measurement techniques used. Many examples in this volume serve to
illustrate these points.

The integration of knowledge from other areas of biology, such as
physiology and energetics, can also play an important role, in suggesting
the causal direction of relationships, as John Stuart Mill explains. For
example, Barton (Chapter 7) uses detailed anatomical and physiological
information on the form and functioning of the primate visual cortex to
support his proposal that visual specialisation was an important factor in
primate brain expansion. The relative metabolic costs to mothers of dif-
ferent reproductive stages are an important element in several chapters,
including those by Lee and Bean (Chapters 5 and 13).

Overall, the importance of good biological knowledge and understan-
ding is that they are essential to the development of biologically reasonable
interpretations, explanations and argument towards causation.

Ultimately, explanations at different levels, say ecological and
physiological, must be capable of integration, or at least must not be
incompatible. It is also possible that several different causal factors may be
involved in producing an effect, including different levels of explanation.
Explaining the variation in relative brain size among mammals, including
primates, is a case in point. Some of the suggested explanations, such as the
hypothesis that greater social complexity needs a larger brain, or that
foraging for certain diets requires more memory than others, are possible
explanations of why variation in brain size has evolved. However,
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whichever of these is correct, or whatever the combination of their relative
selective forces, the energetic question of how larger brain size can be
developed ontogenetically and sustained in the adult also requires an
answer. These are two different questions, and some of the differences in
findings in chapters such as those by Ross and Jones, Lee, and Barton
(Chapters 4, 5 and 7) must be seen in this context.

Analytical techniques

This volume demonstrates the use of a range of analytical tools, statistical
and others, as applied to the comparative method. Some analyses are
largely conducted by argument and non-statistical means; others use
simple measures such as whether a particular feature is commonly as-
sociated with another, in order to establish possible cause-and-effect
relationships. However, most use statistical techniques including bivariate
regression and correlation, and a range of multivariate methods such as
multiple regression, stepwise multiple regression, partial correlation, prin-
cipal components analysis and clustering techniques. The choice of method
is important because it can have an effect on the results. This is partly
because of the demands or requirements of statistical techniques them-
selves, and the need to understand fully how they behave, and why they
produce the patterns of significant and insignificant results that they do.
For example, how sensitive is a particular technique to error variance in
the data (e.g. see Purvis and Webster, Chapter 3)? If the sample were
slightly larger, or some of the data slightly different, how much difference
could it make to the results obtained? Are some data points particularly
influential on the results, and hence is it particularly important that these
data are confirmed? Choice of method is also important because of the
different models on which the various techniques are based. For example, if
two variables together influence a feature, perhaps in some species one
variable is more influential in producing species-specific variation whereas
in other species the other variable is more important. In such a case, overall
variation in the ‘feature’ may not show up as significantly related to either
variable independently across the range of a particular sample. Models
that might be used to test hypotheses, such as that underlying multiple
regression, commonly only test to see whether the variables are indepen-
dently correlated with the feature concerned. However, in this case, the
hypothesis would be supported even if the two variables are only sig-
nificantly correlated with the feature when their joint effects are considered,
which requires a different model. The maternal energy hypothesis for brain
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size, which is referred to by both Barton (Chapter 7) and Lee (Chapter 5) is
a case in point. It proposes that brain size depends on maternal investment
during gestation, as measured by a combination of the mother’s basal
metabolic rate and gestation length. Increase in either variable would
increase maternal investment, and so their combined effects must be inves-
tigated to test the hypothesis fully.

Several chapters, explicitly or implicitly, involve the use of cladistic
methodology to determine the phylogenetic patterns of character
variation. Robson-Brown (Chapter 2) discusses this in some detail and in
particular provides an overview of what is conceptually required for such
analyses. Using the example of sleep patterns, she demonstrates how
cladistics can help to identify the relative importance of phylogenetic
constraints and present ecological conditions on various sleep parameters.
For example, she shows that total sleep times and the amount of paradoxi-
cal sleep do not easily change evolutionarily with changes in the security of
species’ sleeping conditions.

This is related to a longstanding concern in comparative biology, which
is the potential problem of phylogenetic inertia; in other words, the pos-
sibility that species retain some features because of their ancestry, rather
than these features being adaptations to present conditions. If this has
occurred, species should not be treated as independent points in analyses
seeking causal correlations or associations between factors.

A number of chapters use the method of phylogenetic contrasts, and
Purvis and Webster (Chapter 3) provide a clear explanation of the reasons
why such a method may be needed, and its basic functioning, as developed
in the most commonly used form, Comparative Analysis by Independent
Contrasts (CAIC). Mace and Holden (Chapter 15) discuss an alternative
based on a maximum likelihood approach. Phylogenetic contrasts by
CAIC has become de rigueur in many areas of comparative biology, but,
like any other analytical technique, it needs to be used with care, with an
appreciation of how it behaves, or why it produces the results it does in any
particular case. Plotting out results and examining which points are the
important contributors to significant (or non-significant) findings can be
very instructive. It can, for example, enable the identification of outliers
that inspection of the raw data may identify as resulting from poor or
mistaken data, a weakly supported point on the phylogenetic tree used, an
obvious grade effect, etc.

Purvis and Webster (Chapter 3) provide a welcome discussion of the
criticisms made of CAIC. They accept some of the problems raised, and they
reject others, including the potential problem of grade shifts. In interspecies
analyses, which largely do not take the potential problems of phylogenetic
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inertia into account in a formalised manner, but which rely on biological
knowledge and sensitive investigation of the data sets involved to ensure
that results are properly founded, grade shifts certainly can be, and are,
recognised (contra Purvis and Webster). On the other hand, grade shifts are
not necessarily easy to identify using CAIC. For example, a grade shift may
not be marked and hence not produce a clearly outlying contrast point. In
any case, the size of the contrast measurements between species points on
either side of a grade shift is a meaningless combination of the effects of the
grade shift and the relationship within any one grade between the two
variables concerned. This combinationmay produce pairs of contrast values
that stand out as outlying points on a contrast plot, or it may not, and hence
a grade effect would be missed. Also, a grade shift may involve multiple
points in a phylogeny. Whilst there is a single phylogenetic link between
strepsirhines and haplorhines, there are multiple links on the primate
phylogeny between insectivores and frugivores, for example. Therefore, if
species in the different dietary categories form grades for the variables under
consideration, multiple points on the contrast plot should be removed from
analyses, but they may well be difficult, or impossible, to distinguish.

The phylogenetic tree used in analyses by phylogenetic contrasts is
fundamental to the resultant findings. Although CAIC provides techniques
for dealing with incomplete phylogenies (see Chapter 3), complete
phylogenies or completed parts of the phylogenies used may not be correct.
The effects of at least known ‘weak links’ should be tested, especially if the
contrast points for these links are particularly influential on the overall
results. The phylogenetic tree chosen for analyses can easily be a significant
factor in the results produced. Mace and Holden (Chapter 15), whilst not
specifically referring to CAIC, describe the need to test whether results of
phylogenetic methods are dependent on a particular phylogeny or ‘model
of history’.

The use of a regression model in phylogenetic contrasts by CAIC, as
Purvis and Webster (Chapter 3) mention, is also potentially problematic.
When other line-fitting techniques, which recognise the potential for error
in both variables, were first used for comparative species analyses, some
significantly different results were produced, affecting the acceptance or
dismissal of hypotheses when correlation levels were not especially high.
This problem at least needs to be borne in mind by the users of CAIC until
the problems associated with incorporating more suitable line-fitting tech-
niques are solved.

Purvis and Webster (Chapter 3) discuss at some length one particular
problem of phylogenetic contrasts by CAIC, that it is especially sensitive to
error variance in the data. This, they explain, is expected to be greater at
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lower phylogenetic levels, or younger nodes on a phylogenetic tree. One
means of trying to avoid this potential problem is to limit analyses to older
nodes or contrasts at higher phylogenetic levels, as both Ross and Jones,
and Barton (Chapters 4 and 7) do. However, this inevitably reduces sample
sizes and wastes potentially useful data. Also, in most cases, the raw data
for analyses only come from extant species, and all other data points on the
phylogenetic tree are estimated from these. The older a node, the more
estimation is involved in establishing values for the variables concerned,
and the more likely the node itself is affected by inaccurate phylogenetic
reconstruction. In trying to overcome a problem inherent in a particular
analytical method, it does not seem wise to place too great reliance on what
may be unreliable data estimations, or at least on estimations whose
accuracy is unknown. CAIC calculates variable values at ancestral nodes
by simple averaging of the values of descendants. However, this may be far
from accurate. For example, fossil evidence shows us that the ancestor of
chimps and humans probably had a relative brain size close to that of
chimps, and much smaller than that of humans, but, as Foley (Chapter 14)
points out, CAIC would reconstruct its value very inaccurately as the
average of the two extant species. Evolutionary rates of change can be very
different in different lineages, even closely related ones, and models that
assume otherwise introduce an error factor of often unknown magnitude.

As a means of trying to overcome the potential problem of phylogenetic
inertia in comparative analyses in biology, the method of phylogenetic
contrasts has a clear logical basis — it is a form of the Method of Residues.
However, important problems remain with its implementation. At the very
least, great care needs to be taken to examine the possible effects of such
problems on any analysis undertaken, although in some cases, as outlined
above, these are unknown and unknowable. As Purvis and Webster state
‘phylogenetic comparative methods [are] not . . . black boxes; an under-
standing of the methods permits informed choice of which is most suitable
for the available data, and an assessment of whether the data and
phylogenetic estimates are indeed adequate for good tests of hypotheses’ (p.
65). Similar provisos, with the specific suggestion that plots of results
should always be inspected carefully, stand as good advice whatever the
analytical technique used.

Conclusion

The chapters of this book provide clear demonstrations of the power of the
comparative method in socioecology. The centrality of biological know-
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ledge and understanding to its meaningful application is also borne out in
many examples. The analyses presented commonly rely on multiple sour-
ces of data and background information collected by detailed fieldwork
and other studies by many researchers, who all deserve acknowledgement.
Without their often long-term efforts, comparative analyses could not be
performed. However, the intellectual dependency is not just unidirectional.
Without comparative analyses, single-species studies would merely pro-
duce uninterpretable descriptions lacking any sense of context, any means
of determining important and interesting features, and any basis on which
to decide what questions are worth investigating. The comparative method
is the fundamental tool of evolutionary biology. It can produce well-
founded interpretations and explanations of the natural world. However, it
is not easy to negotiate the complications and obscurity, in Stuart Mill’s
terms, of the ‘natural experiments’ of evolution that provide most of the
raw data. As Martin (1983) said, we should not talk of a spectrum from
‘hard’ to ‘soft’ science, but rather from ‘hard’ to ‘difficult’ science.
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2 Cladistics as a tool in comparative
analysis

KATE ROBSON-BROWN

Introduction

In recent years, our understanding of primate evolutionary biology and
adaptive strategies has benefited greatly from advances in comparative
biology (see, for example, Clutton-Brock and Harvey, 1984; Ridley, 1986;
Dunbar, 1992). Nevertheless, it is now widely recognised that because
closely related species may share many features inherited from a common
ancestor, as statistical units these species are not independent (Ridley, 1983;
Harvey and Pagel, 1991).

To take account of this problem, a range of methods has been developed
that places evolutionary history, in the form of phylogeny, at the heart of
comparative analysis. These methods differ in their application of evol-
utionary assumptions and statistical procedure. Cladistic methods involve
the generation of bifurcating trees that describe the relationships between
species or other taxa. These trees may then be used as a framework for the
comparative analysis of other, independent features of those species. Most
procedures for generating trees require data that are discrete, rather than
continuous, and many cladistic debates ultimately focus on the details of
these character definitions. Cladistic methods that involve parsimony or
compatibility criteria proceed by tracing historical relationships among
taxa based upon patterns of shared, derived characters. In the same way,
mapping other characters onto the tree framework permits the assessment
of whether these characters are shared and derived, revealing the evol-
utionary history of those characters.

This approach may be adopted as a basis for testing adaptational
hypotheses within a comparative framework, or for assessing the temporal
sequence of changes in descriptive characters. It also provides a means of
studying the evolutionary association of characters within a clade, patterns
of convergent and divergent adaptation, the phylogenetic constraints on
character diversification, and is a useful tool for generating macro-evol-
utionary predictions about character evolution that can be tested
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experimentally (Brooks and McLennan, 1991; McLennan, 1991; Greene,
1994).

The power of cladistic analysis has been recognised in many fields of
biology, contributing to studies of biogeography (Eldredge and Cracraft,
1980; Lauder, 1981, 1982, 1990; Huey and Bennett, 1987), molecular
evolution (Ritland and Clegg, 1987; Harrison, 1991, rates of evolution
(Felstein, 1985; Donoghue, 1989), behaviour and behavioural ecology
(Dobson, 1985; Greene, 1986; Coddington, 1988; Gittleman, 1988; Carpen-
ter, 1989); ecology (Ridley, 1983; Losos, 1990; Wanntorp et al., 1990;
Futuyama and McCalfferty, 1991), and ontogeny (Fink, 1982; Larson,
1984). Underlying these different applications is a common interest to
recognise the importance of the comparative context, and to build an
understanding of the dynamics of particular biological systems upon it.
This does not require an exclusively cladistic approach. Comparative
analysis is not the preserve of cladistic methodology, and the application of
cladistics is best managed as part of a statistical analysis tailored to the
particular needs of the data and the requirements of the problem being
addressed.

For many biologists, the importance of phylogenetic context to com-
parative analysis is not in dispute where the data in hand refer to molecular
or morphological characteristics, although the relationship between these
sources of information is currently under close scrutiny.! However, interes-
ting questions and doubts surface when the data describe behavioural or
socioecological characteristics (Clutton-Brock and Harvey, 1984; Di Fiore
and Rendall, 1994; Robson Brown, 1995), where there is uncertainty about
the meaning and independence of character units (Di Fiore and Rendall,
1994) or the applicability of evolutionary models (Dobson, 1985). It is not
the intention here to provide an introduction to phylogenetic, cladistic
systematics or a critique of computer applications (see examples in Hennig,
1950, 1966; Felenstein, 1979, 1983; Maddison, Donoghue and Maddison,
1984; Ridley, 1986; de Queiroz, 1988; Sober, 1988; Harvey and Pagel, 1991;
Swofford, 1993; Smith, 1996). Instead, the aim is to address some issues
surrounding the applicability of this analytical tool to the context of
primate socioecology — in particular, the relevance of the phylogenetic
context, and the definitions of behavioural homology.

The relevance of phylogeny to socioecology

Socioecology constitutes the interrelationships between the social charac-
teristics of organisms and their environment. Outside the field of
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primatology, arguments in favour of applying comparative methods based
on cladistics to this context tend to refer back to an emphasis on evolution
as the unifying concept of biology (Funk and Brooks, 1990). This view
notes that patterns of variation and change over time in organismic diver-
sity provide the fundamental data of evolutionary biology, whatever the
special features of different subdisciplines might be. Within the subdiscip-
line of primate socioecology, concern is focused on ecological, behavioural,
and life history information, and the patterns of association between them.
Research into such associations can encourage the construction of models
of evolution that describe the interaction of these sets in hierarchical terms
(Salthe, 1985). Models of evolving hierarchical systems have described, on
the one hand, ecological hierarchies, or economic systems, manifested in
patterns of energy flow in ecosystems. On the other hand, the genealogical
hierarchies describe systems of information flow manifested by
genealogical relationships, and therefore the phylogenetic hierarchy.
Adopting such a view might encourage the investigation of the
genealogical context of behavioural and ecological diversity or, alter-
natively, the ecological and behavioural context of genealogy. Com-
parative analysis is the medium through which this type of investigation
may proceed.

The suggestion that behavioural strategies mediate between organismal
and environmental hierarchies, even to the extent of constructing niches
(Odling-Smee, 1995; Laland, Odling-Smee and Feldman, 1996),
encourages the view that cladistic analysis may act not only as a robust
framework for comparative analysis, but also as an important means of
generating information about the relationship between these sources of
information, and their underlying systems. Yet, socioecology refers to
ecological, behavioural and life history traits rather than genes and
molecular data, and there is some concern about whether such traits are
amenable to evolutionary explanation derived from cladistic analysis. The
question remains whether cladistic methods should be applied only where
the relationship between phylogenetic context and character variation is
perceived to be unproblematic and direct, and where models of
evolutionary change are already perceived to correlate with those pres-
cribed by cladistic procedure. Alternatively, can cladistic methods be ap-
plied as part of a more broad and exploratory comparative analysis,
intended as a framework for hypothesis testing (Brooks and McLennan,
1991)?

Some confidence in the latter view may be drawn from the fact that
complex traits such as behaviour have long been seen as amenable to
general evolutionary explanation. Darwin himself demonstrated a
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profound interest in the evolutionary context of behaviour of all forms,
human, animal and plant (Burkhardt, 1983a, 1983b). This interest was
manifest not in a secondary application of the theory of natural selection to
behaviour, but in the incorporation of behavioural information at the most
fundamental level of his theorising. He presented the habits and instincts of
organisms as characters for selection and as agents of organic change
(Darwin, 1859; Richards, 1981). Darwin’s lead did not, however, immedi-
ately inspire the development of research programmes devoted to the
evolutionary interpretation of behaviour. This lack may be explained by
methodological difficulties, the reaction occasioned by the anecdotal writ-
ings of some naturalists, or Darwin’s own reluctance to explain the gener-
ation of phenotypic variation (Burkhardt, 1983b). Nevertheless, one of the
most important legacies of Darwin’s work is an appreciation that behav-
iour should not be an afterthought to evolutionary theory (Nitecki and
Kitchell, 1986; Plotkin, 1988).

Subsequently, Whitman (1898) and Elton (1930) demonstrated that an
animal’s ‘choice’ of the environment was important in evolution, and in the
mid-1930s Lorentz, in collaboration with Tinbergen and Heinroth, began
to stress the need for a ‘phylogenctic view’ within animal psychology
(Heinroth, 1971). Over the next decades, their efforts to establish rigorous
controls for the observation of behaviour and their demonstration of
explanatory models largely shaped the field of ethology as we understand it
today (Heinroth, 1911; Lorenz, 1935, 1937, 1950, 1965; Tinbergen, 1951,
1959a). Lorenz explicitly proposed that an active phenotype may play a
causal evolutionary role. This encouraged the investigation of the ‘pur-
posefulness’ of behaviour, its relation to the whole pattern of an animal’s
activities, and its evolutionary history. Tinbergen developed a methodol-
ogy for incorporating concepts of environmental, contextual variation
within this field of behavioural theory, particularly with reference to spe-
cies-specific signalling systems (Tinbergen, 1959b, 1967). Here, particular
cases of ecological adaptiveness were analysed within a comparative
framework and assessed in terms of ‘survival value’.

Tinbergen proposed the well-known ‘four questions’ that ethology
should address: function, mechanism, ontogeny and evolutionary history.
Behavioural ecology developed partly in response to a demand for research
on the function of behaviour, and to prove that an understanding of
behaviour such as mating or foraging leads to insights into population and
community ecology. Often, the emphasis tends towards explaining equilib-
ria within behavioural systems rather than their transformation. This
amounts to an explicit movement away from phylogenetic issues. Other
methods that involve the simulation of complex systems or the construc-
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tion of interpretative schemes for the anslysis of such systems do incor-
porate a concept of time depth, but explicit reference to the relationship
between phylogenetic and behavioural processes is still avoided. This tends
to limit what can be described of the relationship between behavioural
characteristics of organisms and their environment because the develop-
ment of adaptive characteristics has three stages: the origin, diversification
and maintenance of traits. Microevolutionary studies concentrate on the
maintenance of traits in current environments in which processes shaping
interactions between organism and environment can be measured. A ‘his-
torical’ approach would complement these studies by using phylogeny as a
template for reconstructing the historical patterns of trait origin and
diversification, and for testing of both equilibrium and transformational
hypotheses.

Socioecology and homology

There is a sound theoretical basis for the cladistic analysis of socio-
ecological traits, and in addition a growing number of successful studies on
organisms as phylogenetically distant as sweat bees and prairie dogs, which
should encourage the application of this methodology to primate data.
This suggests that the qualities of socioecological information do not
necessarily render the application of cladistic methodology inappropriate.
The phylogenetic context of socioecological traits is clearly important to
the understanding of adaptive strategies and their transformation.
Phylogenetic systematic methods may therefore be as revealing for the
comparative analysis of socioecological traits as those derived from any
other part of the phenotype.

Accepting that phylogenetic systematic methods are applicable to
socioecology, however, does not dispel all reservations concerning pro-
cedure and statistical methodology. Phylogenetic inference is in no sense
neutral, and ideally the evolutionary models employed should be sensitive
to the requirements of the data sets to which they are applied. It is unclear,
however, how this matching of information can be achieved. Much contro-
versy arises over the special requirements of different types of information,
such as morphological or molecular data (Goodman, Miyamoto and
Czelusniak, 1987; Bishop and Friday, 1987). There is also no universally
accepted procedure for the placement of boundaries between character
states when continuous characters such as lengths or ratios are used. There
is certainly a need for experimental phylogenetic analysis based on many
different types of data to address these issues.
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Cladistic methods rely on the assumption that it is possible to identify
characters which are ‘the same’, or homologous, in different species. One
major reservation that stands in the way of the use of cladistic methods in
socioecological contexts is the problem of defining homology for
behavioural features that describe social, cognitive, or foraging strategies,
and ecological features that describe the environment in qualitative rather
than quantitative terms. This problem has to be addressed because the
concept of homology is crucial to the understanding of phylogenetics and
cladistics in general. Without a means of homology recognition, we are
unable to confirm evolutionary patterns of behaviour, the ecological con-
text, or to contribute to debate about how these relate to general
evolutionary processes. Equally, when inferring phylogeny, differing inter-
pretations arise partly from the differences in the evolutionary model that
underlies the anslysis. Such models use different definitions of the terms
‘homology’ and ‘novelty’, which clearly affects character selection and
description.

Within any data set suitable for systematic analysis, there is likely to be
both character congruence and character conflict. Character congruence
may be synapomorphous (derived) or symplesiomorphous (primitive), and
these categories refer to homologous traits. Some cladists have argued that
homology is synapomorphy, therefore bringing together the major concept
of comparative anatomy, namely homology, with the historical perspective
of Hennig’s (1966) special similarity (Farris, 1977; Patterson, 1982). Char-
acter conflict may arise when traits are homoplasic. In effect, such charac-
ter conflict may be generated in two distinct ways. In taxa that are not
necessarily closely related but that may be subject to similar pressures,
similar traits serving a similar function may reveal themselves on close
inspection to be analogous rather than homologous. The evolutionary
process that might produce such an effect is termed convergence. Internal
constraints in these conditions are different, so similar adaptations that
might arise tend to be recognisable as products of separate evolutionary
history. Secondly, where there is the formation of similar traits in similar
taxa (and the ‘same’ character), for example in sibling taxa, the process is
known as parallel evolution (Patterson, 1982, 1988). Adaptations that arise
as a result of this process may be extremely similar in structure and
function.

These definitions are useful ones, but this should not give the impression
that they represent the consensus view. Early definitions were not im-
mediately relevant to socioecological traits; Owen (1843) defined a homo-
logue as ‘the same organ in different animals under every variety of form
and function’, and an analogue as ‘a part or organ in different animals
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which has the same function’ but derived from a non-homologous base
(Owen, 1843, p. 379). These definitions have been elaborated on by Haas
and Simpson (1946), who describe homology as a ‘similarity between parts,
organs, or structures of different organisms, attributable to common an-
cestry’. More useful to socioecology is Boyden’s (1947) suggestion that
homology should be based on characters’ correspondence with represen-
tatives in a common ancestor of the organisms being compared, and from
which they were descended in evolution (de Beer, 1971; Galizia, 1993;
Greene, 1994). This may lead to a very general definition, such as proposed
by Van Valen (1982) as ‘correspondence caused by continuity of infor-
mation’. If it is assumed that a branching tree-like structure is a true
representation of the world, these relations defined by the homologies yield
a hierarchical system, which is the actual tree pattern. So, ‘historical’
procedure effectively defines the relationship between similarity and
homology with reference to evolutionary mechanisms. As a result, the
practical assessment of homology has fallen into two main schools: wor-
king ‘operational’ definitions that assess character correspondence based
on the matching of landmarks; and ‘taxic’ definitions that make asses-
sments on the basis of monophyletic groups (Smith, 1990). Clearly, al-
though there may be difficulties in formulating robust concepts of homol-
ogy, efforts have been made to minimise these problems in the practical
assessment of characters.

The problem of behavioural, social or cultural homology has attracted
considerable comment in the literature (e.g. Pribram, 1958; Atz, 1970;
Hodos, 1976; Lauder, 1986, 1994; Greene, 1994) and many criteria for
homology have been proposed. Almost all these studies suggest that
homologous behaviours may be recognised by the application of criteria
that are largely independent of phylogenetic patterns of character dis-
tribution. These criteria fall into three categories.

First, behaviours can be considered homologous if the neural and neur-
omuscular control systems of the behaviours are similar (e.g. Baerends,
1958; Hodos, 1976). This suggestion relies on the assumption that the
central nervous system and the motor patterns it produces are in some way
more conservative than the behaviours themselves. It also assumes a tight
coupling of neural structure and behaviour. Neither of these assumptions is
directly supported by neuropsychological evidence, and the success or
failure of this neutral criterion depends entirely on the phylogenetic dis-
tribution of the neural components of a behaviour in relation to the
phylogenetic distribution of the behaviour itself. The status of such a
relation may be very variable. Behaviours might even be homologous
where the neural substrates are not (Lauder, 1986).
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The second criterion suggests that two behaviours are homologous if the
gross morphological features used in the behavious are homologous (e.g.
Haas and Simpson, 1946; Atz, 1970). Again, there are so few data bearing
on the problem of congruence between morphological and behavioural
novelties that excessive reliance on morphology as arbiter of homology
may well lead to erroneous conclusions. The particular drawback to this
criterion is that the circumstances in which the functions of behaviour are
homologous are unclear. Hodos (1976) avoids this difficulty by employing
confused definitions of ‘homology’ and ‘analogy’. He states that ‘the inser-
tion of food into the mouth by a man and a monkey would be both
homologous (because the hands of monkeys and humans are derived from
hands of their common ancestors) and analogous (because the behaviours
serve the same purpose) (Hodos, 1976, p. 160). As Lauder (1986) has
pointed out, one might question the utility of a criterion that leads to the
determination of a behaviour as both homologous and convergent.

A final criterion suggest that two behaviours are likely to be analogous if
the biological role (or function) of those behaviours is similar, or if the two
behaviours could have been subjected to similar selection pressures (e.g.
Mayr, 1958). This definition is difficult to apply because it refers to selec-
tion in a broad way, stressing its significance but also highlighting the lack
of available evidence concerning the nature of variation in behaviour, its
genetic basis and its relation to fitness.

One conclusion of the homology debate is that, according to the existing
criteria, socioecological characters should be considered amenable to
homology assessment. The cladistic analysis of socioecological traits
should not be rejected because of the homology debate alone. However,
criticism of these homology criteria has occasionally been strong, with Atz
(1970) and Brown (1975) claiming that social and general behavioural
homologies cannot be evaluated, and Klopfer (1969, 1975) even suggesting
that these characters do not evolve at all. These criticisms have to some
extent held back cladistic analysis in these fields, with reports being rather
thinly scattered through the literature of the 1970s and 1980s (Dewsbury,
1975; Arnold, 1977; Greene, 1983; Wenzel, 1992), but with the application
of modern phylogenetic systematics some reservations have been over-
come (Barlow, 1977, Drummond, 1981; Lauder, 1981, 1982, 1986; Gould
and Vrba, 1982; de Queiroz and Wimberger, 1993). The primary test of
homology is congruence with other characters, and there is no reason to
assume that one group of characters will not be useful within cladistic
analysis (Donoghue, 1992; Wenzel, 1992). It should not be assumed that
experiential effects on social or ecological characters is so great that
phylogenetically congruent similarities might not indicate genealogical
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relationships. Nor should this assumption be based on the view that other
types of characters, such as morphometric characters, are free of these
effects. Both these assumptions require further scrutiny (Hollister, 1918;
Lauder, 1986, 1994; Wenzel, 1992; Green, 1994; Nelson, 1994; Rieppel,
1994).

There is great potential for the use of cladistics in the comparative
analysis of primate socioecology. Cladistic analysis may provide a valuable
means of generating new information about the evolution of different types
of primate traits. Nevertheless, there is a need for research programmes
that explicitly test the question of historical congruence among characters
referring to behaviours, functions and morphological patterns in an at-
tempt to identify general features of transformations in various aspects of
the phenotype. The current literature of comparative biology as a whole is
optimistic, suggesting that, for many taxa, social or soioecological charac-
ters are not necessarily more variable, nor more difficult to describe,
measure and compare across taxa than morphological characters (Greene,
1994). To demonstrate this, one example of the application of cladistics to
primate comparative analysis is presented in the following section.

Example: the phylogenetic tree as a template for mapping primate
sleep traits

Sleep is a deceptively complex phenomenon, which has physiological,
behavioural, psychological and environmental components. It can be iden-
tified by sustained physical quiescence in a species-specific posture and site
accompanied by reduced responsiveness to external stimuli and charac-
teristic electroencephalogram (EEG) patterns, but where a wakeful con-
dition may be quickly achieved (Zepelin, 1994). The timing and structure of
daily sleep are species-specific and refer to the activity pattern of that
species, such as diurnal, nocturnal or arrhythmic. The transition from a
waking state into sleep in mammals is associated on a cortical level with a
change from irregular, low-voltage, fast EEG waves to high-voltage, slow
waves. This is called non-REM (NREM) or slow-wave sleep (SWS).
Occasionally, the cortical waves change to a desynchronised, regular,
low-voltage, fast pattern known as rapid eye movement sleep (REM), or
paradoxical sleep (PS). In primates, non-REM sleep has been subdivided
into stages 1-4, with stages 3 and 4 referring to slow-wave sleep. These
states may be considered homologous across primate species because the
structure of sleep and the neural substrate that underlies it are thought to
be relatively conservative and following a general mammalian pattern
(Zepelin, 1994).
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Theories about the function of mammalian sleep tend to focus on the
immobilisation or adaptive non-responding of individuals in a sleeping
state. For example, restorative theory suggests that sleep, and in particular
paradoxical sleep, relieves a deficit in body tissues (Berger, 1975, 1984),
brain tissues (Jouvet, 1975; Horne, 1983) or psychological systems (Crick
and Mitchison, 1983), associated with a wakeful state. Immobilisation
theory suggests that sleep and endothermy are linked and that the primary
function of sleep is energy conservation (Zepelin and Rechtschaffen, 1974;
Berger, 1975, 1984; Zepelin, 1994; Berger and Phillips, 1995). Adaptive
non-responding theory considers sleep to be a social and behavioural
mechanism that promotes survival by ensuring temporal integration of a
species in its ecological niche, preventing activity at times when it would be
wasteful of energy or risk predation (Bert and Pegram, 1969; Allison and
Van Twyver, 1970, 1972; Bert, Pegram and Balzamo, 1972; Meddis, 1977,
1983; Siegel, 1995).

The phylogenetic context of mammalian sleep traits is well documented,
and raises many interesting questions concerning the relationship between
ecology, social behaviour, life history and physiology. For example, studies
on mammals have shown that metabolic rate and body size account for
much interspecies variability in sleep quotas (Zepelin, 1994; Berger and
Phillips, 1995), and that precociality is positively correlated with paradoxi-
cal sleep levels (Elgar, Pagel and Harvey, 1988). This example does not
attempt to recreate these studies, but simply to demonstrate a cladistic
interpretation of some of this information for primates.

Data

Data describing the sleep traits of 12 primate taxa were drawn from the
literature: Eulemur mongoz, Euoticus senegalensis, Nycticebus coucang,
Perodicticus potto, Saimiri sciureus, Aotus trivigatus, M acaca sp., Papio sp.,
Cercopithecus aethiops, Erythrocebus patas, Pan troglodytes and Homo
sapiens. Data were collected from the literature on total daily sleep time,
paradoxical sleep, sleep cycle length, and sleep conditions.

Table 2.1 presents the scored traits describing total daily sleep time,
paradoxical sleep, sleep cycle length and sleep conditions. Estimates of
sleep patterns based on behavioural observations of captive or wild adult
individuals, and laboratory EEG recordings on adults, were included.
Where more than one estimate was available for a species, the mean values
were taken. Sleep condition scores refer to Allison and Van Twyver (1970,
1972) scoring scale, but all other traits were described by continuous data.
To transform these continuous data into discrete scores suitable for cladis-
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tic analysis, the ‘gap weighting’ method was employed (Chappill, 1989;
Thiele, 1993). This method preserves the ordinal properties of the data and
divides data sets up using rank order of states and the magnitude of gaps
between states.

The phylogeny used as a basis for this comparative analysis is adapted
from Purvis’ composite estimate (1995). Excel 5.0a and MacClade 3.01
(Maddison and Maddison, 1992) were used for data management and
statistics. The character states were treated as ordered.

Comments

Several interesting results arise from this graphic example. The
phylogenetic context of total sleep time and paradoxical sleep is notable.
Total sleep time appears to be longer in Strepsirhines than in Haplorhines,
with two interesting derived states being the owl monkey, with a very
extended sleep time, and humans, with a reduced sleep time. More para-
doxical sleep is also characteristic of the Haplorhines, with Old World
monkeys showing lower levels than New World monkeys and the apes.
Haplorhines are often described as more altricial than strepsirhines, and it
is known that during periods of mammalian paradoxical sleep, thermo-
regulation and breathing regularity are compromised, just as is observed in
fetal states. It may be, therefore, that increases in paradoxical sleep levels
are associated with shifts in the maturational timetable. In short, a cladistic
treatment of this information suggests that a significant shift in the charac-
ter of sleep occurred at or soon after the Strepsirhine—Haplorhine split,
although at this stage the mechanisms and causes of the event are unknown
and merit further investigation.

Species differences in mammalian sleep characteristics are often assumed
to relate directly to ecological conditions. It is suggested, for example, that
cetacean unihemispheric sleep is an adaptation to the marine environment,
and that, in general, predator species with secure sleeping conditions have
longer periods of uninterrupted sleep and paradoxical sleep than prey
species with insecure conditions (Allison and Van Twyver, 1970; Hediger,
1980). Figure 2.1 displays the findings for primates mapped against
phylogeny. This shows clearly that although total sleep time and amount of
paradoxical sleep are positively correlated with respect to phylogeny,
sleeping condition is not associated with these characters. Baboons, al-
though they suffer from insecure sleeping conditions, do not experience
reduced paradoxical sleep: their levels of paradoxical sleep are the same as
those of their sister taxon in this study, the macaques. Phylogenetic con-
straint, rather than ecological constraint, may be the significant factor here.
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Fig. 2.1 The phylogenetic tree as template. SC, sleeping conditions; SCM, sleep
cycle minimum; PS, paradoxical sleep length; TST, total sleep time; E.

mon = Eulemur mongoz; E. sen = Euoticus senegalensis; P. pot = Periodictus
potto; N. cou = Nycticebus coucang; S. sci = Saimiri sciurius; 4. tri = Aotus
trivigatus; M.sp = Macaca; P.sp = Papio; C. aet = Ceropithecus aethiops; E.

pat = Erythrocebus patas; P. tro = Pan troglodytes; H. sap = Homo sapiens.

This example demonstrates that a ‘historical’ approach to comparative
analysis that uses phylogeny as a template for reconstructing the patterns
of character change can be very rewarding. In other fields of behavioural
and socioecology, the opportunities presented by a ‘historical’ views have
already been rediscovered (Lauder, 1986; Brooks and McLennan, 1991;
Harvey and Pagel, 1991; McLennan, 1993; Gittleman and Decker, 1994;
Greene, 1994). For example, it has been shown that phylogenetic trees may
be used as templates for testing whether or not ecological and behavioural
similarities among members of a clade (in this case gasterosteid fishes)
result from convergence or inheritance from a common ancestor (McLen-
nan, Brooks and McPhail, 1988).

As the present example has suggested, if there are phylogenetic con-
straints on ecological or behavioural diversification, it may be that taxa
express the same traits regardless of the environment in which they are
located. Those traits may have arisen in ‘ancestral’ environments since
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abandoned. Cladistic analysis may show a decoupling of the products of
genealogical inheritance and environmental constraints, and some have
suggested that ecological and behavioural traits showing phylogenetic
constraint demonstrate that change in state for those traits can be viewed
as conservative elements in evolution (McLennan et al., 1988; Funk and
Brooks, 1990; Packer, 1991). In addition, a cladistic approach permits the
investigation of how closely phylogenesis in a clade is associated with
changes in ecology and behaviour, and therefore how closely ecological
evolution and behavioural evolution match phylogenetic patterns (Caro-
thers, 1984). It poses the question as to whether one can obtain a robust
cladogram by analysing these traits alone, as Di Fiore and Rendall
(1994) suggest for primates, and whether such cladograms agree with
phylogenies derived from morphological or biochemical data (Page and
Charleston, 1997), as Dobson (1985) demonstrated for prairie dogs. This, in
turn, may lead to investigations as to how often adaptive changes in
structure and in function actually appear on the same branch of the
phylogenetic tree (Chevrud, Dow and Leutenegger, 1985; Silén-Tullberg
and Moller, 1993), and whether there are ecological and behavioural traits
that characterise species-rich clades. In these contexts, cladistic analysis
provides a valuable contribution to the battery of methods available for
comparative analysis, and there is every reason to believe that primate
socioecology is well placed to contribute to this growing field.

Note

1 Molecules and Morphology in Systematics. International Conference,
24-28 March 1997, Paris. Proceedings to be published as a special issue
of Molecular Phylogenetics and Evolution 1998.
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3  Phylogenetically independent
comparisons and primate phylogeny

ANDREW PURVIS AND ANDREA J. WEBSTER

Introduction

Comparisons among species provide a wealth of information about evol-
ution that could not otherwise be obtained. Experiments cannot generally
be conducted over evolutionary time, but interspecies variation can be
viewed as the results of natural experiments (Harvey and Pagel, 1991;
Harvey and Purvis, 1991). Unfortunately, nature tends to use lousy experi-
mental designs (Harvey and Pagel, 1991; Rees, 1995; Nee, Read and Har-
vey, 1996), complicating the analysis of multispecies data. The difficult-ies
stem from the obvious fact that closely related species tend to be similar,
whereas standard statistical tests of association assume independence of
data points (Felsenstein, 1985). This chapter explores the analogy between
comparative and experimental data, to highlight the pseudoreplication
inherent in analyses that treat species or higher taxa as independent points.
To be statistically valid, comparative tests of evolutionary hypotheses have
to consider the relationships among the species, i.e. their phylogeny. How
much difference phylogenetic methods can make is illustrated, using an
example concerning the evolution of primate bacula. An outline is given of
the logic of the most popular current phylogenetic comparative approach —
independent comparisons or independent contrasts (IC) (Felsenstein, 1985)
— and one implementation of the IC approach, Comparative Analysis by
Independent Contrasts (CAIC), is described (Purvis and Rambaut, 1995).

Because estimates of phylogeny underpin comparative tests, we consider
how they can be constructed and what features they should ideally possess.
An estimate (Purvis, 1995a) of the relationships among all extant primate
species is discussed.

The chapter also addresses some recent misconceptions about IC
analyses, and emphasises that comparisons that do not consider phylogeny
are likely to mislead and cannot be justified. However, we recognise that IC
still requires further development in several areas, one of which — the need
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to deal with error variance in species values — is illustrated in some detail.
This chapter is restricted to analyses in which at least some variables are

continuous. For those interested in analyses in which traits vary discretely,

Ridley and Grafen (1996) provide a review of the current state of play.

Pitfalls of multispecies data

This section considers a comparative hypothesis for which phylogenetic
and non-phylogenetic tests give very different results. Use is made of the
analogy between comparative analyses and experiments (Harvey and Pag-
el, 1991; Read and Nee, 1995; Rees, 1995; Nee et al., 1996) to show why the
non-phylogenetic result cannot be taken at face value.

Dixson and Purvis (in press) investigated the evolution of the baculum
(penile bone) in primates. One hypothesis is that some lineages have
evolved relatively long bacula for their body sizes because such bacula
confer an advantage in sperm competition. Bacula are predicted to be
longer relative to body size in lineages in which females are polyandrous
than in lineages in which females mate with only a single male. Figure 3.1a
plots log baculum length against log adult male body weight for many
primate species (data from Dixson and Purvis, in press). It appears that
males in polyandrous species do indeed have large bacula for their body
size. A t-test on the residuals, comparing the relative baculum lengths of
polyandrous and monandrous species, is highly significant (¢5, = 6.09,
p < 0.0001). Is this evidence for adaptation? Not necessarily, because of
non-independence of data points. Figure 3.1b shows the same data, but
now the symbols denote the taxa to which species belong. Callitrichids
have relatively short bacula and tend to be monandrous, whereas strepsir-
hines have relatively long bacula and typically are polyandrous. A simple
analogy with experimental design shows that the species within each of
these taxa are not true replicates, but pseudoreplicates.

Figure 3.2a shows a very bad design for an experiment to assess whether
a fertiliser improves crop yield. The fertiliser is applied to six plots (F + ),
six further plots are left as controls (F — ), and the yields are later assessed.
Suppose the F + plots give a significantly greater mean yield. Is that
because of the fertiliser? We cannot tell, because the plots do not differ only
in whether or not we fertilised them. The F + plots are all in one place, so
their greater yield could equally well be due to better soil, or better
drainage, or better shelter, or fewer pests, or more light — or any other
reason. Our treatments are totally confounded by every other difference
between the locations. The analogy to comparative data sets is important.
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Fig. 3.1 (a) Baculum length and male body weight across primate species. Data
have been logarithmically transformed. Symbols denote mating systems. (b) The

same data, but symbols now denote taxonomic membership. Note how species in
the same taxon tend to cluster together.

Differences in Y between callitrichids and strepsirhines might be due to the
X-variable we have measured (mating system), but could equally well be
due to any other difference between the two clades. Adding more callit-
richids and more strepsirhines will not increase the level of replication — for
this question, species within each clade represent pseudoreplicates.

In Figure 3.2b, the six pairs of plots are true replicates. Within each, the
plots receive different treatments but should be similar in other respects
such as soil quality. Differences among locations in such variables no
longer matter because we are making comparisons within locations rather
than between them. Again, the analogy is important for comparative
analyses. The experimentalists’ locations are our clades. To make truly
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replicated comparisons, we must analyse variation within clades rather
than between them: we need to compare pairs of lineages that differ in the
X-variable (here, mating system), and base such comparisons on
phylogeny to ensure their independence. If the same association between
baculum length and mating system is found repeatedly in different pairs of
lineages, then we can have confidence that the association is meaningful,
rather than the result of unmeasured confounding or covarying traits. Note
that the power of the test will depend upon the number of matched pairs,
not the number of species: sampling effort (whether in field, laboratory or
library) should be directed towards maximising the number of informative
independent comparisons. Phylogeny should therefore inform the collec-
tion of data as well as their analysis. Although this point is obvious, it is
often neglected. An excellent example of an efficient design can be found in
Clayton and Cotgreave (1994).

What happens in the baculum example when independent matched pairs
are compared? Dixson and Purvis (in press) were able to make ten such
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a)
F+ F+ F+ F- F- F-
F+ F+ F+ F- F- F-
b)
F+ F- F- F+ F+ F-
F+ F- F- F+ F- F+

Fig. 3.2 Two designs for an experiment to assess the effect of a fertiliser upon
crop yield. Fertiliser is added to plots labelled F + ; F — plots are controls. See
text for explanation.

comparisons between a polyandrous lineage and a related monandrous
one. Relatively large bacula were associated with polyandry in five of these
comparisons, but with monandry in the other five (sign test: p = 1). The
analysis of proper replicates shows no effect of mating system on baculum
length, in contrast to the highly significant p-value obtained when species
are treated as independent data points. However, further matched-pairs
analyses showed that relative baculum length is associated with the
duration and number of intromissions during copulation, suggesting a
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Fig. 3.3 A phylogeny of five species (A-E). See text.

different explanation for interspecific variation in baculum length (Dixson
and Purvis, in press).

Independent comparisons

Phylogenetically independent comparisons were originally proposed by
Felsenstein (1985), and have since been extended, developed or adapted in
several ways (e.g. Burt, 1989; Grafen, 1989; Pagel, 1992; Martins, 1994,
1997; McPeek, 1995; Purvis and Rambaut, 1995; Diaz-Uriarte and Gar-
land, 1996). As originally proposed, the method is intended for use with
continuous variables. Put very simply, it computes differences in Y and X
between sister lineages, and tests whether the differences in Y are correlated
with those in X.

Figure 3.3 shows a phylogeny of five species, A to E. Because A is closely
related to B, we would expect them to have similar phenotypes, both for the
traits we are studying and for other characteristics that might affect our
Y-variable. Felsenstein (1985) pointed out that the differences between A
and B have evolved since they diverged (point F), and will be independent
of the differences between C and D (which evolved along other branches of
the phylogeny, since point G). So two ICs can easily be made. This logic
leads very quickly to a method that is used widely (e.g. Mgller and
Birkhead, 1992; Grubb and Metcalfe, 1996), namely, looking at the as-
sociation between Y and X among the species within each of several, say,
genera. A sign test is used to assess the null hypothesis of no correlation,
which predicts that positive and negative associations will be found equally
(Felsenstein, 1985).

Such comparisons cannot be used in parametric tests because, although
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independent, they do not have the same expected variance: A and B are
more closely related than C and D, so we would expect differences between
them to be smaller. Felsenstein (1985) pointed out how parametric testing,
and more comparisons, are possible if a model of evolution is adopted that
specifies how the absolute difference between two species increases over
time. For mathematical simplicity, Felsenstein (1985) considered a Brown-
ian motion (random walk) model of character evolution. Under this model,
the variance of Y,—Yj is proportional to the total length of the path
through phylogeny linking species A and B. This relationship allows the
comparisons to be scaled to have common expected variance, as required
by parametric tests, if branch lengths are available. Additionally, if the
model is reasonable, further sister-clade comparisons can be made: F can
be compared with G, and H with E. Values of X and Y for F, G and H are
computed as weighted means of the descendant species, the weights being
derived from the branch lengths (see Felsenstein, 1985, for algorithms and
reasons for them). In this way, a data set of n non-independent species
values is transformed into n — 1 ICs for each variable, which can be used in
standard parametric tests such as regression and correlation. Note that the
regressions and correlations must be forced through the origin (Grafen,
1992; Garland, Harvey and Ives, 1992).

CAIC

CAIC (Purvis and Rambaut, 1995) is a comparative analysis package for
Apple Macintoshes. It implements two algorithms, known for no good
reason as CRUNCH and BRUNCH, that are descended from Felsenstein
(1985). Whereas Felsenstein’s (1985) method assumes complete informa-
tion about phylogeny, CRUNCH and BRUNCH can be used when
phylogenetic information is incomplete. Additionally, BRUNCH does not
require that change in Y and X can be modelled by Brownian motion.
The CRUNCH algorithm comes from Pagel (1992). When the
phylogeny is completely bifurcating, the algorithm is the same as Felsen-
stein’s (1985). But estimates of phylogeny often contain polytomies —
multifurcations — which usually reflect our ignorance of the precise order of
splitting (see Purvis and Garland, 1993, for discussion). Pagel (1992) recog-
nised (as did Grafen, 1989, and Burt, 1989) that, to ensure independence,
only one comparison could be made at each node in the phylogeny,
irrespective of how many branches descend from it, and proposed the
following approach (for algorithms, see Pagel, 1992; Purvis and Rambaut,
1995). The taxa immediately descended from the polytomy are split into
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In each of the three independent comparisons — A, B and C —
the species with an X value of 1 has a larger value of Y than
does the species with a value of 0 for X.

Fig. 3.4 A phylogeny of six species illustrating how BRUNCH partitions
variation among species into independent comparisons. From the CAIC User’s
Guide.

two groups on their values of a variable selected by the user (usually the
X-variable): those above the mean are put into one group, and those below
into another. The two groups are then compared.

The BRUNCH algorithm (Purvis and Rambaut, 1995), borrows from
Pagel (1992) and Burt (1989). It is mainly intended for continuous Y and
discrete X; however, it can also be useful when both variables are con-
tinuous but cannot be modelled by Brownian motion. Figure 3.4 shows
roughly how it works. As many ICs as possible are made between lineages
differing in their value of the X variable. Comparisons are independent if
lines through the phylogeny linking the species to be compared neither
touch nor cross (Burt, 1989). A sign test is used to test whether Y and X are
associated. If Y fits Brownian motion, a t-test can be used on the scaled
contrasts in Y (under the null hypothesis, their mean should be zero). Not
all comparisons are between sister taxa (see Fig. 3.4), but they are still
matched pairs.

CAIC takes as its input a text file of data. The first column contains the
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species names, and species must be in alphabetical order. Subsequent
columns, of which there can be up to 128, hold data for continuous or
discrete variables. Missing values are coded as ° — 9. The data file is then
collated against a pre-prepared phylogeny of the group being studied. All
the species in the file must be present in the phylogeny, but the reverse is
not true. CAIC next asks the user to select the columns (up to 40 at a time)
for which ICs will be computed, and the algorithm to be used. ICs are then
calculated from the species that have no missing values for any of the
columns selected; it is therefore sensible to select only those columns that
bear directly on the hypothesis under test.

As well as producing ICs, CAIC generates other information that can be
used to test many of its assumptions. First, it specifies the node at which the
comparison was made. Comparative tests assume that any relationship
between Y and X is the same throughout the phylogeny; this assumption
can be tested by ANCOVAs (Garland et al., 1993; Purvis and Rambaut
1995) or contingency tables. CAIC also specifies the age of the node at
which each IC was made, the comparison’s expected variance before it was
scaled, and the estimate of each variable at the node. If the Brownian model
is reasonable, there should be no pattern when any of these is plotted
against the scaled ICs (Garland et al., 1992; Purvis and Rambaut, 1995). If a
pattern is found that is not removed by transformation of either data or
branch lengths, the user might prefer to use BRUNCH or a method that
permits other models of evolution (e.g. Martins, 1995).

CAIC is freely available by anonymous ftp from evolve.zps.ox.ac.uk in
the directory packages/CAIC/CAIC.sea. WWW users can find CAIC’s
home page at http://evolve.zps.ox.ac.uk/CAIC/CAIC.html.

Other independent comparison programs

Other programs perform different variants of IC. Felsenstein’'s CON-
TRAST program (distributed with PHYLIP) implements his 1985 paper.
Grafen’s (1989) phylogenetic regression permits both discrete and con-
tinuous X-variables to be tested and controlled for. Martins’ (1995) COM-
PARE has a wider array of evolutionary models. Garland et al.’s (1993)
programs allow transformation of the phylogeny branch lengths to make
the Brownian motion assumption as reasonable as possible. Of these
programs, only phylogenetic regression (Grafen, 1989) is valid when the
phylogeny is incompletely resolved.
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Estimates of phylogeny

Comparative tests must be underpinned by estimates of phylogeny. What
characterises a good estimate? First and foremost, it should not make
incorrect statements of relationship, i.e. every node in the estimated
phylogeny should correspond to a genuine clade. If this requirement is not
met, the wrong taxa will be compared. Second, the estimate of phylogeny
should be as well resolved as possible, because only one IC can be com-
puted at each node. Third, estimated phylogenies should ideally be robust,
with much evidence supporting each statement of relationship. Lastly,
more powerful tests are facilitated by estimates of branch length, perhaps in
units of time or molecular change. Biologists embarking upon a com-
parative study are often disappointed to find that no phylogeny has yet
been published on their group that meets these requirements. What should
they then do?

One option is to infer a phylogeny from molecular sequence data taken
from all the species in the study. This seems like a huge task but is
becoming more feasible, for small data sets at least, as DNA sequencing
becomes more routine and sequence data accumulate on databases such as
Genbank and EMBL. Gittleman et al. (1996) give one example of this
approach, and Hillis, Moritz and Mable (1996) provide an up-to-date
guide on how to collect the sequences and infer a tree from them.

A generally less time-consuming option is to piece together an estimate
from published trees (hereafter, source trees), each containing a subset of
the species in the data set. But how should this patchwork be put together?
A common approach is to survey the literature and select the best available
source tree for each major taxon and discard the rest; ‘best’ here might
mean most recent, most well resolved, most robust, based on the most data,
or constructed using the best algorithms (see Quicke, 1993; Swofford et al.,
1996). However, the choice of a ‘best’ phylogeny is subjective and, unless
the criteria are stated explicitly, unrepeatable.

Repeatability, at least, can be ensured by using an algorithm to combine
all available source trees. Various ‘consensus’ algorithms are available (see
Quicke, 1993) but, because each source tree effectively has a veto, the
consensus tree tends to become less and less well resolved as more source
trees are added (Purvis, 1995b).

Baum (1992) and Ragan (1992) independently proposed a technique,
Matrix Representation with Parsimony (MRP), that circumvents this
problem. In MRP, each node in each source tree is recoded as a binary
character. Species descended from this node score a 1; those not descended



54 A. Purvis & A. J. Webster

from the node score a 0; and those not featured in the source tree are scored
as missing. This new matrix is analysed using parsimony to give a com-
posite tree, which may be well resolved even when source trees conflict. In
Baum and Ragan’s original proposal, large trees can have undue influence
on the composite tree. Modifications have been proposed to amend this
flaw (Purvis, 1995b; Ronquist, 1996), but none has so far succeeded (Bi-
ninda-Emonds and Bryant, 1998). The best way to combine source trees is
currently a topic of active debate (see Sanderson, Purvis and Henze, 1998,
for a recent review), but algorithms do at least permit repeatability. Addi-
tionally, there is some evidence (see next section) that the composite
phylogeny can be reasonably robust to the choice of algorithm.

Sometimes, no estimates of phylogeny will have been published. Tax-
onomies can be used as phylogenetic hypotheses of last resort. Although
they are not likely to be as good as proper phylogenies (taxonomies may
not even be intended to reflect phylogeny —see, for example, Ridley (1986)—
and are likely to be poorly resolved), tests using them are likely to be much
better than non-phylogenetic analyses.

A composite primate phylogeny

Purvis (1995a) generated the first composite phylogeny of all extant pri-
mate species by combining 112 source trees using his modification of MRP
(Purvis, 1995b). The composite tree is largely bifurcating, having 160 nodes
out of a possible 202, but some component clades — particularly Galagidae
and Colobinae — are much less well resolved. The timings of 90 of the nodes
were estimated from molecular, fossil or karyotypic data and, for the
purposes of comparative analysis, timings of the remaining nodes were
guessed by interpolation (for details, see Purvis, 1995a). Figure 3.5 shows
the result.

Although the algorithm used to construct the tree is flawed (Ronquist,
1996), does this matter? We applied Baum (1992) and Ragan’s (1992)
original algorithm to the 112 source trees, keeping all other aspects of the
analysis the same as in Purvis (1995a). The resulting ‘new’ composite tree
(Appendix 3.1) was very similar to the ‘old’ one in Purvis (1995a): of 160
nodes in the old tree, only 12 conflicted with the new; all of these had been
only weakly supported in the original paper (as judged by the bootstrap
scores). Seven polytomies in the old tree were resolved, while two nodes in
the old tree were collapsed to polytomies in the new. Table 3.1 lists these
differences. Our impression is that details of the method will matter more
when the conflict among source trees is greater; when the signal of the ‘true’
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Fig. 3.5 An estimate of primate phylogeny. After Purvis (1995a).
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Table 3.1. Comparison between Purvis’ (1995a) estimate of primate
phylogeny and that produced by the re-analysis described in the text

Purvis 1995

Re-analysis

Hapalemur unresolved

Hapalemur sister to Lemur catta; Varecia
sister group to these plus Petterus (Eulemur)
Within Petterus (Eulemur), P. coronatus and
P. mongoz are sister species, as are P. fulvus
and P. macaco. P. rubriventer is outgroup to
the other four

Indri indri in four-way polytomy with the
members of Propithecus

Cheirogaleus major and C. medius in a
polytomy with the Microcebus/Mirza clade
Three-way polytomy between Saguinus
inustus, S. nigricollis and the S. fuscicollis/S.
tripartitus clade

Callicebus sister to Aotus

Three-way polytomy between Callicebus
personatus, C. hoffmannsi and the C.
cinerascens/C. moloch clade

Macaca nemestrina sister to a clade of nine
species including M. arctoides. Sister group
to all these is a four-species clade including
M. nigra. Sister to all of these is M. silenus
Macaca assamensis and M. thibetana in a
polytomy with an M. radiata/M. sinica
clade

Macaca fuscata and M. mulatta sister
species

Cercopithecus lhoesti and C. preussi
comprise the sister clade of a 17-species
group of Cercopithecus. This clade forms a
polytomy with C. aethiops and C. solatus.
The next sister group is Erythrocebus patas,
and Miopithecus talapoin is the next
Polytomy of Hylobates agilis, H. lar and H.
muelleri

H. griseus and H. simus sister species
Varecia sister to L. catta; Hapalemur sister
to these plus Petterus (Eulemur)

Within Petterus (Eulemur), P. coronatus and
P. rubriventer are sister species. P. mongoz is
now sister to the P. fulvus/P. macaco clade

L. indri sister to P. verreauxi, making
Propithecus paraphyletic

Cheirogaleus major and C. medius are sister
species

S. nigricollis is sister to the S. fuscicollis/S.
tripartitus clade

Callicebus sister to all other platyrrhines
Callicebus personatus is sister to the clade
comprising C. cinerascens and C. moloch

Four-way polytomy of M. nemestrina, M.
silenus, the nine-species clade and the
four-species clade

M. assamensis and M. thibetana sister
species

Three-way polytomy of M. fuscata, M.
mulatta and M. cyclopis

The C. lhoesti/C. preussi clade is linked to C.
solatus, then C. aethiops, then E. patas
(making Cercopithecus paraphyletic). This
clade is in a polytomy with the 17-species
group and M. talapoin

H. agilis and H. lar sister species

phylogeny is strong, even suboptimal methods (and there is not yet any
optimal method) will be able to detect it.

The list of species followed in the composite tree is from Corbet and Hill
(1991; their taxon names are used in this chapter for consistency, but see
Groves, 1993). There is, however, disagreement over the species richness of
many groups. For instance, Corbet and Hill (1991) list 64 species of New
World monkey, but a more recent taxonomy (Rylands, Mittermeier and
Luna, 1995) lists 98. Changes in species numbers are due sometimes to new
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discoveries, sometimes to the perceived requirement of species monophyly,
and sometimes to differences between lumpers’ and ‘splitters’, who tend to
decrease or increase numbers of species, respectively.

The composite phylogeny is freely available in the format required by
CAIC via the World Wide Web; the url is http://www.bio.ic.ac.uk/tes/
peopleap.htm. It has already been used in several comparative studies of
adaptation (e.g. Barton, 1996; Fa and Purvis, 1997) and macroevolution
(Purvis, Nee and Harvey, 1995; Gittleman and Purvis, 1998). The same site
also holds several other CAIC-format phylogenies of various groups, and
the composite tree produced by the re-analysis described above.

Misconceptions about phylogenetic comparative analyses

Several misconceptions have arisen about independent comparisons ana-
lyses in recent years. We take this opportunity to address them.

IC discards character variation that is ‘due to phylogeny’ (e.g. Lord,
Westoby and Leishman, 1995). Some comparative methods (e.g. Stearns,
1983; Cheverud, Dow and Leutenegger, 1985; Gittleman and Kot, 1990)
discard variation in this way. They split interspecific variation among
species into two components, one representing phylogenetic differences
among higher taxa and the other representing adaptive differences among
close relatives. Only the latter is used in the test. IC does not discard
variation like this.

Use of within-genus means instead of species values removes the problem of
non-independence. Averaging species within genera will reduce the level of
pseudoreplication, but closely related genera may still be unusually similar
(Harvey and Pagel, 1991). To return to the data set of Dixson and Purvis
(in press), the association between relative baculum length and mating
sytem is highly significant (p = 0.015), even when species are averaged
within genera.

Grade shifts make IC analyses unsuitable (Martin, 1996). On the contrary,
grade shifts (when the slope of Y on X is the same in two major taxa but the
intercept differs) make non-phylogenetic analyses perform particularly
badly: if species of both grades are pooled, the slope estimate produced by
non-phylogenetic analysis is meaningless. When comparisons are based on
phylogeny, however, grade shifts are easy to test for and to pinpoint: a
hypothesis that a particular clade is grade-shifted predicts that the com-
parison between that clade and its sister group will be an outlier (i.e. will
have an unusually large standardised residual). Similarly, outlying con-
trasts can indicate the possible existence of previously unsuspected grades.
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Phylogenetic analyses are necessary only when the p-value of a non-
phylogenetic analysis is marginal. The baculum analysis is enough to dem-
onstrate that this view is ill-founded; many simulations (e.g. Grafen, 1989;
Purvis, Gittleman and Luh, 1994) make the same point.

Phylogenetic analyses are less powerful than non-phylogenetic analyses.
Simulations (e.g. Grafen, 1989; Purvis et al., 1994) show that the reverse is
probably true when the elevated Type I error rates of non-phylogenetic
analyses are taken into account.

Phylogeny need not be considered if stabilising selection is the reason why
related species are similar. This view is understandable but incorrect:
phylogeny must be considered no matter why close relatives are similar
(Burt, 1989; Grafen, 1989; Harvey and Pagel, 1991). That is because the
values of Y may depend not only on the X-variable(s) being considered, but
also on any number of other factors that themselves reflect phylogeny (i.e.
close relatives have similar values). Only comparisons based on phylogeny
will be able to control for the effects of such unmeasured confounding
variables.

Phylogenetic analyses are unnecessary when studying ecological, rather
than evolutionary, questions. This is correct only if close relatives are not
unusually similar in the traits being considered. Otherwise, phylogeny is
important even if the traits change over ecological time (Harvey, 1996). For
example, geographic range size (Letcher and Harvey, 1994) and extinction
risk (Bennett and Owens, 1997) both show phylogenetic pattern, presum-
ably because at least some factors shaping them take similar values in close
relatives.

IC analyses must be horribly invalid because characters do not evolve by
Brownian motion (Wenzel and Carpenter, 1994). However, the model is
testable and, if it is violated significantly, remedial action can often be
taken or a BRUNCH-style analysis performed. Recent simulations (Diaz-
Uriarte and Garland, 1996) asked how badly IC is misled when data
evolved under other models are analysed under Brownian motion. The
results are encouraging: when the recommended assumption-testing was
done and necessary steps taken, the Type I error rates never exceeded twice
the nominal p-value at o = 0.05, for any of the 14 models considered.
Although validity is compromised slightly, IC remains much more valid
than non-phylogenetic analyses.

Outstanding problems

Although IC has proved to be extremely useful, not all problems presented
by comparative data have been solved. We would like to draw attention to
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one remaining issue in particular, that of data error. IC basically assumes
that species values are known parametrically but, in reality, they are
estimates and so subject to random error. This section illustrates some of
the consequences of this mismatch between the model and reality. The
conclusion will be that IC analyses, especially parametric tests like Felsen-
stein’s (1985) original proposal, make greater demands of their data than
do non-phylogenetic tests. This, of course, is an argument for obtaining
better data, not for using worse tests.

We have used data sets differing in quality to ‘test’ some null hypotheses
widely accepted to be false. Five estimates of each of five life history
variables (adult body mass, gestation length, interbirth interval, neonatal
mass, and age at sexual maturity) were compiled for up to 21 primate
species. Most data came from Hayssen, van Tienhoven and van Tienhoven
(1993). In sexually dimorphic species, female values of life history traits
were used. Where ranges were given, the midpoint was used. All values
were log-transformed. From this compilation, five data sets were then
generated. To make them differ in quality, the sample size on which they
were based was varied. The best data set contains the averages of all five
values available: we call this the n = 5 data set. The other data sets, which
wecalln =4,n=3,n=2and n = 1, contain averages of four, three, two
or one randomly selected values, respectively. As n decreases, so the sam-
pling error associated with each species value will tend to increase. Note
that the number of species does not change with n (although it does vary
among life history variables).

Gestation length, interbirth interval, neonatal mass and age at sexual
maturity are known from comparative studies of much larger data sets to
correlate positively with body mass (Harvey, Read and Promislow, 1989;
Purvis and Harvey, 1995). The five data sets were analysed both non-
phylogenetically and using CRUNCH with Purvis’s (1995a) phylogeny. In
non-phylogenetic tests, all associations were significant at the p < 0.001
level, with the fit of the points improving slightly as n increased (Table 3.2a,
upper part).

With IC, data quality had a much more marked effect (Table 3.2, lower
part). Figures 3.6a to 3.6e show how the significance of the association
between gestation length and adult mass depends on sample size. The trend
is the same for all four Y-variables: the n = 1 data set produces the weakest
correlation, and the strength of the association tends to increase as n rises.

Why is IC so sensitive to measurement and sampling error? IC assumes
that differences among taxa have arisen through evolution, rather than
through sampling error. When distant relatives are being compared, the
error matters little because it is small relative to the evolved difference (Fig.
3.7a). But when close relatives are compared, the sampling error can easily
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Fig. 3.6 Five plots of independent contrasts in gestation length and adult body
weight, from the five data sets n = 1 (3.6a) to n = 5 (3.6¢e). Note how later figures
have steeper slopes and fewer points below the X axis. Point A is a comparison
between two very closely related Macaca species; B is a comparison between two
galagids. See text for explanation. See also Table 3.2.




62

A. Purvis & A. J. Webster

Gestation length comparisons

0.06
0.05
0.04
0.03
0.02
0.01

-0.01
-0.02
-0.03
-0.04

e

¢ B
¢ A

Body mass comparisons

Gestation length comparisons

Body mass comparisons

Fig 3.6 (continued)




Phylogenetically independent comparisons 63

0.06 T &

005 + ¢
» *
c
& o004 T
&
g 003 t - ¢
g . *

0.02 + *
=
5 i ¢
& 001 T
S 0 - : ; B
3]
% o 0% %o 0.4 0.6 08 1 12
S *A

-0.02 +

Body mass comparisons

(e)

overwhelm small evolved differences between species (Fig. 3.7b). Because of
the hierarchical nature of phylogenies, it is likely that more comparisons
will be between close relatives than between distant ones. To make matters
worse, the differences are all converted into rates of change (by dividing by
branch length) in an attempt to give them a common variance as required
by parametric statistics. Differences between very close relatives, which
may largely have arisen through error rather than through evolution, may
be hugely exaggerated when converted into rates, as they have apparently
evolved over a very short time. This problem can be seen in the outliers in
Figs. 3.6a—e, which include comparisons between the gorilla and the chimp,
two closely related macaque species (labelled ‘A’ on Figs. 3.6a—¢), and
within the genus Saguinus.

The implications are clear. When closely related taxa are being com-
pared, data quality is crucial if IC tests are to be powerful. Rounding or the
use of modes in place of means — both common in comparative data sets
(Gittleman, 1989) — is particularly likely to produce very influential com-
parisons. Comparative biologists should be wary of uncritically accepting
values published in secondary and perhaps even primary sources. They
should also inspect contrasts plots to see if comparisons among close
relatives tend to have high leverage: if they do, a branch length transfor-
mation may be in order. Even quite large data sets may not permit
powerful IC analyses unless the data are good; users must bear in mind that
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Fig. 3.7 Anillustration of why data error matters most for comparisons among
close relatives. The axes represent two variables under study, and the circles
encompass the combinations of X and Y found in populations of each of two
species. In part (a), the species being compared are phenotypically quite different.
Although Y and X are estimated with sampling error, there is no doubt that they
are positively correlated between species A and B. In (b), the species are more
closely related: now it is quite possible that estimates of ¥ and X based on small
samples will lead to the incorrect conclusion that they are negatively correlated
between species C and D.

failure to reject the null hypothesis does not mean that the null hypothesis
is correct.

Our analysis also highlights another need for caution in IC analyses. The
comparison between Galago senegalensis (the lesser bush baby) and
Otolemur crassicaudatus (the thick-tailed bush baby) was an extreme out-
lier in many of the contrasts analyses (it is the point labelled ‘B’ on Figs.
3.6a—e). We suspect that the most recent common ancestor of these two
species probably lived longer ago than the 1.8 Myr estimated by Purvis
(1995a). Errors in the branch lengths will lead to misestimation of rates of
change; again, we recommend inspection of the contrast plots and analyses
to see if any contrasts have unusually high leverage.

Error variance in X-variables is already known to flatten estimates of
least-squares regression slopes in non-phylogenetic and phylogenetic
analyses alike (Harvey and Pagel, 1991); in IC analyses, slope estimates
from contrasts at older nodes are commonly steeper than estimates from
more recent nodes (Purvis and Harvey, 1995; Taggart et al., 1998). Regres-
sion models other than least-squares are discussed by Harvey and Pagel
(1991) and Garland et al. (1992), but more work remains to be done in this
area.



Phylogenetically independent comparisons 65

Conclusion

Biologists have been urged to treat interspecies comparisons with the same
respect as would be given to experimental results (Maynard Smith and
Holliday, 1979). However, because ‘natural experiments’ are badly desig-
ned, only carefully designed comparisons deserve such respect. Compari-
sons must be based on a phylogeny to ensure independence and must be
based on explicit models of character change if parametric tests are to be
applied. Many reservations about phylogenetic comparative methods are
based on misconceptions. Although the methods are not perfect, the prob-
lems with contrasts cannot be used as justifications for ignoring phylogeny.
To use another quote, ‘phylogenies are fundamental to comparative biol-
ogy. There is no doing it without taking them into account’ (Felsenstein,
1985). We urge users of phylogenetic comparative methods not to view
them as ‘black boxes” an understanding of the methods permits informed
choices of which is most suitable for the available data, and an assessment
of whether the data and phylogenetic estimates are indeed adequate for
good tests of hypotheses.
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Appendix 3.1

The relationships among extant primates
according to the re-analysis described in
this chapter

((((((Microcebus murinus,Microcebus rufus),Mirza coquereli),(Cheirogaleus
major,Cheirogaleus medius)),(Allocebus trichotis,Phaner furcifer)),((((Lemur
catta,Varecia variegata),((Petterus coronatus,Petterus rubriventer),(Petterus
mongoz,(Petterus fulvus,Petterus macaco)))),(Hapalemur aureus,(Hapalemur
griseus,Hapalemur simus))),((((Propithecus diadema,Propithecus
tattersalli,(Propithecus verreauxi,Indri indri)),Avahi laniger),Daubentonia
madagascariensis),Lepilemur mustelinus))),(((Nycticebus coucang,Nycticebus
pygmaeus),(Loris tardigradus,Arctocebus calabarensis)), Perodicticus
potto),(Galago granti,(Galago alleni,(Galagoides zanzibaricus,Galagoides
demidoff)),(Galago senegalensis,Galago moholi),(Otolemur
crassicaudatus,Otolemur garnettii),(Euoticus elegantulus,Euoticus
inustus)))),((Tarsius bancanus,Tarsius syrichta),(Tarsius pumilus, Tarsius
spectrum)),(((((((((Callithrix argentata,Callithrix humeralifer),Callithrix
jacchus),Cebuella pygmaea),(Leontopithecus chrysomelas,(Leontopithecus
chrysopygus,Leontopithecus rosalia))),((((Saguinus fuscicollis,Saguinus
tripartitus),Saguinus nigricollis),Saguinus inustus),(((Saguinus bicolor,Saguinus
midas),(Saguinus oedipus,Saguinus leucopus)),((Saguinus mystax,Saguinus
labiatus),Saguinus imperator)))),Callimico goeldii),((Saimiri oerstedii,Saimiri
boliviensis,Saimiri sciureus,Saimiri ustus,Saimiri vanzolinii),(((Cebus
capucinus,Cebus albifrons),Cebus olivaceus),Cebus apella))),(Aotus azarae,Aotus
trivirgatus)),(((Pithecia aequatorialis,Pithecia irrorata,Pithecia monachus,Pithecia
pithecia,Pithecia albicans),((Cacajao calvus,Cacajao rubicundus),Cacajao
melanocephalus,Chiropotes albinasus,Chiropotes satanas)),(((Lagothrix
lagothricha,Lagothrix flavicauda,(((Ateles geoffroyi,Ateles fusciceps),Ateles
belzebuth),Ateles paniscus)),Brachyteles arachnoides),(Alouatta villosa,Alouatta
seniculus,Alouatta palliata,Alouatta fusca,Alouatta caraya,Alouatta
belzebul)))),(((Callicebus olallae,Callicebus donacophilus),Callicebus
oenanthe),(((((Callicebus moloch,Callicebus cinerascens),Callicebus
personatus),Callicebus hoffmannsi),Callicebus brunneus),(Callicebus
dubius,Callicebus calligatus,Callicebus cupreus)),Callicebus torquatus,Callicebus
modestus)),((((Macaca maurus,Macaca tonkeana),(Macaca ochreata,Macaca
nigra)),((Macaca mulatta,Macaca fuscata,Macaca cyclopis),Macaca
fascicularis)),((Macaca sinica,Macaca radiata),Macaca arctoides,(Macaca
assamensis,Macaca thibetana)),Macaca nemestrina,Macaca silenus),Macaca
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sylvanus),((Theropithecus gelada,(Papio hamadryas,(Papio ursinus,Papio
cynocephalus,(Papio papio,Papio anubis)))),((Cercocebus aterrimus,Cercocebus
albigena),((Cercocebus torquatus,Cercocebus galeritus),(Mandrillus
sphinx,Mandrillus leucophaeus))))),((((Cercopithecus cephus,Cercopithecus
ascanius,Cercopithecus erythrotis),(Cercopithecus erythrogaster,Cercopithecus
petaurista)),(Cercopithecus nictitans,Cercopithecus mitis)),((((Cercopithecus
mona,Cercopithecus campbelli),((Cercopithecus wolfi,Cercopithecus
denti),Cercopithecus pogonias)),Cercopithecus neglectus),Cercopithecus
hamlyni)),((Cercopithecus salongo,Cercopithecus dryas),Cercopithecus
diana)),(Erythrocebus patas,(Cercopithecus aethiops,(Cercopithecus
solatus,(Cercopithecus lhoesti,Cercopithecus preussi)))),Miopithecus
talapoin),Allenopithecus nigroviridis)),(((((Presbytis comata,Presbytis
melalophos,Presbytis rubicunda, Presbytis frontata), Presbytis cristata,Presbytis
geei,(Presbytis vetulus,Presbytis johnii), Presbytis obscura,Presbytis
phayrei,Presbytis pileata,Presbytis potenziani,Presbytis francoisi,Presbytis
aurata),Presbytis entellus),(Nasalis larvatus,Simias concolor)),(((Pygathrix
roxellana,Pygathrix brelichi),Pygathrix avunculus),Pygathrix
nemaeus)),((((Colobus guereza,Colobus polykomos),Colobus angolensis),Colobus
satanas),(Procolobus verus,(Colobus kirkii,Colobus badius))))),(((Hylobates
lar,Hylobates agilis),Hylobates muelleri),Hylobates moloch),Hylobates
pileatus),Hylobates klossii),Hylobates hoolock),Hylobates concolor,Hylobates
syndactylus),(Pongo pygmaeus,(Gorilla gorilla,((Pan troglodytes,Pan
paniscus),Homo sapiens))))))));



Part 2
Comparative life history and biology

Editor’s introduction

In 1959, Le Gros Clark characterised the Order Primates by their general-
ised limb structure, the retention of give digits, and a number of derived
morphological and physiological traits. In particular, these traits were the
elaboration of the visual system and reduction of olfaction, the expansion
of the brain, especially the cerebral cortex, invasive placentation, reduced
litter size and the prolongation of postnatal life. Whereas a number of these
traits is also shared with other living non-primate taxa, the suite of traits
associated with reproductive rates and cognitive capacities among pri-
mates continues to intrigue.

Possibly the greatest expansion in research interest over the 20 years
since Clutton-Brock and Harvey attempted their comparative study of
primate socioecology in 1977 has been in the areas of life histories and
reproduction. This section presents some recent work. But, there is a more
fundamental question of interest: do these specialisations in brains, life
histories and reproductive biology arise from ecological adaptations? Do
they enable ecological adaptations? And do they constrain primate social
systems? By exploring such questions, life history studies can provide a
background to the comparative socioecological work that follows in Part
3. Thus, in order to understand the function of social systems and their
evolutionary patterns, we also need a perspective on the conditions
(physiological and morphological) and constraints on the organisms.

As Blurton Jones et al. (Chapter 6) note, primate life histories were first
compared by Adolph Schultz in 1934. Even with the scant data then
available on gestation length, duration of lactation, age at first reproduc-
tion and life span, his proposed pattern illustrated the primate
phenomenon of a ‘time strategy’ rather than an ‘energy strategy’. These
observations have been replicated now for 60 years, controlling for body
size evolution, for phylogeny and ecology, but interest in causality and
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consequence in life history evolution remains a major focus of research.

What are we missing in order to understand primate life histories?
Probably the most significant gap is in understanding mortality patterns. If
mortality determines the pace of a life history, then research should focus
on when and why primates die. But we are continually faced with the
problem that most of such rates are population specific, and our method-
ologies for comparative population analysis within species are, as yet,
problematic (but see Mace and Holden, Chapter 15, for humans).

In this part’s chapters, patterns of primate reproduction and growth and
their relations to ecology and energetics are explored. Primate brain evol-
ution is placed into its socioecological context, and the distinctive human
life history is reviewed. While by no means a complete portrait of current
life history research, background life history adaptations are introduced.
Two chapters on sex in primates — one relating evolved characteristics of
reproductive physiology to social systems (Chapter 8) and another on
intrasexual competition and its consequences (Chapter 9) — follow. Re-
search on a variety of birds and mammals suggests that ecology can
structure reproductive opportunities, either through proximate constraints
on female energetics or through facultative variation in the extent and
nature of intrasexual association, and hence competition and investment.
Because sexual reproduction requires the (temporary) co-operation of at
least two individuals, sex, mating systems and sociality are theoretically
linked. Thus, ecological influences on reproductive biology and behaviour
are of considerable theoretical importance.

But, it should be noted at the outset, that mating systems are not, at least
for primates, robust descriptions of social systems. Rather, the mating
system appears to operate within the constraints of sociality, and in par-
ticular can be more influenced by interactions with non-social group
members than by within-group dynamics (van Schaik et al., Chapter 8). If
any conclusion can be reached here, it is that sex does not structure
societies; societies structure associations, which in turn have consequences
for competition, patterns of investment in mates and offspring,and for
reproductive physiology. The complexity of the ‘primate pattern’ of sex and
sociality becomes increasingly apparent, and explanations of causality are
generally lacking. These are questions that need to be tackled in the future.



4  Socioecology and the evolution of
primate reproductive rates

CAROLINE ROSS AND KATE E. JONES

Introduction

A thought experiment: take two animals, one male and one female. Provide
their offspring with unlimited food and allow them to breed. If animals die
only of old age, how many animals will you have after 2 years, 5 years, 10
years, 20 years or 50 years? Figure 4.1 shows the results of this experiment
using the intrinsic rate of population increase (r,,, see Table 4.1, p. 80, for a
definition) for six primate species. It is clear from this that some animals
can increase their population size more rapidly than others. The bushbaby
(Galago moholi) population contains over 2000 females after only 12 years
and 3600 million (3.6 x 10'%)individuals after 50 years, whereas the gorilla
population contains only 29 females after 50 years.

The intrinsic rate of population increase depends on three variables: age
at first reproduction (4R), birth rate (b) and age at last reproduction (L).
Birth rate has an important influence on the rate of population increase,
which is illustrated by the examples given of Macaca silenus and Macaca
sylvanus the females of which start breeding at about five years of age.
However, in Macaca sylvanus, birth rate is higher, leading to a higher
intrinsic rate of population increase. Animals that start breeding at an early
age also show a higher intrinsic rate of population increase than do those
that start breeding later. This has a knock-on effect over the generations, as
a female that breeds early produces female infants that also breed early,
thus increasing the total number of females that are producing infants. For
example, both Macaca sylvanus and Erythrocebus patas breed annually,
but E. patas reaches maturity nearly two years before M. sylvanus. Over
time, this difference in AR has a large effect on the population size, with the
E. patas population taking 33 years to grow to 2000 females and the M.
sylvanus population taking 41 years (Fig. 4.1). In contrast, variation in the
age at last reproduction makes little difference to the intrinsic rate of
population increase. Titus (Callicebus moloch) and patas monkeys (E.
patas) both start breeding at three years of age and produce an infant
annually, but the patas monkeys live far longer than the titis (21 as
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Fig. 4.1 Population growth for six primate species, assuming the population is
started with a single adult female and the sex ratio is 1: 1. The rate of population
growth is calculated by assuming that there is no mortality until the age at last
reproduction is reached. Curves were calculated using the following life history
variables: Callicebus moloch (o = 3.0 years, b = 1.0 offspring/year, L = 12.0 years
r, = 0.27), Erythrocebus patas (3.0, 1.0, 21.6, 0.26), Galago moholi (1.0, 3.2, 16.5,
0.96), Gorilla gorilla (10.0, 0.26, 50.0, 0.07), Macaca silenus (4.9, 0.72, 38.0, 0.17),
Macaca sylvanus (4.8, 1.0, 22.0, 0.21).

compared to 12 years maximum recorded longevity). Despite this, Figure
4.1 shows that the population growth of the patas is only slightly more
rapid than that of the titis, with the latter taking only two years more to
reach a female population of 2000 (35 years compared to 33 years).

Life history theory seeks to explain this variation, asking not only, ‘Why
do gorillas breed slowly and bushbabies breed rapidly?” but also, “‘Why do
the reproductive rates of primates differ from those of other animals?’. This
chapter examines these questions, both by reviewing previous studies and
by presenting the results of some new analyses. It starts with a brief
overview of life history theory and then explores the primate data in the
light of these ideas.

Reproductive rates and life history theory
Design constraints, body size and phylogeny

Variation in reproductive rates is correlated with body size. Generally
speaking, large animals take longer to reach maturity and breed more
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slowly than do small animals. There are usually allometric relationships
between life history variables and body weight (e.g. Peters, 1983; Calder,
1984), many of which have been described in primates (e.g. Kirkwood,
1985; Harvey, Martin and Clutton-Brock, 1987; Ross, 1988; Lee, Majluf
and Gordon, 1991). For many parameters, the association between body
weight and a life history parameter may be very strong; e.g. body weight
variation in primates explains about 80% of the variation in female age at
first reproduction. Explanations for these high correlations between life
history parameters and body size fall into two categories: those that link
body size with life history parameters because of reasons of ‘design con-
straint’, and those that suggest an ‘adaptive link’.

The ‘design constraint’ model suggests that body size acts as a constraint
on life history evolution, so that selection for body size ‘carries along’ life
history characters with it. Life-history parameters are therefore con-
strained within certain limits by the size of the organism (e.g. Western,
1979; Western and Ssemakula, 1982). Although design constraints will be
imposed by an animal’s size, other aspects of its physiology and anatomy
will also constrain the evolution of reproductive rates within certain limits.
For example, eutherian mammalian reproduction does not allow the evol-
ution of egg laying and birds are unlikely to evolve asexual reproduction.
Constraints such as these are likely to be shared by closely related organ-
isms that have a similar anatomy and physiology and these related species
are therefore likely to have similar life histories.

Alternatively, the correlation between body size and life history par-
ameters may be adaptive as the body size of an organism may influence the
way in which it experiences its environment (Pianka, 1970). For example, a
large-bodied animal will not be as threatened by environmental fluctu-
ations as will a smaller animal, all other things being equal. In this way,
body size itself can influence life history characters.

Despite the strong correlations between body size and reproductive
rates, neither the design constraint model nor an adaptive link between
body size and reproductive rates can fully explain life history variation. As
noted by Pagel and Harvey (1993), this is for two basic reasons. Firstly, it
does not explain why body size should vary: if being big must lead to slow
reproduction, why should animals waste time and resources growing large?
Secondly, it does not explain the variation in life histories that is not
correlated with body weight. This second point is important as several
studies have shown that life history traits co-vary predictably, so that
animals fall along a continuum from those with high mortality, short
lifespans, high birth rates and fast development to those with low mor-
tality, long lifespans, low birth rates and slow development, even if the
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influence of body size is removed (e.g. Stearns, 1983; Promislow and
Harvey, 1990). Numerous models have been proposed that try to explain
these observations. These models assume that natural selection will act to
optimise life histories, so as to maximise the lifetime reproductive success of
individuals (i.e. they assume that life histories are not only varying due to
‘design constraints’) and are similar in that they recognise the importance
of trade-offs in life history evolution.

Trade-offs and primate reproduction

If breeding had no costs to the animal, it would be selected to breed as early
as possible, as rapidly as possible and for as long as possible so as to
maximise its contribution to future generations. Both common sense and a
large body of evidence (Boyce, 1988; Stearns, 1992) tell us that producing
offspring is not free of cost, and resources devoted to an infant are resources
that cannot be used elsewhere. Selection for large infant size will result in
fewer infants; the limited resources animals have for reproduction means
that they must trade numbers of infants against infant size. Similarly,
trade-offs may be made between allocating resources to the production of
young or into parental survival. If investing less than the maximum pos-
sible in one reproductive attempt increases the survival of the parent, a
lowering of reproductive effort per reproductive attempt may result in
greater numbers of offspring being produced in an individual’s lifetime.

As primates produce only one or two young per litter, there is little scope
for trading infant numbers against infant quality. The evolutionary ‘deci-
sion’ to trade the disadvantages of producing few young against the advan-
tages of producing large, ‘high-quality’ young was probably made early in
the line of primate ancestry. Primates do, however, produce twins, some
species typically do so and even those that typically produce singletons
may produce twins occasionally. Within species, there is a considerable
amount of evidence to suggest that an increase in litter size results in
smaller young being produced (e.g. humans: Wilson, 1979). There is also
evidence of trade-offs when the comparative evidence is considered, with a
multiple regression showing that both body weight (W) and litter size
contribute to the variation in primate neonatal weight (N) (n = 82 species,
80 contrasts, r*> = 0.58; W: coefficient = 0.613, p < 0.0001; N: coef-
ficient = — 0.266, p = 0.0005, see below for methods).

Several intraspecific studies of primates have tried to find evidence for
trade-offs between other reproductive parameters, particularly maternal
survival versus fecundity and early reproduction versus fecundity. The
results of these studies are variable, with only limited evidence that such
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trade-offs do occur. Some evidence that fecundity may trade-off against
maternal survival comes from Altmann, Hausfater and Altmann’s (1988)
study of savannah baboons (Papio cynocephalus) in which females caring
for infants have higher mortality rates than those without infants. A cost of
early reproduction was shown in rhesus macaques (Macaca mulatta) on
Cayo Santiago, where young primaparous females ( < 4 years) suffer
greater mortality of their infants than older primaparous females ( > 4
years) (Sade, 1990). Younger females do tend to have a longer interbirth
interval to their second infant than do older females, suggesting that there
is a trade-off between early reproduction and fecundity (although the result
is not statistically significant). However, Sade (1990) found no difference in
maternal survival between young and old primaparous rhesus macaques.

One reason for the differences found between studies is that simple
trade-offs between two variables are often likely to be complicated by
variation in a third variable (e.g. animals’ rank or age), so that trade-offs
may not always be observed easily. Despite this, the available evidence
does seem to show that primates have the flexibility to trade-off reproduc-
tive variables against one another. This is important as it indicates that
intraspecific variation in life histories is likely when individuals of a species
are experiencing different environments that select for different balances of
possible trade-offs. What then, are the selective pressures whose variation
brings about diversity in life history strategies?

r and K selection theory and age-specific mortality

The theory of r and K selection was originally proposed by MacArthur and
Wilson (1967) to explain the processes of island colonisation and was
extended to include other situations in which mortality is primarily density
independent (Pianka, 1970). Where a population is expanding into unoc-
cupied habitats, or into an empty niche caused by a ‘population crash’, an
individual with a high intrinsic rate of population increase will rapidly fill
the ‘space’ with its descendants, faster than slower breeding survivors can.
Hence, such conditions will select for a high intrinsic rate of population
increase and ‘r selection’ occurs. Alternatively, when a population is at the
carrying capacity (K) of its habitat, MacArthur and Wilson reasoned that
there would be a high incidence of density dependent mortality, i.e. mor-
tality due to competition for limiting resources rather than stochastic
events. Hence, selection would favour individuals that use the available
resources most efficiently, thus maximising the carrying capacity. A K-
selected population will be expected to have a higher competitive ability
and, thus, a lower reproductive effort than will an r-selected species.
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K-selected populations will also be expected to produce a smaller number
of young per litter so that their parental investment per offspring can be
maximised, conferring increased competitive ability on the offspring. A
K-selected species will therefore be characterised by having a later age at
first reproduction, longer development time, lower birth rate and fewer,
larger young than a more r-selected species.

r and K selection theory was widely used in early studies of life history
variation to explain the observed fast—slow continuum, with slow-growing,
slow-reproducing and long-lived animals being assumed to be K selected
and fast-growing, fast-reproducing and short-lived animals r selected.
However, the theory has now been largely replaced by more recent models
that place emphasis on the effects that mortality has on individuals of
different ages, rather than on the causes of mortality (i.e. density dependent
or density independent). This change has mainly arisen because a large
number of studies has shown that the /K model does not explain the
pattern of life histories seen in many taxa and that artificial selection
experiments do not produce the results predicted by /K theory (Stearns,
1977, 1992). This lack of correspondence between prediction and obser-
vation suggest that there are deficiencies in the r/K model.

Another major problem is that the terms ‘density-dependent’ and ‘den-
sity-independent’ mortality try to describe the reasons why mortality oc-
curs but they do not describe who mortality affects or when it acts. In many
natural populations, mortality is not evenly distributed amongst animals
of all ages. In mammals, the usual pattern is that the very young and very
old are more likely to die than are adults in their prime. Models that
include information on the way in which mortality patterns are distributed
have been shown to explain life history variation far more comprehensively
than has the r/K model. Despite the replacement of /K theory by other
models, there is still general recognition that selection may be expected to
act differently when mortality (particularly juvenile mortality) is primarily
density dependent rather than density independent (Boyce, 1988; Stearns,
1992). In particular, the prediction that density-dependent selection is
likely to lead to a decreased reproductive effort and an increased need for
competitive infants may still be incorporated into other models (Purvis and
Harvey, 1995). One model that does not incorporate density-independent
mortality has, nevertheless, received some support from empirical com-
parative evidence.



The evolution of primate reproductive rates 79

Charnov’s model

Charnov (1993) presents a model of mammalian life history evolution. The
model explains life history allometry by assuming that the age at maturity
is determined by adult mortality rates, which are in turn determined by the
environment. When mortality rates are high, animals are expected to
mature rapidly, so as to minimise their chances of dying, and thus maxi-
mise their lifetime reproductive success. Charnov assumes that growth
continues up to the age of maturity and then stops, with resources then
being diverted to reproduction. Thus, the model predicts that animals that
mature late will have a larger body size than those that mature early, and
that this will influence fecundity. In a stable population, fecundity is
balanced by mortality and hence fecundity will be expected to be positively
correlated with juvenile mortality rates.

Charnov’s model makes several predictions about the type of relation-
ships one would expect to find between body weight, mortality rates and
reproductive rates. In some cases, studies of mammals appear to support
this model (Charnov, 1993; Purvis and Harvey, 1995), although Kozlowski
and Weiner (1997) suggest that the model may only be appropriate in
certain limited situations. One problem with Charnov’s model is that it
predicts that relative size at independence (the ratio of weaning weight to
adult weight, J) is a constant, something that is not always supported by
the data (Purvis and Harvey, 1995). However, Charnov’s predicted value of
0 = 0.33 is found for primates (Lee et al., 1991; Charnov, 1993) and his
model may therefore be appropriate for use in this group.

Charnov and Berrigan (1993) and Charnov (1993) pointed out that
primates are unusual amongst mammals in having an allometric exponent
for o (o might be female juvenile period length or age at first reproduction
in Charnov (1993); it is unclear which is used in the analysis) against body
weight that is greater than 0.25 (calculated from species values). Charnov
(1993) has linked this difference in the scaling of « to primates having an
unusual form of the basic growth function that relates body weight (W) to
growth rate (DW/dT): DW/AT = AW 73, The value of the constant A4 is
approximately 1 for most mammals, but for primates Charnov calculates
the value as 0.42. This suggests that primates differ from other mammals in
having very low production rates, so that they take longer to grow both
themselves and their infants than do other mammals, something that may
also account for both the late maturation and the slow breeding rates of
primates. Some of Charnov’s predictions are tested below for a larger
primate data set than originally used, and some possible causes and
consequences of the low growth rate of primates are discussed.
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Table 4.1. Description of variables used in analyses

Parameter

Symbol

Definition

Adult female body weight

Age at first reproduction

Juvenile period

Female birth rate

Interbirth interval
Maximum longevity

Intrinsic rate of natural
increase

Average instantaneous
adult mortality rate

Crude adult mortality rate

Pre-reproductive mortality
rate

Average infant mortality
rate

Survival to reproductive age
Young per litter

Brain weight

Percentage folivory

w

AR

IBI

m

M2

IM

S(AR)
Y

Brn

0/0 Fol

Mean adult female body weight (g). This is the
body weight of the population concerned when
the mortality data are being discussed (Table 4.3).
In other cases it is the species mean (Table 4.2).
Mean female age at first reproduction (years).
This is for the population concerned when the
mortality data are being discussed (Table 4.3). In
other cases it is the species mean (Table 4.2).
Mean female age at first reproduction (years)
minus weaning age (years). Charnov (1993) refers
to this variable as ‘age at maturity’ and may use
it interchangeably with AR when discussing
primate data. The value of « is for the population
concerned when the mortality data are being
discussed (Table 4.3). In other cases it is the
species mean (Table 4.2).
Mean female birth rate (offspring/year). It is
calculated assuming 0.5 primary sex ratio. This is
for the population concerned when the mortality
data are being discussed (Table 4.3). In other
cases it is the species mean (Table 4.2).
Mean time (years) between births when first
infant survives to weaning age.
Maximum recorded longevity (years) for the
species.
A species maximum rate of population growth
that is possible when resources are not limiting. It
is calculated by iteratively solving Coles (1954)
equation (where r:r,,):

e " be™™

1=—+ -
2 2 2

b rL+1D)

Mean mortality rate (per year) after age at first
reproduction, estimated from life tables following
methods of Purvis and Harvey (1995).

Crude mortality rate (per year) after age at first
reproduction,(number of adults alive at time

1 — number of adults alive at time 2)/time
interval.

Crude mortality rate (per year) from birth to age
at first reproduction (or as near to AR as
possible), estimated as M2.

Mean mortality rate (per year) from birth to end
of infancy (weaning age). Estimated as M2.
Proportion of live births surviving to AR.

Mean number of infants born per litter.

Mean adult brain weight (g).

Mean amount of leaves included in the diet of
wild animals (may include averages from more
than one study site).
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Primate reproductive rates and life history theory

The remainder of this chapter seeks to use primate life history data to
answer some questions raised by this very brief review of life history theory:

1. Do age at first reproduction and birth rate vary with mortality rates as
predicted?

2. Do environmental variables, which might be expected to correlate with
mortality patterns, predict reproductive rates?

3. Do life history variables vary with body size in the way predicted by
Charnov’s (1993) model?

4. Why has a late age at maturity evolved in primates?

5. How can primates use behavioural strategies to increase their reproduc-
tive rates?

Data used

The variables discussed in this chapter are listed in Table 4.1.

Reproductive rate data

Data on reproductive rates are summarised in Table 4.2. These data were
collected from a variety of literature sources and include data from both
wild and captive populations. Analyses were carried out using both the
complete data set and data from wild animals only. Because the results
from both sets of analyses were not substantially different, only those from
the complete data set are given here. More detailed discussion of these data
can be found in papers by Ross (1988, 1992a).

Mortality rate data

Table 4.3 summarises data on mortality rates of 32 wild primate popula-
tions, representing 25 species. Data are given for three parameters used in
many life history models: pre-reproductive mortality rates (Z), adult mor-
tality rates (M), and survival to reproductive age, S(AR). Data on infant
mortality rates (IM) have also been used as these are more widely available
than Z or M and might be expected to vary in a similar way to Z. These
data rarely meet the criteria necessary to test life history models (Caughley,
1977); many are not from stable populations, estimates are often made
from observations of a few individuals and are frequently subject to
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error (e.g. because immigration and emigration confuse the overall picture
or because ages of animals are not accurately known). For example,
lifetable data that could be used to calculate M were available for only six
species and none of these would have met the strict criteria suggested by
Caughley (1977) and in other species M2 was used in place of M.

Despite these problems, the available data have been used to investigate
the relationship between mortality patterns and life histories in primates
for two reasons. Firstly, biases in the data are unlikely to be systematic and
the errors that are present are more likely to obscure relationships than
they are to create false correlations. Secondly, restricting the sample to
those populations for which rigorous criteria can be met would be to leave
a sample that would be too small to carry out any analyses. Some data
presented in the table are excluded from further analyses, either because
they are from highly disturbed populations or because better data were
available for other populations of that species (Table 4.3).

Another potential problem in using these data is that they do not
distinguish between different causes of mortality. Several models of life
history evolution (e.g. Charnov, 1993) assume that all mortality is due to
extrinsic causes, something that is unlikely to be true in many cases.
Although this problem needs to be borne in mind when interpreting the
results, it is one that cannot be solved given the data available.

Table 4.3 also includes measures of female age at first reproduction,
weaning age and birth rate for the same populations as are used for the
analysis of the mortality data. Wherever possible, body weight data used
are from the same populations; where these were not available, body
weight data for a population that was as geographically close as possible,
and of the same subspecies, were preferred over the species average given in
Table 4.2.

Group size, diet and brain size

Data on group size and diet were taken from Smuts et al. (1987); brain size
data are from Harvey et al. (1987) and Barton (Chapter 7).

Methods

Analyses were carried out using least squares regression and multiple
regression. Least squares regression underestimates the value of the slope
of the best-fit line when there is error in the measurement of the X variable
(as there will be in this data set) but was preferred to major axis regression
as the results could be directly compared to other studies (i.e. Charnov,



The evolution of primate reproductive rates 91

1993; Purvis and Harvey, 1995). All data were log transformed before
analysis and comparative analyses were then carried out using two
methods.

1. Species data. All data were analysed using traditional allometric
methods to control for the confounding effects of body weight (Harvey
and Mace, 1982). Residual values of the variables under analysis have
been calculated using species values. Although there is now a great deal
of evidence to suggest that the use of species data points may lead to bias
in the results of comparative analyses (Harvey and Pagel, 1991) the
results of these analyses have been included in order to allow com-
parison with other studies that also use species data (e.g. Hennemann,
1983; Wootton, 1987; Charnov, 1993).

2. Comparative Analysis by Independent Contrasts (CAIC). This was
carried out to control for phylogenetic bias that results when species are
treated as independent data points (Harvey and Pagel, 1991). Analyses
used a comparative method based on Felsenstein’s (1985) method of
independent contrasts. This was carried out as detailed in Purvis and
Rambaut (1995; see Chapter 3 for further discussion). The composite
primate phylogeny, including branch lengths, produced by Purvis
(1995) was used for all these analyses.

Contrasts were analysed using least squares regression and multiple
regression through the origin. One potential problem in using this method
on reproductive rate data is that a large amount of variance occurs at
species level, at least some of which is due to random error. As there are
more contrasts at the ‘top levels’ of the phylogeny, these contrasts can have
undue influence on the results (Purvis and Harvey, 1995). Thus, all analyses
were repeated after splitting the contrasts in half and using only the older
contrasts (Purvis and Harvey, 1995). Because the data set varied from one
analysis to another, the ages of the excluded contrasts also varied. How-
ever, exclusion of 50% of the contrasts never removed contrasts older than
ten million years and always included all those younger than five million
years. In most cases, exclusion of the younger contrasts increased the
strength of the correlations found considerably and the results of these
analyses are reported. In a few cases, in which exclusion of the younger
contrasts did not increase correlations, the results from the whole data set
are given. There was no case in which exclusion of the younger contrasts
changed a significant correlation to one that was insignificant or where it
was significant but changed in sign.
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Results

Do age at first reproduction and birth rate vary with mortality
rates as predicted?

Table 4.4 shows the results of multiple regression analyses that regress log o
(length of the juvenile period) and log b (female birth rate) on log W plus
one of three measure of mortality. Significant results suggest that, when
body weight is controlled, there is a negative correlation between pre-
reproductive mortality and length of the juvenile period (found with CAIC
analyses only) and a positive correlation between adult mortality and birth
rate (found with CAIC analysis only) and pre-reproductive mortality and
birth rate (found with species data only), i.e. that primates with high rates of
mortality reproduce at an early age and have high birth rates. These results
agree with the predictions of Charnov (1993) and with a study using a
broad range of mammalian data (Promislow and Harvey, 1990).

Another of Charnov’s important predictions — that adult mortality rate
should be negatively correlated with length of the juvenile period — is not
supported. Although the exponents are negative, they do not even ap-
proach significance. One reason for the lack of support for relationships
involving adult mortality rate may be that the sample size for this variable
is very low, with only eleven species (ten contrasts) with both « and M, and
even lower sample sizes when the younger contrasts are excluded. We must
wait for more data on adult mortality rates to be collected to see if an
increase in sample size will lead to a different result.

Although a large sample of good-quality mortality data is not available,
there are data available on environmental variables and these might be
expected to correlate with mortality patterns. Thus, the finding of relation-
ships between reproductive rates and environmental variables may offer
support for the idea that mortality patterns are the primary determinants
of variation in reproductive rates.

Do environmental variables predict reproductive rates?

The comparative method has been widely used to investigate links between
reproductive rates and habitat type in primates and other mammals. Some
of these studies are summarised in Table 4.5. These studies vary in their
approach, from those that compare species within genera to those that
include a larger number of taxa, but all suggest that reproductive rates vary
with environment, with more variable environments usually being asso-
ciated with higher reproductive rates. However, at least some of the signifi-
cant results found in the larger comparative studies (Ross, 1988, 1992a)
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Table 4.5. Comparative studies that have found links between primate
reproductive rates and environment

Species included Finding Reference

Galago species Breeding rate increases with increasing Nash (1983)
variability in temperature. The
relationship with rainfall variability and
the probability of drought is less clear

Lemurs Lemurs from the moist dense tropical Rasmussen (1985)
forest have the highest mean litter sizes;
those from the drier deciduous woodlands
have the lowest mean litter sizes

All primates Species living in more open unforested Ross (1988, 1992a)
habitats have higher r_, relative to body
size, than those in forest habitats; climate
unpredictability may also be linked to a
highr,,

Macaques Forest macaques have longer interbirth Ross (1992b)
intervals, a later age at first reproduction,
and thus a lower r,, than do opportunistic
species living sympatrically

African monkeys ~ Open grassland species are faster Rowell & Richards
developing and faster breeding than forest ~ (1979); Chism et al.
species (1984); Cords & Rowell

(1987); Cords (1987)

may be related to relative reproductive rates being very similar in some
species-rich taxa (e.g. cercopithecines tend to have high reproductive rates
and the apes have low reproductive rates). Repeating the analyses using
mean subfamily values does remove a part of this problem and gives a
similar result (Ross, 1992a), but does not completely remove the problem of
taxonomic bias.

When these analyses were repeated using independent contrasts (CAIC),
no significant links were found between habitat type and three measures of
reproductive rate (AR, birth rate and r,). These results were insignificant
when using all contrasts and when using only older contrasts. CAIC
analyses also fail to show significant results when closely related taxa
(African monkeys, macaques, bushbabies and lemurs) are dealt with separ-
ately.

There are two possible explanations as to why CAIC analysis fails to
give the same results as analysis carried out using species or subfamily
means as independent points. (1) The links found between environment
and life history in the earlier studies may be due to taxonomic bias. (2)
Problems with the CAIC method are obscuring ‘real’ links and although
environment is linked to reproductive rate, the measures used in this study
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are too crude to be used as correlates of mortality patterns. One possible
reason why the latter be the case is that CAIC cannot be used to compare
categorical data when more than two categories exist (unless some linearity
can be assumed). In the analysis by Ross (1992a), habitat was divided into
five categories; these were collapsed down to two categories (forest versus
non-forest) in the CAIC analysis. Similarly, the analysis of the macaque
data carried out by Ross (1992b) only found differences between the
reproductive rates of ‘forest’ and ‘opportunistic’ macaque species when
sympatric pairs of macaques were compared; such an analysis could not be
repeated using CAIC. However, in Figure 4.1 the difference clearly shown
between the two macaque species illustrates the potential magnitude of this
effect.

Do life history variables vary with body size in the way predicted
by Charnov’s (1993 ) model?

As noted above, some of Charnov’s predictions relating mortality rates to
other life history variables are not supported by this data set. Table 4.6
shows the results of several bivariate analyses that test some other specific
predictions of Charnov’s model of mammalian life history evolution. These
analyses support Charnov’s (1993) finding that the allometric relationships
for primates are different from those found for other mammals, when
species data are used. The slope is steeper for both log b and log r,, with log
body weight although, as for other mammals, the slopes are both negative.
When contrast values are used, the slope values calculated for log b and log
r,, remain steeper than those predicted. However, contrary to Charnov’s
findings, log o does not appear to scale differently in primates than for
mammals generally, the contrast value for the slope for log « being iden-
tical to the slope that Purvis and Harvey (1995) found for mammals.

The larger data set used here supports Charnov’s contention that A4 (the
growth constant) is low for primates. A can be estimated from the regres-
sion equation of log o on log W, as the intercept = — log A. In the species
analysis found in this study (using units of kilograms and years), this
intercept = 0.331, so that 4 = 0.47 (i.e. very similar to that of 0.42 cal-
culated by Charnov using a slightly different and smaller sample). The low
value of the growth constant for primates is linked to the slow maturation
rates of the group, but it does not explain why a low growth rate might be
selected for (this is discussed below).

Charnov also uses the scaling relationships of  and b to predict the adult
mortality rate (M), so that for mammals: M = 0.754 W~ %23 (for primates,
Charnov suggests that the exponent may be — 0.33 as this reflects the
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higher exponent value he found for log o on log ). However, this predic-
tion is not supported here as the results of this study did not find a
significant relationship between M and W (possibly because of the poor
quality of the mortality data used).

Charnov also predicts that the pre-reproductive mortality rate (Z)
should scale predictably with body weight. The results of this study do not
give significant correlations between log Z on log W, although the relation-
ship between log IM and log W approaches significance (p = 0.06 for
species, 0.11 for contrasts). Despite the lack of significant correlations, it is
notable that the slope values for species values are close to the predicted
value, as is the slope value for contrast data for log IM on log W. Given the
variable quality of the data used here, this may indicate that a larger data
set of good-quality data would support Charnov’s predictions.

Why has a late age at maturity evolved in primates?

The rate of population increase in primates is low when compared to other
mammals of the same size (Ross, 1988; Charnov, 1993). Age at first rep-
roduction has more influence on the rate of population increase than does
birth rate or longevity and one of the most striking primate life history
characteristics is a relatively late maturation compared to most other
mammals. The evolution of late maturation has received a great deal of
attention in previous studies of primates, and numerous theories have been
put forward to explain it.

Pagel and Harvey (1993) suggest that selection acts primarily on body
size and that selection for large body size will automatically lead to later
maturity and reduced low adult mortality rates. Once such selection has
occurred, animals will have a long juvenile period during which they
cannot reproduce. This explains why primates tend to have late ages at
maturity relative to smaller mammals but does not explain why they
reproduce late compared to other mammals of a similar size. Pagel and
Harvey explain this by postulating that because selection for delayed
maturity produces time ‘in limbo’ (i.e. without reproduction), selection will
favour those who make best use of this time, e.g. by learning social skills
and gaining hunting expertise. If the evolution of ‘useful’ juvenile
behaviour results in decreased mortality rates (for both adults and juven-
iles) and increased fecundity, there may be additional selection to increase
the juvenile period yet further. Thus, a long juvenile period might evolve by
a kind of positive feedback whereby a long juvenile period selects for
characteristics that in turn lead to further selection for an even longer
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Table 4.7. Reproductive rate parameters versus body size and brain size

Parameter r P Multiple regression statistics
X p

o 0.770 < 0.0001 W 0.1853
Brn 0.0113

AR 0.826 < 0.0001 W 0.4191
Brn 0.0167

L 0.717 0.0005 w 0.7626
Brn 0.1308

b 0.687 0.00012 w 0.6175
Brn 0.5020

- 0.750 < 0.0001 W 0.9429
Brn 0.1535

Multiple regression through the origin carried out using CAIC data (n = 23 older contrast
values) of log (parameter) versus log W and log Brn.
For abbreviations, see Table 4.1.

juvenile period. The salient question is then: why is a juvenile period
particularly useful for primates?

Comparative analyses suggest that age at sexual maturity is more highly
correlated with brain size than it is with body size (Harvey et al., 1987;
Barton, Chapter 7). The data used in this study also show that brain size
and age at sexual maturity are closely linked (Table 4.7). This result
appears to be robust, being found both when using the largest possible data
set and also with smaller subsets of data. It has been suggested by
Economos (1980) that such links might be due to intraspecific variation in
body weight being greater than that of brain weight. If this is the case, brain
weight might be a more accurate measure of size than body weight, and this
could explain why it correlates more highly with life history variables such
as age at maturity and longevity. However, when body weight effects were
removed, correlations with brain weight were not found for some other
reproductive variables investigated (Table 4.7), as might be expected if
Economos’s theory was correct. This suggests that the link between brain
size and age at first reproduction may help to explain the evolution of late
maturity.

Why, then, should primates with relatively large brains also have a
relatively late age at first reproduction? There are three commonly quoted
theories that have tried to explain this link. These models suggest that there
are relationships between brain size, age at first reproduction, postnatal
growth rate, diet and mortality, but the links they postulate vary.
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a) Needing to learn

» large
brain size

complex
environment

' long juvenile ' late age
period

at maturity

b) Brain growth constraint

complex ' large ' late age
environment brain size at maturity

c) juvenile risk

» large
brain size

complex
environment
(diet)

decreased foraging

=) lowers juvenile =) late age

mortality at maturity

Fig. 42 Models linking female age at first reproduction to brain size and
environmental complexity. See text for details.
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1. Needing to learn. Animals with large brains are selected to have these
large brains because they need to learn (about a complex social and/or
physical environment). Thus, they delay maturity until they have learnt
enough to become behaviourally mature. This model predicts that
animals are selected both for large brains and for delayed reproduction,
in both cases because they need to be able to cope with complex social
or ecological problems before they can successfully breed. Delayed
reproduction will be produced by a slow postnatal growth rate, and the
majority of learning will take place during the extended infancy/juvenile
period (Fig. 4.2a). Environmental factors that might be expected to
select for learning ability include diet (some foods are more difficult to
obtain than others) and social complexity (animals in large groups need
to learn more than those in small groups).

Jofte (1997) shows that a prolonged juvenile period (relative to overall
lifespan) is correlated with a large non-visual neocortex (relative to
absolute brain size) in primates and that the absolute length of the
juvenile period is correlated with group size. These findings may sup-
port the idea that social complexity selects for large brain size but the
analyses do not control for the influence of body weight. As both
non-visual neocortex and the length of the juvenile period correlate with
body weight, the findings may simply reflect the fact that large animals
tend to live in larger groups than smaller ones. As body size in primates
is known to correlate with a number of ecological correlates, e.g. diet,
diurnality, arboreality (Clutton Brock and Harvey, 1977a, 1977b), the
link may not reflect a direct relationship between group size and juvenile
period.

2. Brain growth constraint. Animals with relatively large brains may be
unable to grow as fast as those with relatively small brains, as the high
energetic costs of having a large brain prevent high rates of production.
Thus, delayed reproduction in primates may not be directly adaptive
but may be due to selection for a large brain (Fig. 4.2b). However,
postnatal brain growth in non-human primates is mostly completed at
birth and does not continue after infancy. Thus, brain growth is unlikely
to explain a prolonged juvenile period, although maintenance of a
relatively large brain may involve a high-energy input and thus slow
postnatal growth during both the infant and juvenile periods.

Charnov and Berrigan (1993) noted that that some non-mammalian
taxa with low rates of offspring growth and late maturation do not have
large brains. This implies that even if large brain size explains the late
maturation in primates, it may not do so in all taxa.

3. Juvenile risk. Janson and van Schaik (1993) suggest that primates grow
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slowly in order to avoid the need to forage extensively to support a high
growth rate. By spending less time on foraging, they avoid high levels of
competition with conspecifics and can spend more energy avoiding
predators. Thus, the reproductive disadvantage incurred by slow post-
natal growth rates is outweighed by the advantage of lowered mortality
rates caused by a reduction of predation risk. This model differs from
the ‘brain growth constraint’ model as it assumes that slow growth rates
are adaptive and that the link between relative brain size and relative
age at first reproduction is caused by a third variable, diet, that influen-
ces both (Fig. 4.2¢c). A folivorous diet is suggested to select for both small
brains and a high postnatal growth rate (as leaves are easy to find,
increased foraging for them has a smaller influence on mortality risk
than does increased foraging for fruit). Janson and van Schaik’s model
would predict that group size would have an influence on postnatal
growth rates, insomuch as group size has an influence on juvenile
mortality risk. However, the relationship between group size and mor-
tality risk may vary from one situation to another: large groups may
offer protection from predators in some cases, but in others they may
lead to higher mortality risk due to increased competition levels.

Testing the models

The predictions of the three models are shown in Table 4.8. The ‘brain
growth constraint’ model differs from the others in that it predicts that
holding brain size constant will remove any relationship between environ-
mental variables and delayed reproduction. In contrast, both the ‘needing to
learn’ model and the ‘juvenile risk’ model predict that diet is a variable that
will be expected to be linked to both brain size and delayed reproduction,
and that holding diet constant will reduce any correlation between the two.
The ‘needing to learn’ model and the’ juvenile risk” model also make the
same prediction regarding the type of relationship between diet and brain
size. The ‘needing to learn’ model predicts that food that is difficult to obtain
will select for both a large brain size and an increased period of learning. In
primates, it is usually assumed that gathering leaves is an easier task than
gathering fruit — as the latter is more unpredictable in time and space. This
leads to the prediction that there will be a positive correlation between brain
size and the degree of folivory. The ‘juvenile risk’ model also predicts the
same patterns — in this case because folivores are expected to be subject to
less fluctuation in their food supply and thus to be have a less ‘risky’ juvenile
period. The ‘needing to learn’ model differs from the others in that it makes a
clear prediction that social complexity will correlate with brain size.
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To test these predictions, logged values of female body weight, brain size,
group size and the amount of leaves in the diet (percentage folivory) have
been used and regressed against the length of the juvenile period ().

The results (Table 4.8) show some support for the ‘brain growth
constraint’ model, with o showing a significant positive relationship with
brain size with both the species and older contrast values, indicating that the
evolution of late maturation is linked to the evolution of large brain size.
Folivory is only found to be negatively correlated with « when all contrast
values are included and, even then, the significance level is above 0.5. This
gives little support for the ‘needing to learn’ and ‘juvenile risk® models.
Group size does not correlate positively with o, with a negative relationship
being found with older contrast values (p = 0.02) species values (p = 0.08).
This indicates that for animals of a given body size, brain size and diet, those
that live in larger groups have faster rates of maturation than those living in
small groups, the opposite of the result predicted by the ‘needing to learn’
model. However, the negative relationship (p = 0.07) found between
folivory and length of the juvenile period may suggest that learning to forage
for some foods may need an extended juvenile period.

Thus, these results appear to offer some support for all of the three models,
with stronger support for the brain growth constraint model than for the
other two.

Strategies to increase reproductive rates

When compared with other mammals of the same size, primates appear to
be constrained, by low rates of production, to having slow rates of
maturation and low birth rates and thus low reproductive rates. Female
primates that are selected to increase their reproductive rates might do so
in two ways: by increasing their birth rate or by maturing (and maturing
their young) at an earlier age. If having relatively large brains constrains
primates to having a low juvenile growth rate, there is little that mothers
can do to increase the growth rate of their offspring during the juvenile
phase. However, they may be able to increase pre-weaning growth rates if
they can allocate large amounts of resources to their young during ges-
tation and/or lactation. Intraspecific evidence suggests that access to re-
sources does, indeed, affect the growth rates of infants (see Chapter 5).
Vervet monkeys that have limited access to resources are likely to delay
reproduction as compared to others that have access to more resources
(Cheney et al., 1988). Factors that relate to resource acquisition such as
high rank of the female, or her mother, have also been found to be linked to
early maturation in savannah baboons (Altmann et al., 1988) and Japanese
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macaques (Gouzoules, Gouzoules and Fedigan, 1982). Other studies have
shown that better fed animals (e.g. those that are provisioned artificially)
have higher birth rates and decreased ages at first reproduction as com-
pared with their non-provisioned conspecifics (Lee and Bowman, 1995).

If mothers cannot increase their reproductive rates by enhancing their
access to resources, they may divert resources away from other activities
and into growing their infants. If females can ‘persuade’ others to help them
with infant care, they may spend less on carrying and protecting their
infants and thus be able to allocate more into infant growth. Interspecific
studies do show that species that have high levels of help with infant care
are able to grow their young faster and thus increase their birth rate, in
comparison to species of the same size lacking such help (Ross and Mac-
Larnon, 1995, 1996; Mitani and Watts, 1997). Critically, female primates
may use a variety of social and behavioural strategies to overcome the
constraints of their physiology and increase their reproductive rate.

Conclusions

Primate reproductive rates are slow when compared to other mammals of
the same size. This is primarily due both to the low birth rates and the late
maturation of primate species. Several previous studies have suggested that
variation in reproductive rates within the primates can be explained by
ecology. However, the data presented here do not show strong support for
this view and indicate that at least some correlations between ecology and
reproductive rate may be artifacts found when species are erroneously
treated as independent data points. However, there are limitations im-
posed on analyses using independent contrasts that mean that a link
between ecology and reproductive rates cannot be ruled out entirely. There
is some evidence that suggests that, once body weight has been controlled,
primates with low rates of pre-reproductive mortality do have later matu-
ration and lower birth rates than do those with higher mortality rates.

Some predictions of Charnov’s life history model are supported by this
study, or at least not strongly refuted (i.e. when predicted equations are not
significant but do show the predicted trends). This suggests that primates
are indeed different from many other mammals in having low rates of
production, which is linked to their late age at maturity. One of the most
important variables that influences reproductive rate — age at first rep-
roduction — appears to be strongly linked to brain size: primates with large
brains have a late age at maturity. It is not clear from the analyses
presented here whether this is because the maintenance of large brains
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prevents rapid growth and delays maturity or whether there has been
positive selection for delayed maturity, although the former explanation
appears to be more strongly supported.

Although primates do appear to be a group that is constrained to have a
late maturation, there is evidence that they can use a variety of behavioural
and social strategies to increase their reproductive rates. Presence of non-
maternal care is linked to increasing growth rates and results in high birth
rates. Individuals may also increase their reproductive rates by gaining
high status or by using other social means to secure resources. Further
understanding of how such behaviour influences the life history of in-
dividuals and thus causes intraspecific variation may be an important key
to our further understanding of life history evolution.
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5  Comparative ecology of postnatal
growth and weaning among
haplorhine primates

PHYLLIS C. LEE

Introduction

Why are the problems of growth interesting? Somatic growth relates to
individual survival; growth failure or faltering is associated with an in-
creased likelihood of mortality (rhesus: Small and Smith, 1986; humans:
Skuse et al., 1995), and weight for age can be used as a proxy for morbidity
or mortality risks (humans: Tomkins, 1994). Maternal mass and body
composition can influence reproductive potential and efficiency in terms of
fetal growth and lactation capacity (Martin, 1984; Lee and Bowman, 1995).
Growth is also a variable with a time component and as such it links with a
suite of life history traits within a species, and has been used to describe
variation in the timing of events within a life history strategy (Harvey,
Clutton-Brock and Martin, 1987; Ross, 1988; Lee, 1996). Growth thus
raises two distinct questions in primate comparative biology. The first
concerns the underlying selected mechanisms for attaining metabolic and
reproductive efficiencies. The second concerns whether and how such
growth strategies are achieved at the population or individual level.

Growth can be partitioned into separate periods, each with possibly
independent rates and trajectories, as well as unique problems to be solved.
These distinct periods may have repercussions on subsequent growth
stages, as well as an influence on behaviour and reproductive ability
(Bercovitch, 1987; Altmann, 1991). The three major periods are fetal
growth, postnatal growth during the period of lactation, and finally growth
between weaning and the attainment of a terminal mass or stature, often
associated with the onset of reproduction among females (see Leigh, 1994a;
Leigh and Shea, 1996).

Most of the scant data we have on normal patterns of growth among the
non-human primates rely on small numbers of individuals from captive
populations, with only a few samples from free-ranging populations. Most
data are also restricted to mass growth rather than statural or skeletal
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growth, and little is known about the growth of internal organs other than
the brain. There are important exceptions, such as dental development
(Smith, 1992; Smith, Crummett and Brandt, 1994). While generally we can
but lament the inadequacies of the sample, there are sufficient data avail-
able to use for a comparative analysis that may at least point to future
issues for investigation.

An attempt is made in this chapter to describe patterns of mass growth,
specifically weight gain, and to make comparisons between haplorhine
primate species. The comparisons should highlight the extent of possible
variation in growth, and may illuminate the sources of that variation —
those behavioural and ecological factors that affect growth. Because pat-
terns of fetal growth are strongly influenced by maternal mass allometry
(Martin, 1996), this is initially examined. One problem specific to weaning
is presented: the need to attain a threshold weaning size (Lee, Majluf and
Gordon, 1991). The weaning weight hypothesis suggests that growth to
weaning is under a metabolic constraint rather than reflecting life history
variation in a temporal sequence of events. Lee et al. argued that a
weanling must attain approximately four times its neonate mass before it is
metabolically able to sustain itself through independent feeding, and that
this mass could be attained rapidly or slowly as a function of the maternal
ability to support tissue growth through lactation.

The chapter thus emphasises the difference between mass growth and the
time over which that growth occurs. It is suggested that primates in general
are trading-off a short-term reduction in energy costs against an increase in
time costs in relation to postnatal growth and weaning. Furthermore, this
primate growth strategy can either be a function of the energy available to
the mother to fuel growth through lactation or, alternatively, may be
necessitated by extrinsic uncertainty or risk in the environment, and these
issues are explored. Proximate mechanisms such as hormonal competence
and the role of growth factors will not be considered, although these
systems are thought to act as control mechanisms underlying patterns of
growth (see Tanner and Preece, 1989).

Methods

Data sources and their problems

There is a vast literature on body weights among adult primates, and the
selection of a species-typical mass is fraught with problems (see Smith and
Jungers, 1997). For a small sample such as that used here, variation of the
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order of a few hundred grams is probably relatively unimportant. The term
‘weight’ is used as synonymous with mass, because for terrestrial species
there is unlikely to be discordance between the measured weight and the
assumed mass. In the selection of the original data base (Lee et al., 1991),
priority was given to populations for which as much information as
possible was available. This will, indeed, result in some skew in the data, as
many growth data are derived from captive sources, which tend to be
heavier and develop more rapidly than wild populations (Leigh, 1994b).
Mass data are presented for adult females, neonates and weanlings. Wean-
ing weights were calculated from growth curves, and taken as the weight
for age at the end of the major period of lactation.

Lactation duration was defined as the population-specific (where
weights were derived from a population) interbirth interval — gestation
time. This measure incorporates an average duration of lactational
anovulation, when the majority of the infant’s nutrition is derived from
milk, plus some cycling time. As primates frequently lactate into the next
pregnancy, defining weaning as the period of major nutritional input that
affects the mother’s subsequent reproduction should standardise the term
across species, and thus reflect a process rather then an endpoint (Lee,
1996). Data on gestation length are ‘species-average’ because variation due
to infant sex (Clutton-Brock, Albon and Guinness, 1989) or ecology (Silk,
1986) is in the order of days rather than months. Other data presented as
species averages are adult brain mass and neonate brain mass. These have
been taken from Harvey et al. (1987). Data on M1 eruption age were taken
from Smith et al. (1994), and used in these analyses because previous work
(reviewed by Smith, 1992) suggests M1 eruption age is an excellent life
history measure.

Two ‘measures’ of environmental risk were incorporated in the analyses.
The first was that defined by Ross (1988) in relation to predictability of the
environment. Ross’ measure assessed resource type, its productivity and
seasonality, without relying on specific dietary variables (see also Chapter
4). Diet may be related to evolved digestive capacities, and thus more
subject to phylogenetic error than are general habitat parameters. The
second measure categorises potential mortality risk due to predation pres-
sure, and is derived from a population-level assessment of predator pres-
ence, contacts between primates and predators, antipredator behaviour
and observed predations (see Hill and Lee, 1998). These qualitative catego-
ries were used in preference to more quantitative vari-ables, as a means of
discriminating between gross habitat qualities.

Data were limited to haplorhine species bearing single young, in order to
eliminate any possible ‘grade’ effects or biases from including strepsirhines,
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and to reduce the variation introduced in individual growth for a litter size
greater than one — factors recently addressed in detail by Garber and Leigh
(1997). Only a small number of species is represented (n = 41) and data
used are presented in the appendix to this chapter.

All data were natural log transformed to facilitate comparisons between
variables and to normalise data for parametric tests. This was done in
order to use multiple regression statistics, and to compute residuals from
observed relationships. Residual analysis has been widely used in life
history studies as a means of ‘removing’ any allometric effects and thus to
explore variation remaining after controlling for autocorrelation. Here,
multiple regressions are also used to assess autocorrelation between size
variables. As such, the results are presented as least squares regression
slopes, which may be less accurate and produce a lower slope. It should be
noted that when comparisons are made between slopes and constants, at
least some of the differences may be simply a result of the two techniques
for calculating the slopes rather than demonstrating any biological dif-
ference.

As noted above, much of the analysis was conducted at the level of the
species, without phylogenetic correction techniques. There are two reasons
for this: firstly, to explore the variation within closely related taxa (see
below); and, secondly, because many allometric studies find no effect of
phylogeny on the overall variation (Martin, 1996). Rogers and Cashdan
(1997) note that when closely related species experience different rates of
selection, phylogenetic subtraction techniques may statistically obscure
species trends.

Analysis of phylogenetic effects on growth variables

In these data, 41 species from 23 genera and 12 subfamilies were also
partitioned into a higher node, which was established to explore the
potential existence of ‘grades’ within haplorhines. The data were separated
into time variables (gestation length, duration of lactation, interbirth inter-
vals, and growth rates) and mass data (maternal mass, neonate mass,
weight at weaning).

Several different techniques were used to attempt to assess the effect of
phylogeny on the variance within these categories of data. The first was
that of phylogenetic regression, using dummy variables to assess the dis-
tribution of variation across taxonomic levels (see Harvey and Pagel, 1991).
Species were not included because, with the exception of Macaca and
Papio, only one or two species were represented within a genus and little
variance could be statistically partitioned at this level. ‘Genus’ in this
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Table 5.1. Results of phylogenetic regression analysis on mass, time and
residual variables used in the comparative growth analyses

Percentage of variance accounted by

‘Grade’ Subfamily Genus

Mass variables

Maternal mass (MM) 55.8 30.8 9.0
Neonate mass (BM) 67.1 24.6 7.0
Weight at weaning (WW) 52.6 354 10.2
Time variables

Gestation 52.5 32.8 11.8
Duration of lactation 315 38.0 15.8
Mean interbirth interval 433 28.9 18.4
Range of interbirth intervals 38.6 22.3 20.4
Mass residual variables

Z BM/MM* 21.4 31.7 23.6
Z WW/BM* 7.3 41.1 243
Z Gestation/MM 48.8 17.2 259
Z Duration of lactation/MM?* 353 27.8 213
Z interbirth interval/ MM 36.6 15.4 30.3
Z Growth rate/ MM* 10.6 37.6 28.9

*Entered into discriminant analysis.

sample thus approximates the level of variation found between the most
closely related taxa, while the ‘grade’ effectively partitions the considerable
variance between the small platyrrhines, the large hominoids and the
medium-sized colobids and cercopithecids in mass. For time variables,
more closely related taxa account for double the variance in comparison to
mass (Table 5.1). The same analysis on ‘size-corrected’ variables (using the
standardised residuals from species regression lines) suggests that even
more of the variance exists between closely related taxa when the
phylogentically constrained mass effects are removed (Table 5.1).

How much, then, does phylogeny determine clusters of similarity with
these mass-controlled variables? A discriminant analysis was used to see if
residuals (zgrowth rate, zduration of lactation, zbirth mass and zwean
weight) in Table 5.1 were classified correctly by ‘grades’ (61%), subfamily
(50%), or genus (64%), entering residuals into a single matrix function. It is
interesting that the genus with the greatest number of species (M acaca) was
the group with the lowest prediction from the observed function, with only
14.3% classified correctly. The next most specious group (Papio), with
three species, had only a 33% prediction.

Phylogeny is obviously a constraint on the potential for variation in
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these data; no platyrrhine can approach the size of a gorilla (although
gibbons are similar in size to atelines). As such, it could be argued that the
bias in these data comes not from the inclusion of similar, closely related,
non-independent species, but rather from the significant ‘biological’ skew
inherent in primate evolutionary phylogeny. Small primates may be simply
different from large primates, and thus the inclusion of extremes (hom-
inoids and several platyrrhines) within otherwise relatively homogenous
groups (colobids and cercopithecids) will exaggerate the statistical par-
titioning of phylogeny.

‘Grades’ correctly predicted in the discriminant analyses of residuals
may represent biological differences in the extent of variance that is pos-
sible, once size has been accounted for. One suggestion is that, irrespective
of size, the potential for growth rates to vary is constrained by other factors
such as seasonality, infant mortality and energy balance. These results also
suggest that the residual, mass-corrected values are worth investigation as
individual species data points, although the possibility of a ‘Macaca’ or
other lineage skew cannot be eliminated in this analysis. It was notable in
the subfamily discriminant analysis that the 13 species of papionines were
classified correctly in only 23% of cases, atelines in 33%, and cer-
copithecines and colobines in 75%. There does appear to be both
phylogenetic clustering in growth traits and some interesting variance
observed at the lowest taxonomic levels. As such, the remainder of the
analyses concentrate on the species level, with the caveat that p valves may
be inflated due to some statistical dependence. Other phylogenetic effects
are discussed further below with respect to specific analyses.

Maternal mass and postnatal growth relations

As has been demonstrated in a number of previous studies (Table 5.2),
maternal mass is a significant predictor of both prenatal and postnatal
growth parameters. These relationships are proposed to result from mater-
nal ability to metabolise resources for infant growth: species with high
growth costs need additional energetic investment (see below). In this
sample, platyrrhine mothers tend to be small and hominoids tend to be
large, while the weanlings are of similar relative weights (Fig. 5.1).
Maternal mass is highly correlated with neonate mass, and is also
associated with gestation length and neonate brain mass (Table 5.2). Gest-
ation length may be more of a function of the relations between birth and
brain mass than due to maternal mass alone (Leutenegger, 1973, 1979;
Martin, 1996). Indeed, neonate brain and body masses are closely linked in
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Table 5.2. Comparison of growth relationships with maternal mass among
primates from literature

r? Slope o n Comments (source)
Gestation length
0.73 0.13 66 All primates (1)
0.77 0.10 44 Simian primates only (1)
0.55 0.13 19 All primates (2)
0.49 0.11 49 39 Single litter haplorhines (3)
0.50 0.12 1.2 42 All primates (4)
0.66 0.09 19 31 Haplorhines (4)
Neonate mass
0.87 0.68 0.12 37 Single litter haplorhines (3)
0.87 0.66 0.13 32 Single litter haplorhines (5)
093 0.85 74 All primates (1)
0.97 0.77 51 Simian primates only (1)
0.94 093 0.12 All primates (2)
0.98 0.70 0.10 26 Haplorhines (6)
0.94 0.83 0.25 42 All primates (4)
0.97 0.73 0.62 31 Haplorhines (4)
Duration of lactation or weaning age
0.35 0.35 6.2 32 Single litter haplorhines (5)
0.47 0.47 4.7 39 Single litter haplorhines (3)
0.83 0.56 2.71 All primates (2)
0.82 0.50 —0.84 23 Strepsirhines and haplorhines (7)
Postnatal growth rate
0.89 0.33 44 Haplorhines (8)
0.52 043 1.69 35 Single litter haplorhines (3)
0.66 0.35 1.53 32 Primates (9)
0.75 1.57 Theoretical (10)
0.42 Theoretical — primates (13)
Interbirth interval
0.74 0.37 29.1 All primates (2)
0.54 0.34 10.4 39 Single litter haplorhines (3)
Neonate brain mass
0.90 093 0.014 All primates (2)
0.93 0.77 10.7 13 Single litter haplorhines (3)
0.92 0.83 28.8 30 Primates (11)
Weaning mass
0.88 0.81 0.406 30 Single litter haplorhines (5)
0.85 0.87 0.332 35 Single litter haplorhines (3)
0.75 0.25 Theoretical (12)

(1) Martin and MacLarnon (1985). (2) Harvey et al. (1987). (3) This study. (4) Ross (1988). (5)
Lee et al. (1991). (6) Leutenegger (1979). (7) Schwartz and Rosenblum (1983). (8) Ross and
MacLarnon (1995). (9) Pontier et al. (1989). (10) Kirkwood (1985). (11) Martin (1983). (12)
Charnov (1991). (13) Charnov (1993).

Where known, 2 (calculated as square of correlation coefficients when not provided), slopes,
constant (), and sample size are given. Estimates for slopes from references 1, 2, 4 and 11 are
derived from major axis regression; others are from least squares.
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Fig. 5.1 Mean maternal mass (MM), neonate mass (BM) and weaning mass
(WW) for the sample of haplorhine primates analysed.

this sample (r = 0.99, n = 14, p < 0.001), and gestation length was most
strongly influenced by neonate brain mass (2 =0.75, df= 12,
slope = 0.13). The inclusion of maternal mass accounted for all residual
variation (25.5%, slope = — 0.32) in gestation length.

Once the infant has been born, maternal mass appears to pace infant
growth, but not to determine the ultimate weaning mass. Previous studies
have found relationships between weaning age and maternal mass, and
between postnatal growth rates and maternal mass for a variety of primate
and non-primate species (Table 5.2). Weight at weaning, however, was
more strongly affected by neonate mass (+? = 0.88, df = 34, p < 0.001) than
by maternal mass (> change = 1.6%, n.s.). Growth rates were a function
primarily of maternal mass (Table 5.2). This might be the result of autocor-
relation between time variables, because growth rates to weaning are
expressed as g/day. Time variables are interrelated, with 12 correlations of
0.4 or greater out of a possible 15 (Table 5.3). However, when maternal
mass is controlled using partial correlations, only seven of the original
correlations remain, and three new correlations appear. The maternal



Postnatal growth and weaning 119

Table 5.3. Correlations between time variables

Duration of Growth M1 Brain Mean
lactation rate age growth interbirth
(n = 40) interval

Growth (g/day) —

(n =36) —0.52

Age M1 eruption 0.83 0.64

(n=16) 0.73 —

Brain growth (g/day) — 0.67 0.68

(n=14) (—0.39) — —

Mean interbirth interval 0.81 0.43 0.80 —

(n = 40) 0.62 — (0.46) —0.50

Gestation length 0.79 0.41 0.86 (0.47) 0.76

(n = 40) 0.58 — 0.83 — 0.50

Partial correlations controlling for maternal mass are indicated in bold. n varies for pairwise
comparisons (trends for p < 0.10).

mass-independent correlations suggest that the duration of lactation is
negatively linked to growth rates for body mass and M1 eruption age,
while gestation is positively related to M1 eruption age (Table 5.3). Inter-
estingly, interbirth interval correlates negatively with brain growth when
maternal size is removed, suggesting that brain growth may be costly in
terms of fertility because it requires additional maternal energy and time
investment.

Mean interbirth interval varies considerably across the primates
(mean = 23.8 months + 13.6; range 9—72 months), with a consistent effect
of maternal mass (r = 0.73, n = 40, p < 0.001). What may be of greater
significance is that the reported ranges of maximum and minimum inter-
birth interval are also strongly positively associated with maternal mass
(r=0.70,n = 38, p < 0.001). Larger mothers appear to have the potential
for greater variation in interbirth interval. The extent of this variation is
strongly influenced by two factors: the age of M1 eruption (74.8% of
variance) and maternal mass (16% of variance).

Thus, an extended range of interbirth intervals is a function of the mass
of the mother: larger mothers have a greater potential to extend interbirth
intervals, although this may be constrained by the programme (genetically
determined) for somatic growth. Indeed, it appears that mothers with
greater residual variation in interbirth interval for their mass have infants
with relatively more change in total brain mass (r = 0.63, n = 14,
p = 0.017). Furthermore, relatively greater total change in brain mass is
also associated with relatively later M1 eruption (r =0.86, n =09,
p = 0.003).



120 P. C. Lee

Table 5.4. Correlations between standardised residuals of mass-controlled
time variables (as Table 5.3)

Zges Zdurlac Zgro Zbraingro
Zdurlac 0.58
(n = 40)
Zgro ns. —0.54
(n = 36)
Zbraingro ns. — 0.60 n.s
(n=14)
ZM1 n.s. (0.42) (—0.43) n.s.
(n=16)

Brackets indicate trends for p < 0.10.

Zdurlac = duration of lactation for maternal mass; Zgro = growth rates to weaning age for
maternal mass; Zges = gestation for maternal mass; Zbraingro = brain growth rate for
maternal mass; ZM1 = eruption age for maternal mass.

Correlations between mass-specific residuals (Table 5.4) suggest a dis-
tinction between prenatal and postnatal growth rates. Relative gestation
length is unrelated to most postnatal growth residuals, although there is
some ‘time’ concordance. Relatively long gestation is associated with rela-
tively long lactation but, somewhat surprisingly, not with a relatively larger
neonate (r = 0.29,n = 38, n.s.). Slowly investing species may, irrespective of
their mass, simply maintain a trend in time allocation, but show no rate
concordance in energy allocation after birth.

The weaning weight hypothesis

The original analysis was carried out on 88 mammal species from 13
families and five orders. Primates alone have been considered here. The
least squares regression of weight at weaning to neonate mass gives a slope
of 1.25 ( £+ 0.076), within the confidence limits of the original slope
(1.135 + 0.178) and a constant of 4.9 compared to 4.6. Interestingly, the
primates appear to have relatively high weights at weaning for their birth
weight compared to some other taxa, suggesting that extending a life
history or spreading the costs of growth over longer periods (e.g. Janson
and van Schaik, 1993) can effectively produce a larger weanling with a
lower chance of mortality.

This analysis demonstrates two important points. Firstly, the result
appears relatively robust even when further taxa are added or data are
refined. Secondly, the effect of phylogenetic groups is minimal in the
underlying relationships between birth and weaning weight (Lee, 1996),
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Fig. 5.2 Residuals of weight at weaning for birth mass plotted against residuals
of birth mass for maternal mass. Lines fitted for each major taxonomic group
separately. Groups defined as in Figure 5.1.

although an interesting trend appeared. When residuals of weights at
weaning for birth weight were compared with residuals for birth to mater-
nal mass (Fig. 5.2), a negative correlation was found overall (r = — 0.347,
n = 36, p = 0.038), such that relatively large neonates tended to be relative-
ly small weanlings. However, there appear to be two distinct strategies, at
least in this sample. Among the hominoid and cercopithecid primates, this
negative trend was observed, whereas among colobids and platyrrhines,
relatively larger neonates were also relatively larger weanlings. The dif-
ferences between slopes were significant (ANCOVA, F, , (taxa) = 2.92,
p = 0.05). Thus, several different strategies may exist, both in the mass
attained at weaning and in the way in which this mass gain is attained, even
in this restricted sample.

Intraspecific variation

Relatively few studies have examined variation in birth mass, growth rates
and age at weaning within a species, and made comparisons with the
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patterns predicted from the interspecific trends. Here, intraspecific patterns
in growth are briefly reviewed (see also Bowman and Lee, 1995; Lee and
Bowman, 1995).

Across primate species, infant mass at birth is a constant proportion of
maternal mass, but the relative mass of the neonate (as a proportion of
maternal mass) declines with maternal size. Larger species give birth to a
proportionately smaller neonate. Within rhesus macaques, larger individ-
ual mothers give birth to larger neonates (Bowman and Lee, 1995) and
larger mothers appear to be more efficient at sustaining fetal growth as
gestation length varies little. However, as found in interspecific compari-
sons (see also Reiss, 1985), the infants of larger macaque mothers were a
relatively lower proportion of their mothers’ mass. The patterns are similar
between and within species, although with lower slopes, as has been
predicted (Kozlowski and Weiner, 1997).

A threshold weight of 1335g (range = 1000-1600 g) was found for an
intraspecific sample of rhesus macaques (Bowman and Lee, 1995), but with
a constant of 3.2 (assuming exponent = 1) rather than 4. Correcting for the
observed exponent of 1.25 produces a constant of 3.4. For the smaller
vervet monkey, the observed threshold is lower, at 1170 g, again at about
3.4 times birth mass. These results suggested that, while a threshold weight
at weaning can be identified within a species, variation in the constant may
be a function of interindividual rearing strategy. A number of infants in the
rhesus growth sample were not weaned within the first year of life. These
infants had rapid early growth by comparison to their weaned counter-
parts, and reached a larger weight for age. We suggested (Bowman and Lee,
1995) that mothers were making behavioural decisions about the ter-
mination of investment in the current infant in the light of that infant’s
relative growth, the social risks present in its environment, and the de-
mands of the infant for nutrition and support. It would thus appear that,
while a metabolic threshold is at least theoretically likely at the level of a
species, individual growth and investment decisions may produce different
values for weight at weaning around that threshold.

Although the duration of lactation shows considerable variance, bet-
ween species it is still somewhat related to maternal size and growth rates
during lactation. Multiple regression analysis suggests that whereas 52%
of variance in growth rates (F, 3, = 38.2, p < 0.001) is accounted for by the
positive allometry with maternal mass, a further negative effect of duration
of lactation is found (13% of variance, F,;;=31.6, p < 0.001,
B = — 0.45). Although over 88% of the variation in weight at weaning is
predicted by birth mass, there is again some residual variation between
species. An increased time cost to attaining a relatively larger weaning
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Fig. 5.3 Mean ( + 2SD) of relative weight at weaning (zww) and relative
duration of lactation for maternal mass (zdurlac), plotted for each group
separately.

weight might be expected. However, in this sample there was considerable
variation between the species groups in this prediction of a relationship
between relative weaning weight and relative duration of lactation (Fig.
5.3). Relatively long lactations were associated with relatively slow growth,
low rates of energy transfer, and relatively high weaning weights for the
hominoids and platyrrhines, but there was a negative trend for colobids
and no relationship for the cercopithecids.

If infant growth is a function of maternal lactation capacity, it should be
sensitive to both maternal size and condition, and thus influenced by the
local ecology and social context of the mother. The interspecific variation
in weaning trends was mirrored within the rhesus macaque sample. It was
argued that behavioural components, suckling and the probability of
reconception, contributed to these patterns. The duration of lactation was
unrelated to maternal size in the intraspecific rhesus sample, but was
related to maternal status (Bowman and Lee, 1995). Alpha-ranking
mothers had slowly growing infants which attained the threshold weaning
weight later. This was especially true for male infants (males being some-
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what more costly in terms of their growth rates). Suckling patterns, which
influence reconception through the mechanism of lactational anovulation,
appear to underlie the differences in growth rates to the weaning threshold
and thus the duration of lactation. High rates of suckling in both rhesus
and vervet monkeys are associated with rapid growth, but a lower likeli-
hood of conception, while low rates of suckling are associated with slower
growth and reconception (Lee and Bowman, 1995). Mothers appear to
balance the costs of ensuring growth for a current infant against their
ability to reconceive — trading-off rapid but prolonged offspring growth
with no reconception, against slower offspring growth to a minimal wean-
ing threshold with reconception. The trade-off here concerns both ma-
ternal reproduction and infant survival, mediated by growth rates to the
threshold. A study of rhesus infants (Johnson and Kapsalis, 1995) found
that growth was a function of maternal body mass index (a condition
index), as well as of infant sex. This is strong evidence for an effect of
maternal condition on infant growth, also apparent in food-limited ba-
boon populations (Strum, 1991; Altmann et al., 1993) and in captive vervets
(Fairbanks and McGuire, 1996).

Trends in growth to a threshold mass within species are similar to those
predicted from interspecific comparisons (Table 5.5). What is most striking
is that local ecology affects maternal size and either growth rates or their
correlate — duration of lactation — most dramatically, while weight at
weaning is predicted to vary relatively little. However, while suggesting a
general mammalian trend in the attainment of weaning weight from which
the primates as a group deviate relatively little, the intraspecific data do not
yet confirm the hypothesis. Further tests are needed, based on studies of
variation between individuals within species. By determining sources of
variance in growth to weaning between individuals, we can better identify
the constraints and selective pressures acting on patterns of growth as a life
history variable.

The Martin maternal energy hypothesis

The maternal energy hypothesis, as elaborated by Martin (1996), suggests
that the need for a mother to sustain brain growth lies at the heart of the
time course of a reproductive event, from conception to weaning. Thus,
while the mother’s body size and condition determine some of her ability to
allocate milk resources for growth, the growth requirements are twofold
and possibly separate: firstly, that of somatic growth to a metabolic wean-
ing weight (as noted above); and, secondly, that of brain growth during
gestation and lactation.
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Assuming that the majority of growth from neonate brain mass to adult
brain mass occurs during lactation — a model that fits most of the non-
human primates (Martin, 1983) and may apply to humans when an average
duration of lactation is four years (Dettwyler, 1995) — then the change in
brain mass should be a function of maternal energy capacity via the
mother’s metabolic rate and body mass relations (Martin, 1996). A rela-
tionship between brain mass and maternal mass has been noted for a
variety of taxa (Martin, 1981; Gittleman, 1994), with further effects of brain
mass on other life history parameters (e.g. age at first reproduction; Harvey
et al., 1987) for primates.

As predicted, adult brain mass scales with the duration of a reproductive
event from conception to weaning among the primates in this sample.
Larger-brained primates have longer reproductive events (r = 0.77,n = 38,
p < 0.001). However, when the effects of maternal body mass are removed
from the duration of a reproductive event and from the change in brain
mass between birth and adult mass, the residuals show only a weak
relationship (r = 0.42, n = 14, p = 0.13)! The underlying factor in the rela-
tionship appears to be simply that of maternal mass. In part, this is to be
expected because mothers must ensure brain growth through lactation,
and milk energy is itself a function of maternal mass (Martin, 1984; Oftedal,
1984). But, as noted above, the residual variation in interbirth intervals
does correlate with residual brain mass change. Thus, primates with
greater change in brain mass than predicted for their maternal mass also
tend to have more potential to prolong interbirth intervals than is expected
for size alone. This finding provides additional support for both the mater-
nal energy hypothesis and the metabolic constraints hypothesis, in that
expensive growth processes can be more effectively supported when time
variables are labile and thus sensitive to local ecology, individual condition
or social status.

As noted above, more expensive brain growth is associated with relative-
ly higher somatic growth costs (relative neonate mass and relative wean
mass), suggesting some concordance or rate constraints in growth. A
further trend appears in relation to brain growth, which might be unrelated
to its metabolic costs. The strong association between relative M 1 eruption
and relative brain growth (e.g. Smith, 1992), also noted here, suggests that,
despite the tiny sample size, when maternal size is removed, brain and
tooth growth appear to covary. I would suggest that one expense of growth
is that of maintaining a suite of rate-limited traits that all contribute to the
energy burden on the mother.



128 P. C. Lee

The risky environments hypothesis

In a comprehensive review of mammalian development, Eisenberg (1981)
suggested links between reproductive duration, encephalisation and pred-
ation risks. Studies of different mammalian groups have emphasised the
importance of environmental risks in patterns of infant development and
associated life history traits (pinnipeds: Trillmich 1989, 1996; carnivores:
Gittleman and Oftedal, 1987). Promislow and Harvey (1990) clearly dem-
onstrated the importance of early mortality as a pacer of life history events
in mammals. In particular, they noted the association between juvenile
mortality and gestation length, duration of maternal investment (age at
weaning) and growth rate to weaning independent of body size. Theoretical
analyses by Charnov (1991; Charnov and Berrigan, 1993) emphasise the
importance of mortality in determining the switch between individual
investment in growth and investment in reproduction. These ‘strategies for
maturation’ (e.g. Pagel and Harvey, 1993) appear to be sensitive to the
resources available for growth and the risks of mortality, and also may
select for adult body size itself, an argument recently developed by Koz-
lowski and Weiner (1997).

Janson and van Schaik (1993) have explored the concept of ecological
risk in relation to the evolution of primate juvenile periods through mor-
tality induced by food shortages imposed by the physical or social environ-
ment. Although their hypotheses relate specifically to the post-weaning
period, these illustrate the importance of ecological variation affecting
growth rates among primates and touch on the issue of predation avoid-
ance as a specific problem for the smaller-bodied immatures.

There are, as yet, few data to test the relationship between growth,
weaning ages, environmental variability and mortality among primates.
The original study is that of Ross (1988; see also Chapter 4), which notes the
influence of ecological predictability on reproductive rates and mortality
among primates. Further support for the concept that ecological variation
mediates species growth patterns has been provided by Leigh’s (1994a)
finding that folivorous primates have rapid growth over a short duration in
comparison to frugivores. Among New World primates, several studies
have noted the sensitivity of interbirth intervals (Fedigan and Rose, 1995)
and maternal investment and allocare (Tardif, 1994; Ross and MacLarnon,
1995) to ecological variability or risk. Growth rates among small New
World monkeys are unrelated to foraging risks but may be sensitive to
predation risk, at least for squirrel monkeys (Garber and Leigh, 1997).
Differences in growth rates among apes, again, may be a function of the
degree of ecological risk or of energy derived from the diet (Leigh and Shea,
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1996). In general, the overall pattern appears to suggest that risky environ-
ments, either through predation or unpredictable variation in food supply,
should maximise growth rates at some cost to the mother in terms of future
reproduction.

Estimates of infant mortality were not available for the interspecific
sample examined here, but when a general predation risk category was
assigned (Hill, 1995; Hill and Lee, 1998), relative birth mass was greater
under high risks (ANOVA, F = 3.27,df = 1, p = 0.05), while relative wean-
ing mass tended to be lower (ANOVA, F = 2.8, df = 1, p = 0.075) (Fig.
5.4A). However, neither relative growth rates nor relative duration of
lactation were associated with predation risk. Thus, a mass strategy may
play a greater role in predation risk aversion than does a time strategy.

When growth variables were compared between Ross’ (1988) dichotomy
of predictable or unpredictable environments, there were some slight ef-
fects of environment on the residual growth rate (F, 5, = 2.0, p = 0.17) and
residual brain growth rate (F; o = 3.9, p = 0.08; Fig. 5.4B), with higher
relative growth rates when environments were unpredictable. There was
also an interaction with predation risk for relative brain growth
(F;.0 = 9.44, p = 0.013), with rapid relative brain growth in unpredictable
environments with high predation, and low relative brain growth in pre-
dictable environments with low predation. The sample size, however, is too
small to reach any definitive conclusions. Relative growth rate also ap-
peared to be lowest in predictable environments with low predation risks,
and highest in unpredictable environments with high predation risks (In-
teraction Iy , = 2.45, p = 0.102; Fig. 5.4C). Although crude, grossly over-
simplistic, and of low significance, there is at least some suggestion that
environmental risk affects primate growth strategies — with predation
influencing mass, while environmental quality affects the tempo of events,
as suggested by Leigh (1994a).

Conclusions

Postnatal growth strategies among primates are interdependent, and the
hypotheses examined briefly above are probably intercorrelated. Indeed,
the maternal energy hypothesis underlies all other effects of environments
or metabolic requirements because infants can only grow when mothers
meet those needs through milk (Martin, 1984; Oftedal, 1984; Tilden and
Oftedal, 1997). When environmental risk is high, mothers may need to
sustain additional relative costs of growth. Risky environments are as-
sociated with relatively high birth mass, high growth rate and lower
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Fig. 5.5 Path of partial correlations in postnatal primate growth. Initial
correlations were determined with maternal and birth mass controlled,
subsequent correlations with each set of independent variables controlled.

relative weaning weights. In such environments, mothers may be investing
in fetal and postnatal growth over a short period as a strategy to minimise
the vulnerability of small neonates to either predation or variation in food
supply. Leigh (1994a) suggested that folivorous species sustain higher rates
of growth to adult size than do frugivores, which is unexpected if folivores
occupy relatively predictable, low-predation environments. However, the
differences between these suggestive results may be a consequence of the
difference in relative weaning weights: if low-risk environments promote
large weaning size, then the attainment of an adult body mass will be
generally quicker. The question to be addressed concerns the difference in
growth rates prior to and after weaning between these groups.

As a summary of the major relationships between postnatal growth
variables, Figure 5.5 presents the paths of highest correlation when mater-
nal and neonate masses are removed, and when each correlation also
removes the other independent variables. High weaning weights are as-
sociated with high growth rates, longer lactations and, independently, with
slower rates of brain growth during the lactation period. Lactation length
is most strongly associated with rates of growth, although negatively. This
suggests that lactation length and growth rates can be decoupled, resulting
in variation in subsequent weight attained at weaning. Finally, higher rates
of brain growth tend to be found in species with high rates of postnatal
growth.

While these trends may be a consequence of the limited data available
here, two patterns emerge. One is wean small and early, but with a high
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energy cost to the mother in terms of maintaining growth and especially
that due to sustaining rapid brain growth. This can be considered the
energy-expensive, but time-cheap option. The other pattern is to sustain
slow growth over a long period, producing a hefty weanling, although with
a lower rate of brain growth and potentially lower brain maturity. This is
the time-expensive strategy, while possibly less energy expensive in the
short term.

It might be argued that these strategies should differ between large and
small mothers, due to the relationship between maternal mass and the
efficiency of sustaining growth. However, these trends are derived from
mass-controlled correlations. Gordon (1989) suggests that when the costs
of tissue maintenance are taken into account, the energy expense of a
reproductive event is similar across mammals of different sizes. The evol-
ution of trends in postnatal growth may thus reflect more about energy
balance among primates than about selection for body size. Another
important consideration is the robust trend for M1 eruption age to relate
to a number of other time variables. As Smith (1992) has shown, M1
eruption appears to be a sensitive measure of time in life histories, although
results here suggest that it is less related to attained mass strategies. We can
thus ask if growth varies between organs, with teeth and brains more
sensitive to a rate-limited temporal sequence, while mass reflects ecological
and behavioural variation. Until sufficient data are available for growth
patterns of different organs such as guts, as well as for brains and teeth, we
will be unable to produce a comprehensive perspective on growth costs or
constraints for primates.

The period of infancy remains one of crucial significance: the major
mortality occurs within this time, adult size and hence reproductive ability
are established, and lifetime reproductive output is affected by the maternal
trade-off between sustaining current infant growth and investing in sub-
sequent reproduction. Are primate mothers simply opting for one mam-
malian strategy as a group — the slow lane of growth (e.g. Charnov and
Berrigan, 1993), as the classical #/K dichotomy would propose — or can the
strategies suggested above, and indeed those within species, be used to
explain behaviour in relation to social systems and local ecology? Com-
parative analyses point to interesting differences between species and
habitats, reflecting recent evolutionary history as well as ecological niche.
Investigation of growth patterns among the strepsirhines is needed to test
further for ‘primate’ patterns, and to assess the extent of variation within
the order. Species with larger litters and those with extensive allocare
represent groups with different strategies for growth (Tardif, 1994; Ross
and MacLarnon, 1995; Garber and Leigh, 1997). Haplorhines with single
infants are but one part of this adaptive array, and even they appear to be
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able to utilise a variety of postnatal growth strategies. These strategies
appear to depend on absolute size, metabolic relationships, ecological risk
and mortality patterns, as well as varying between individuals as a function
of social and ecological constraints. The alternative reproductive strategies
available to primate mothers are set within the bounds of evolved species
life histories, yet with this potential for variation. Infant growth is one
important component of such a strategy, and while a metabolic efficiency
may be necessary for weanling survival, how mothers invest to attain that
threshold provides the key to life history differences.
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6  Some current ideas about the
evolution of the human life history

NICHOLAS BLURTON JONES, KRISTEN HAWKES AND
JAMES F. O’CONNELL

Introduction

Adolph Schultz’s famous diagram (Fig. 6.1) aged well: human life history is
characterised by a long juvenile period (weaning to reproductive maturity),
and a long post-reproductive lifespan in females. Table 6.1 compares
human and great ape life history parameters and invariants of Charnov
(1993). Notable here are low adult mortality, high fertility squeezed into a
reproductive span similar in length to that of Pan (thus, shorter interbirth
intervals), late age at first reproduction and great length of the juvenile
period.

How do we explain these differences between our nearest relatives and
ourselves? This chapter summarises some recent attempts to use life history
models on data from contemporary hunter—gatherers, and other non-
contracepting populations with little access to modern medicine (see also
Borgerhoff Mulder, 1991; Hill, 1993; and for a comprehensive review of
hunter—gatherer research, Kelley, 1995).

Trade-off between numbers and care of offspring

Hill and Hurtado (1996) examine interbirth interval and the trade-off
between increased fertility and increased infant and child mortality among
Ache foragers in Paraguay. As in other populations, after controlling for
early death of a previous infant, mother’s age, and mother’s weight, shorter
interbirth intervals are accompanied by higher infant and child mortality.
But, in contrast to Blurton Jones (1986; for discussion of Harpending’s
(1994) critiques see Blurton Jones, 1994; for Hill and Hurtado’s results, see
Blurton Jones, 1996), they found that this effect was much too weak to
render the observed intervals optimal. Ache values predict that the optimal
interbirth interval would be much shorter than is observed. Hill and
Hurtado discuss possible reasons, suggesting that there must be costs to
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Fig. 6.1 Schultz’s diagram of primate life histories. (Modified from Schultz,
1969.)

very short intervals that we have yet to appreciate. They also emphasise the
effect of mother’s size, bringing the study of human fertility closer both to
the concept of productivity in Charnov’s life history model and to primate
literature (e.g. Lee, Majluf and Gordon, 1991; Lee and Bowman, 1995). But
the source of Blurton Jones and Sibly’s (1978) predictions (tested by
Blurton Jones, 1986, 1987), maternal provisioning of juveniles, which so
markedly distinguishes humans from other primates, will come back into
the picture below.
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Belsky, Steinberg and Draper (1991) — taking their lead from Draper and
Harpending (1982) and Pennington and Harpending (1988) — and
Chisholm (1993) interpret variation in parental care and reproductive
strategies in human societies as responses to high and uncontrollable
mortality. Poverty and unpredictable environments were proposed to go
with higher investment in fertility and less care, and earlier maturation,
resulting from an early developmental shift triggered by parental care as an
indicator of future reproductive opportunities. Empirical studies provide
mixed support for earlier maturation among poorer or more stressed girls
(e.g. Surbey, 1990).

Blurton Jones (1993) suggested that in humans parental fitness can be
enhanced by effort allocated not only to numbers and survivorship of
offspring but also to a variety of ways to enhance offsprings reproductive
success, such as accumulating and endowing wealth and status, caring for
grandchildren, teaching, arranging mates. Variation in returns to effort
directed to such ends should predict variation in the amount of effort
directed towards them. We might then be able to account for extensive
variation in patterns of parental care. (The distinction between depreciable
and non-depreciable care would play an important role in this enterprise.)
For example, anthropologists have noted the scarcity of direct teaching —
we would suggest that most mothers have more fitness-enhancing demands
upon their time, such as housing and feeding themselves and their children.
Where added effort directed towards shelter and food yields little increase
in fitness, we expect to see parents taking more time to train and educate
children. Kaplan (1996) developed a much more advanced model of the
allocation of parental resources that links together issues as diverse as the
demographic transition, education and health-seeking behaviour,
socioeconomic status and labour markets, in what must be the most
ambitious (and promising) invasion of the social sciences by evolutionary
thinking yet undertaken.

Age at first birth

Hill and Hurtado (1996) report their intensive investigation of demography
of the Ache hunter-gatherers of Paraguay by means of carefully interlinked
interviews conducted between 1977 and 1995. The information covers a
‘pre-contact’ or ‘forest’ period, which ended in 1971, a brief but decimating
(from 544 in 1970 to 338 in 1976) period of epidemics during the first years
of settlement, and a subsequent period during which most people spent
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most of their time at settlements, and the population rapidly grew to
pre-contact levels — 537 people in 1989.

Hill and Hurtado examined women’s weight as a predictor of fertility.
After controlling for age, and whether the previously born child was dead
or alive, they found a significant contribution of body weight to predicting
time to the next birth. Heavier women had children after a shorter interval
than lighter women. Thus, delaying maturation to grow bigger yields
greater fertility. Delaying too long cuts into the time available to rep-
roduce, and lowers the probability of surviving from birth until reproduc-
tion begins. Fitting real-life parameters to equations summarising this
trade-off predicts an optimal age and weight at first birth. The observed
Ache age at first birth (17.5 years) fits well with the prediction, but the
model predicts maturity at greater weight than observed. Hill and Hurtado
then fit !Kung weight and mortality data from Howell (1979) (but use the
Ache regression of fertility on weight) to the equations and show that
observed age at first birth fits the slightly higher age predicted (19 years).
Growth data predicted the much younger age at menarche observed in the
USA. Analyses of individual variation among fast-growing and slow-
growing Ache girls provide further support for the generality of the model.
Faster-growing Ache girls have their first baby earlier than slow-growing
girls. Apparently, neuroendocrine maturation mechanisms do their job
flexibly and efficiently.

Hill and Hurtado point out that variation in adult mortality rates within
humans makes little difference to the calculated optimal age at maturity,
but that lowering mortality to chimpanzee levels predicts maturity at 14
years — close to the 13 years noted in Table 6.1.

Like Stearns and Koella (1986), Hill and Hurtado sought the strategy
that maximised fitness, measured as r (intrinsic rate of increase). Stearns
(1992: p. 148) points out that Kozlowski and Wiegert (1987) examined
maximisation of X1 m, and obtained the prediction that faster growth
predicted later maturity. This point, apparently commonplace to life his-
tory theorists, is noted as a warning to us ‘end-users’ that the field is
complex, in flux, and there is as yet no single ‘right’ model.

Hill and Hurtado make an interesting excursion into male life histories:
among Ache men who have completed their growth, fertility relates to size
but follows an inverted U shape. They suggest that this is because very
heavy men have lower hunting success than men of intermediate weight
(their Fig. 11.12 is reminiscent of Lee’s (1979) observation that taller 'Kung
had lower hunting success than shorter men). Using male mortality,
growth rate, and age-specific and weight-specific fertility, Hill and Hurtado
sought the optimal age at cessation of growth. The result shows that
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optimal male age and size at cessation of growth are greater than for
females, as observed among Ache and almost every other population. The
model predicts body weight dimorphism ratio (male/female) of 1.03, rather
than the observed 1.11. Hill and Hurtado draw several interesting further
implications, for example that variance in body weight should be lower for
men than for women, and among Ache it is.

They link these observations of developing hunting success to the idea
that humans mature late because this allows them more time to acquire
fitness-enhancing skills (Lancaster and Lancaster, 1983; Bogin, 1990; Lan-
caster, 1997). Kaplan’s interest in human capital theory (1994), often used
to discuss the costs and benefits of staying on at school, may lead to a more
explicit version of this view. These authors have argued in another direc-
tion (Blurton Jones, Hawkes and O’Connell, 1997; Hawkes, O’Connell and
Blurton Jones, 1997) and do so below.

Zero population growth?

Hill and Hurtado make a suggestion that runs counter to much that has
been believed about human population dynamics. The zero population
growth observed among the !Kung, and the density-dependent effects
shown by Wood and Smouse (1982) for the Gainj were taken to confirm
that in prehistoric times our species conformed to the expectable steady
state, density-dependently controlled, level population size. Population
growth would thus result slowly from expansion into new habitats, and
from technological advances. Our currently high rates of population
growth were then regarded as some errant outcome of modernity arriving
in the Third World.

Hill and Hurtado point out that the accumulated data suggest other-
wise. Mortality levels (especially adult mortality) in populations without
access to modern medicine (they list Ache, Batak, Yanomamo, !Kung, and
the authors would add Hadza — Blurton Jones et al., 1992) are high by
modern standards but are very low compared to our primate relatives,
including other great apes. Human fertility also — whether you take the
low-fertility !Kung (total fertility rate, TFR 4.7: Howell, 1979; or 5.05;
Blurton Jones, 1994) or the high-fertility Ache (TFR 8.3) or the inter-
mediate Hadza (TFR 6.2) —is high by the standards of our nearest relatives
(as shown in Table 6.1). These figures suggest extremely rapid rates of
increase, as are actually displayed by the Ache and the Hadza. Hill and
Hurtado suggest that a saw-tooth pattern may have characterised much of
human evolutionary history. !Kung zero population growth may owe its
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existence to sexually transmitted diseases of the reproductive tract (STDs)
that greatly increased in frequency with the arrival of larger numbers of
herders in the 1950s (Harpending, 1994).

It may not be unusual to observe short-term imbalance of fertility and
mortality in animal populations and we should be cautious about Hill and
Hurtado’s suggestion. But simulations suggest that the 400-1000-person
forager populations can give reliable demographic data (Jenike, personal
communication), so Hill and Hurtado’s argument cannot be dismissed as
due to unreliable data. Furthermore, Hill and Hurtado point out that
fertility and mortality schedules are part of the coherent pattern thatlinkslife
history parameters together. If our mortality schedule was ‘really’ chimp-
like, there could have been no selection pressure to produce individuals that
senesce so much later than chimps. Nor would humans be the size they are,
nor mature at the age they do. Hill and Hurtado point out that 67%
pre-adult mortality would be needed to give a constant population with a
48-month interbirth interval (the upper extreme observed among foragers;
shorter interbirth intervals require even higher mortality), and comment
‘Such high mortality has never been observed in any traditional population’.

Thus, Hill and Hurtado imply that a long-standing feature of human
biology may have been not just the Malthusian possibility, but actual rapid
increase, and a saw-tooth population history. They suggest that this may
influence our ability to assess accurately the significant selective forces
responsible for our biology and behaviour: ‘Perhaps trade-offs were not
detected, and menopause not favored by kin selection, because the Ache
were in a period of resource abundance’. There must also be implications
for archaeologists’ ideas about invention and ‘intensification’ as a response
to population pressure.

Helpers

Humans are expert at recruiting and distributing help. Hill and Hurtado
suggest that many costs and benefits of alternative ways of behaving,
growing and reproducing may be rendered unmeasurable by the ability of
the individual who ‘made an error’ to cover it by recruiting help from kin,
who also benefit from helping to remedy the miscalculation. Thus, a
grandmother gains more fitness by going to go to help her daughter who
bore too many children too fast (and thus risks being unable to feed them)
than to her daughter who has few (depending on why the latter has few!).
Grandmother’s decision then reduces the effect of her daughter’s ‘miscal-
culation’. If instead the first daughter has more children because she
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already has helpers and better circumstances, it may pay the mother to go
to help the second daughter, if her slow reproduction is due to lack of help
or other soluble hardship. But it also follows that individuals who can
recruit more help have different optima from those with no helpers. A
woman who has a co-resident mother and a co-resident childless aunt can
well afford to bear babies faster than her orphan friend.

Despite Turke’s (1988) early work on daughters (see also Blurton Jones
et al., 1997), the study of men and grandmothers as ‘helpers’ has dominated
recent work. Hawkes (1990, 1991, 1993) has argued against the widely held
view that hunting is best understood as paternal investment, and that this
was the major force in human evolution. We will continue to investigate
hunting less as ‘bringing home the bacon’ and more as acquiring and
distributing political ‘pork’. An even more uniquely human class, that of
grandmothers, has attracted more attention.

Hill and Hurtado (1991, 1996: p. 433) tested the classic version of the
grandmother hypothesis of menopause: do the benefits of help given to
daughters outweigh the benefits of continued child bearing? Ache demog-
raphic values show that, even under the most favourable assumptions, the
effect of help on kin would have to be massively increased to give meno-
pause a selective advantage. Ache women provide only 13% of the calorie
income, and Hill and Hurtado note that the analysis needs to be repeated
in populations in which women’s contribution is much greater. Nonethe-
less, Hill and Hurtado (and Rogers, 1993) show that the effect would have
to be almost unrealistically large.

Appealing to Schultz (Fig. 6.1) for initial support, Hawkes et al. (1997)
have suggested that the derived character awaiting an explanation is
post-reproductive life, not ‘early cessation of fertility’. Chimpanzees cease
to reproduce by 40, and their somatic senescence coincides with this.
Human females cease to reproduce at about the same age but remain active
and strong, and survive, even without access to modern medicine, for many
years after this — women’s life expectancy at 45 is 22 years for Ache (see
Table 6.1 in Hill and Hurtado, 1996), 19.9 years for !Kung, and 21.3 years
for Hadza (Howell, 1979; Blurton Jones et al., 1992, from best fitting stable
population models in Coale and Demeny, (1983) — but is close to zero for
Gombe chimpanzees. The adaptation question then becomes: what could
give rise to a selective advantage for delayed somatic senescence in an
animal that is no longer reproducing? Natural selection cannot act on a
post-reproductive individual unless there is a way in which its survival can
influence the spread of its genes even after it has finished reproducing. Help
given to descendants could have just this effect.

Hadza women past the childbearing years forage as efficiently as
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younger women, and work slightly longer hours, and so bring home more
food (Hawkes, O’Connell and Blurton Jones, 1989). Hawkes et al. (1997)
show that the growth of weaned children of women with a suckling infant
correlates with their grandmother’s work hours, not with their mother’s.
Thus, older women’s foraging may increase the fitness of their young
descendants.

The opportunity to help depends upon the use of highly productive
resources that are difficult to acquire or process, such as tubers and nuts
(Table 6.2). Hawkes et al. (1997) suggest: (a) that use of these resources both
allows and gives rise to the need to provision juveniles, who can acquire or
process them only inefficiently if at all (see Hawkes, O’Connell and Blurton
Jones, 1995, and Blurton Jones et al., 1994a and 1994b, for analyses of the
variety of combinations of mother and juvenile foraging displayed by
Hadza and !Kung); and (b) that the need to provision juveniles provides an
opportunity for helpers to make a difference to the fitness of close relatives.

The main point about Hawkes et al.’s grandmother hypothesis is the
interesting set of links to other life history parameters, which are now
outlined. One of the most successful attempts to offer a unified theory of life
histories is that of Charnov (1993) — CM. CM shows that relationships
among certain variables remain approximately ‘invariant’ across wide
ranges in body size. These relationships account for the correlations long
recognised among life history variables and body size, and also for cor-
relations among life history variables when body size is removed. Primates,
for example, have ‘slow’ life histories compared with other mammals of
similar size (Harvey, Promislow and Read, 1989). This can be explained as
a result of a difference in the ‘production function’ for primates.

CM assumes that ‘production’ can be allocated either to growing oneself
or to growing offspring (Charnov, 1991, 1993; Charnov and Berrigan,
1993). This simple model divides growth into two periods: (1) conception to
weaning, in which growth is set by the mother’s production (a function of
her size); and (2) weaning to maturity (2), in which growth is a function of an
individual’s own body size. At maturity, production previously allocated to
growth is redirected to babies. Growth rates are a function of body mass
(W), a characteristic ‘production coefficient’ (4), and an allometric ex-
ponent (c). Individual growth rates take the form: dW/dt = AW*, where
production energy at time t for an individual of body mass W equals the
production coefficient times body mass to the ¢ power (usually assumed to
be 0.75). Adult size for a given period of independent growth («) and the
production available to funnel into offspring for a given adult size both
depend on A. If A4 is large, the result is faster growth and production (for a
given size) to funnel into babies. Primates have a very low A, averaging less
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than half that of other mammals. This accounts for small size at a given age
of maturity and low fecundity for size compared with other mammals
(Charnov and Berrigan, 1991, 1993).

CM assumes that, given adult life span, selection sets the evolutionarily
stable strategy for duration of independent growth («) according to the
trade-off between (1) the benefits of growing longer, and so being larger
with more production to put into offspring, and (2) beginning to reproduce
sooner, and so having a greater chance to reproduce before dying. CM
assumes that key features of the mortality schedule can be modelled as an
early burst of high mortality followed by a drop to adult mortality levels
before age of first reproduction. Because production put into babies is a
function of maternal size (W,), that production increases with age of
maturity. The time available to use those gains depends on adult life span,
the inverse of the instantaneous mortality rate (M). As adult life span
increases (adult mortality rate falls), selection favours delayed maturity to
reap the gains of larger size. Thus, both a and M vary widely but inversely.
Their product («M) is approximately invariant.

There is another constraint in this model: the size at which babies are
weaned is a function of adult body size. For a sample of mammals (and for
primates separately), the ratio of size at independence (weaning) to adult
size (W, /W, = 0) is approximately constant (Lee et al., 1991; Charnov,
1993). Because ¢ scales almost isometrically with body size while produc-
tion scales up more slowly (the growth allometry is a power of 0.75), the size
of weanlings goes up faster with maternal size than does the production the
mother can put into them. Thus, annual fecundity, the number of daugh-
ters produced per year (b), goes down as age at maturity () goes up. Larger
mothers produce larger but fewer babies, making ab another approximate
invariant.

These ‘assembly rules’ for mammalian life histories seem quite robust.
The general fit of empirical patterns to the predictions of CM (since
confirmed on other, larger data sets: Purvis and Harvey, 1995) suggests
that the model identifies key trade-offs that shape mammalian life histories.
The invariant relationships reveal scaling rules: some life history variables
are adjusted to others. In this model, fecundity depends on age at maturity,
and age at maturity is adjusted to adult life spans. If ancestral human life
spans increased due to grandmothering, then that increase should have
distinctive effects on the age at maturity, time or size at weaning, and
fertility.
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Grandmothering, age at maturity, interbirth intervals, and
Sfecundity

In CM, oM is approximately invariant because longer life spans favour
more advanced age at maturity. More time to accrue the benefits of
increased production associated with growing longer before reproducing
offsets the cost of delay. If gains from growing longer continue to pay off
after menopause, as the grandmother hypothesis proposes, then o should
be adjusted accordingly. It is. These authors found that the late age at
maturity for humans (high «) combined with our long life spans (low M)
resultin an oM similar to that of the other great apes. The delay in maturity
for humans is as predicted if the gains from growing longer before rep-
roducing pay off throughout adulthood, during both childbearing and
grandmothering years.

If the grandmother hypothesis is correct, it also implies that childbearing
women must be producing babies faster than otherwise expected because
of grandmothers’ contribution to that production. Human interbirth inter-
vals are smaller than those of any other great ape (Galdikas and Wood,
1990). Grandmothers could affect the growth of infants in one of two ways:
(1) they might contribute to nursing mothers directly, and so add to the
production that goes through them to infants, who would then grow to the
size of independence faster than otherwise expected; or (2) mothers might
wean infants before they reach the expected size of independence because
they can pass the youngsters on to grandmothers, who supply the neces-
sary nutrient stream.

The second alternative is suggested by the contribution grandmothers
make to the nutrition of their weaned grandchildren (Hawkes et al., 1997).
In the light of the Hadza pattern, the authors hypothesised that gran-
dmothers allow mothers to wean infants earlier than they otherwise might.
If so, weaning would mark a shift to grandmother’s support, not feeding
independence, and so ¢ (the ratio of weaning weight to adult weight) would
be lower for humans than for other apes.

The ratio of offspring size at weaning to maternal size (W, /W, = 0) is
approximately 0.33 across the mammals generally, and primates in par-
ticular (Lee et al., 1991; Charnov, 1993). All the great apes (Lee et al., 1991)
have s lower than the order mean (see Table 6.1), which illustrates the
slight negative relationship between 6 and maternal size in both primates
and other mammalian taxa (Lee et al., 1991; Charnov, 1993; Purvis and
Harvey, 1995). Within the apes there is no relationship between ¢ and adult
body size. The authors used the mean of two ethnographic hunter—gatherer
values (Ache: Hill and Hurtado, 1996; and !Kung: Howell, 1979) to rep-
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resent 0 for humans (see Table 6.1). That value is not lower than all the
other great apes, although it ties with that of gorillas for lowest place, a
result that is at best equivocal for our expectation that humans wean at a
relatively small size.

It is possible that our estimate for human ¢ errs on the conservative side
(i.e. against the hypothesis). There appears to be a much greater variation
in adult than in weanling sizes in humans (Lee et al., 1991), so a larger
sample of human populations might dilute the large effect of the small size
of IKung adults in our sample. The 6 value for humans in Lee et al. (1991),
for which the sample is not restricted to foragers, is much lower than all the
other apes (0.16 compared to 0.21 for gorillas, 0.27 for chimpanzees, 0.28
for orangutans). Ethnographically known hunter—gatherers are generally
smaller than pre-Mesolithic human populations, so perhaps the ¢ for
Paleolithic moderns was closer to the Lee et al. value.

Our short interbirth intervals, perhaps made possible by a small J, are
especially striking given the negative scaling of fecundity with age at
maturity across the mammals. Because b (daughters per year) scales ap-
proximately with o, the direct comparison of interbirth intervals underes-
timates the relatively high fertility of humans. Later age at maturity is
usually associated with reductions in b. But if later maturity in humans is
due to grandmothering, then grandmothers’ contribution to production
will have important countervailing effects that increase b.

Across the primates and mammalian taxa generally (of all sizes), ab is
approximately 1.7 (Charnov, 1993). For all the other great apes, the ab
number is substantially lower than this, less than 1.0. Humans, however,
have an ab value greater than than 2.0, more than double the other
large-bodied apes. The grandmother hypothesis predicts just this: ab should
be high because it incorporates the production of both mothers and grand-
mothers. The baby production of the entire life span is concentrated in the
childbearing years.

The grandmother hypothesis combined with CM accounts for several
distinctive features of human life history, including long life spans after
menopause, late age at maturity, short interbirth intervals, and high fer-
tility. Other hypotheses have been offered to explain each of these indi-
vidually (Smith and Tompkins, 1995), but ‘grandmothering’ can explain
them all at once.

Criticisms of the grandmother hypothesis

The grandmother hypothesis has attracted several critical comments,
among them:
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1. Old Hadza women help young kin, but is this a general pattern (Gib-
bons, 1997)? Hill and Hurtado (1991) show an effect of Ache grand-
mothers upon their daughters’ reproduction, and !Kung informants of
Blurton Jones, Hawkes and Draper (1994a) claimed that older women,
less distractable and tougher, are the most productive foragers.

2. What about meat obtained by males, which often forms around 50% of
the food intake in hunter—gatherer populations? CM implies that atten-
tion to female life histories is sufficient to account for major taxonomic
variation. But as long as females can access the meat, it has an effect on
female economics — the debate is not concluded!

3. Some chimpanzees use resources juveniles cannot process
(Table 6.3), they sometimes give food to juveniles, and some live beyond
their apparent reproductive span. Is grandmothering really distinctly
human? Great ape populations are so small that meaningful com-
parative data take years to accumulate. The chimpanzee nut-cracking
data are very important; they support the view that hard-to-process
food is a context in which adults transfer food to juveniles. If nuts were
the staple food of these populations, we might expect to see benefits to
delayed senescence. But the nuts are used for only a third of the year, are
not available in some years and, most intriguing, are only exploited for
about an hour a day (Sugiyama and Koman, 1979a, 1979b; Boesch and
Boesch, 1984).

4. Current evidence suggests patrilocality as a conservative hominoid
trait (Foley and Lee, 1989). Would grandmothering work as well in
patrilocal groups as in the matrilocal groups it has been studied in? The
authors would rank grandmother’s fitness benefit accruing from help to
children of beneficiaries as: greatest from help to daughter > sister >
niece > son > nephew because of relatedness and paternity uncertain-
ty. (Grandmother as mate guard is a role we have not examined. It
might have interestingly different implications for life history.) For
grandmothering to win over continued births, the only hopeful can-
didate would be help to daughter; help to others is too heavily discoun-
ted. But help to any of these might be adequate to select for delayed
senescence. Thus, the grandmother hypothesis could apply to either
matrilocal or patrilocal settings. But grandmothers benefit most by
living with their daughters and should favour matrilocality.
Provisioning enables older juveniles to help their mother, offering
another advantage to keeping daughters at home. (Blurton Jones et al.,
1997, suggest that teenage sons pursue interests that conflict with ef-
ficient provisioning of younger siblings.) If men gain by kin co-operation
in hunting, or the defence of females, they should favour patrilocality.
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Table 6.3. Returns on food patches for primate species and human foragers,
and an estimate of the number of individuals that could potentially be
supported by a foraging individual

Species Resource kcal/hour kcal/day Expend/  Number
in patch day that
can be
supported
Papio cynocephalus® Various 297 1013 626 1.62
Cercopithecus aethiops® Acacia 311 1244 505 2.46
flowers
M. fuscata® Seeds 115 717 529 1.36
Pan troglodytes® Coula
nuts 1408-1508 2616 (potential 1767 1.48
maximum 5.6-5.97
9856-10556)
Pan troglodytes® Figs 1200 ? 1767 ?
Homo sapiens Baobab 1700 11900 2400 4.96
fruit

*Baboons (Stacey, 1986): feeding efficiency seems to show ‘on-site’ returns of 20.7 kJ per

min = 1242kJ/h = 297 kcal/h. Stacey’s ‘foraging efficiency’ includes moving during the day,
which seems equivalent to the authors’ foraging returns with travel time and processing
included. Stacey gives 9.4 kJ/min (564 kJ/h), which is 135 kcals/h; multiply this by 7 hours’
work = 945 kcal/day. Food intake is 385 kJ/kg per day (57 kcal). Females weigh

11kg = 4235kJ per female per day. Energy expenditure calculated at 238 kJ/kg per day.
Females of 11 kg need 2618 kJ per day. Ratio of intake/expenditure = 1.51-1.62.

*Vervets: feeding returns = 311kcal/h (Lee, personal communication), with 4-hour foraging
day = 1244 kcal/day intake. Food requirement calculated as 2 x BMR, with 65% digestible
energy. Vervet female weight = 3.15 kg; ratio of intake over requirements = 2.46 individuals
(self plus 1.46 others).

¢Japanese macaque (Saito, 1996): intake rate up to 8 kJ/min on seeds Zelkova and

Carpinus = 480kJ/h/4.18 = 115 kcal/h. Return rate x feeding time up to

3000kJ/day = 717 kcal/day. Weight of female M. fuscata is 9.2 kg (Lee et al., 1991). Using
Stacey’s 238 kJ/kg per day expediture = 2189.6 kJ/day per female (or 529 kcal/day). A female
M. fuscata can support 717/529 = 1.35 individuals (i.e. self and 0.35 more) on these berries.
Assuming a 7-hour foraging day, 115kcal/h x 7 = 805 kcal/day. This calculation suggests
she can support 805/529 = 1.52 individuals.

dChimpanzee (Boesch and Boesch, 1984): female weight is 31 kg = 1767 kcal/day
expenditure. If we take Boesch’s ‘mean intake per individual and per day represents

2616 kcal’, then a female chimp can only support 2616/1767 individuals = 1.48. But the
2616kcal are obtained in only 1.5h at an anvil site. This represents 1744 kcal/h. Other
figures in Boesch suggest 1408—-1508 kcal/h. These figures are comparable to human return
rates. Not surprisingly, if a chimp stayed at the anvil for a 7-hour day, it could support more
than five individuals.

°Chimpanzee (Wrangham et al., 1993): midpoint in plot of return rates in fig

trees = 1200 kcal/h. If the supply was not depleted over 7-hours foraging, in one tree it
could obtain 8400 kcal. 1767 kcals are required per day and 4.75 individuals could be
supported in the tree.
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The resulting conflict of interest should give the kind of variability
Ember (1975) reports for human hunter—gatherers, and is in line with
ideas about animal group transfer patterns (Greenwood, 1980; Pusey
and Packer, 1995).

. Isn’t it too easy (cheating?) to give up assessing the trade-off between
care for kin and another birth (even though evidence against it is
accumulating), and switch attention to selection for delayed somatic
senescence? We have long thought of menopause as a special adap-
tation, an endocrine modification that brings reproduction to an early
end. But evidence for such a view is scant. The prime mover in
menopause appears to be the loss of oocytes. Other mammals show a
similar rapid loss of oocytes as they age. Experimental removal of
ovarian tissue early in life hastens a later decline in reproductive rates
(see Adams, 1984). Finch (1990) concludes his survey of the literature
‘The oviprival syndromes of reproductive senescence seem to occur
widely in mammals‘. Given the high attrition rate of oocytes, extending
the reproductive span may require prohibitively costly increases in
investment in reproduction during prenatal development (Wood, 1994).
Evidence compatible with such a trade-off between early investment
and later reproduction is offered by Cresswell et al. (1997), who found in
longitudinal data that early menopause was associated with indicators
of retardation in the woman’s own prenatal growth. A few mammals
appear able to extend the reproductive span as long or longer than the
human span: elephants, perhaps, and the long-finned pilot whale
Globicephala melaena (Marsh and Kasuya, 1986), in contrast to the
short-finned pilot whale (G. macrorhynchus) with 25% of adult females
as post-reproductive. A selectionist examination of the peculiar
development of the mammalian female germ line might be rewarding. If
it can be interpreted as another manifestation of the contrast between
male pay-offs from quantity and female pay-offs from quality (quantity
being limited by gestation), then we must suppose repeated mitosis
(found in sperm production throughout the individual male’s life but in
females contributing to oocyte production only before birth) poses a
greater threat to quality than the suspended, resting state of the primary
oocyte. Some data on mutation rates appear to support this suggestion
(Drost and Lee, 1995).

. Why would any animal take on the burden of provisioning juveniles?
Are we not suggesting evolution into a disadvantage from which the
animal is rescued only by the simultaneous, improbable and rapid
arrival of grandmothers? Table 6.2 show s that staple foods used by
'Kung and Hadza women allow them to provide for several dependents,
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Table 6.4. A South American example: plant foods of Ache and Cebus
apella

Species Part User kcal/h
Arecastrum romanzolfianum Growing shoot Ache women 1584
Fibre starch Ache women 2246
Fibre and shoot Ache 2436
Casimiroa sinesis Fruit Ache 4181
Philodendron sellam Unripe fruit Ache 2708
Ripe fruit Ache 10078
Campomanesia zanthocarpa Fruit Ache 6417
Rheedia brasilense Fruit Ache 3245
Acromia totai Nut Ache 2243
Astrocaryum murumuru Flower Cebus apella 56.5
Seeds C. apella 191.3
Scheelia Fruit C. apella 127.2
Frond pith C. apella 63.4
Quararibea cordata Nectar C. apella 148.4
Strychnos asperula Fruit C. apella 174.2
Ficus kilipii Fruit C. apella 80.8

Ache plant foods from Table 2 in Hill et al. (1987; fruits for which n < 10 excluded). Cebus
apella from Table 1 in Janson (1985). Return rates for Ache children are currently not
available. The preponderance of fruit is discussed in the text. Nuts and palm parts require
processing to render them accessible.

and that juveniles exploit these resources only inefficiently. Table 6.3
suggests that, with the important exception of chimpanzees, other pri-
mates acquire resources at a rate that does not generate a surplus. Thus,
exploiting tubers and nuts, even though they must be provided for
juveniles, appears likely to at least match the alternative strategy.
Table 6.4 offers a South American example and an important puzzle.
This table compares plant foods of Ache foragers — forest dwellers
among whom women acquire only 17% of the calories, in contrast to
'Kung (58%) and Hadza (about 50%) — and Cebus apella. Notable here
are the absence of tubers and the presence of just one nut in the Ache
diet. Yet, the return rates Ache derive from fruit far exceed those of
Cebus. Skill and agility seem unlikely to account for this difference.
More likely candidates may be found in body size, gut transit times, or
in the possession of baskets in which to stash fruit instead of waiting
until the previous mouthful has been chewed. The low kcal/h return rate
of primate foraging may result from a limit to the speed at which food
can be processed, not a limit to the rate at which it could be acquired.
Thus, it might be that many primates could acquire food fast enough (if
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they were going to give it away and thus avoid their lengthy preproces-
sing) to produce a surplus and provision offspring. But the chimpanzee
data, which suggest this most strongly, are in-patch acquisition rates,
which leave us ignorant about how much of the day these rates could be
sustained, and how much of the year. Important aspects of the rich but
hard-to-acquire resources used by humans may be that their total
biomass is very great, their seasons very long, and because they are
difficult and time consuming to extract, competition takes the form of
comparative skill and strength at extraction more than immediate
interindividual competition for access, and hence depletion is slower.
These considerations emphasise the role of juvenile inefficiency in the
evolution of provisioning and show that the grandmother hypothesis
may guide forager researchers towards greater participation in com-
parative research on primate and hominid diets.

. Does provisioning juveniles really give a greater opportunity for helpers
to enhance their fitness? Could helpers not help any primate mother just
as much? Non-human primates provisioned in captivity maintain inter-
birth intervals half as long as in the wild. Any mammalian mother could
gain from a helper, but helpers are found mostly among carnivores
(including non-reproducing but not post-reproductive helpers) and hu-
mans. As suggested above, perhaps not all mammals can produce a
surplus. But we also questioned this interpretation of the foraging data,
and another argument may be considered. If we look at potential losses
of fitness when the mother is temporarily incapacitated, the provision-
ing mother (who lives in an ecology in which her juvenile offspring
cannot efficiently forage for themselves) appears at risk of losing the
products of great portions of her reproductive career (dependent juven-
iles), while the non-provisioner appears at risk of losing only the current
infant, or a delay to the next birth. Thus, the long-term contribution of a
helper may be much greater when there is a series of still-dependent
weaned offspring.

. Is it right to divorce the evolution of human life history from the
evolution of a large brain? Many authors have attempted to link the
advantages of learning to large brains, and particularly to late maturity
(Bjorklund, 1997, is a recent and unusually thorough example). Child-
hood is seen as a time for learning; more time spent learning improves
adult competitive ability and the delay is repaid. Blurton Jones et al.
(1997) suggested juvenile life is primarily waiting time, which could be
filled with fitness-enhancing activities such as learning, if not too costly.
Let us continue our devil’s advocacy. Individuals who acquire skills
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more rapidly are presumably at an advantage over those who acquire
them slowly — they benefit from the skills without losing by delayed
reproduction. Thus, a skill-based subsistence should select strongly for
rapid learning (and the rapid construction of a brain that performs such
rapid learning — most brain growth is accomplished within the first five
years of life, why then would having a large brain account for another 12
pre-reproductive years?). If the length of life span renders cultural
transmission useful (Boyd and Richerson, 1985, show cultural transmis-
sion is most useful at intermediate rates of environmental change; rate is
relative to generation time), there may be an increased pay-off to rapid
forms of learning. (We would draw the causal arrows from longer adult
span, to late maturity, to long generation time, to increased pay-off from
cultural transmission, to advantages in observational and ‘hearsay’
learning, to increased brain size.) Even if we concede that there is ‘lots to
learn’ to be a successful forager, it is easier for us to believe that this
selected for faster mechanisms of learning (such as observational lear-
ning) than that it selected for later maturity. A selective advantage to
faster learning, employing mechanisms of learning not widely found in
other species, seems more likely to account for the evolution of a large
brain than does an assumption that because there is so much to learn we
need to take longer to learn it. There seems to be ample experimental
evidence that mechanisms of learning seen in other species would,
indeed, require a long time (many trials) to acquire many skills and
much cultural or topographical knowledge. ‘Skill theory’ proponents
need to decide whether they wish to explain big brains or late maturity!
If humans were acquiring more knowledge with a monkey’s brain, it
would indeed take many years to learn what young foragers know! But
what we see among hunter—gatherers are individuals with the capacity
to observe an older individual prepare a skin, cut climbing pegs, winnow
Baobab flour, perform sacred dance steps, etc., and immediately repeat
the activity themselves. These authors suggest that the human brain,
while in a sense just more of the same, is not providing merely more
space to store more information, nor merely more of the same learning
mechanisms, but rather exhibits processes weakly evidenced in other
species but startlingly efficient in our species.

If causal arrows are to be drawn from Machiavellian learning to big
brains, and (separately, because brain volume reaches close to adult
levels long before maturity) to late maturity, we need to spell out the
components of Machiavellian intelligence that can be added with a
larger brain and are absent from other primates, and we need to show
whether these things take a long time to learn. Because many aspects of
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social interaction must be shaped by real interests and power differences
(including size and weaponry, and the interests of allies), it is likely that
the scheduling of development of juvenile social intelligence is not
determined by difficulty or time needed to learn but by the need to keep
out of unnecessary trouble.

9. If grandmothering is such a good idea, why do we not see menopause or
post-reproductive life in more species? Vervet grandmothers contribute
to the fitness of their daughters and granddaughters (Fairbanks, 1988)
but reproduce until death. If it is not costly to produce enough oocytes
to last five or ten years, the trade-off that we should consider for the
vervet may be between help to kin, and continued births (the ‘classic’
trade-off examined by Hill and Hurtado, 1991, and Rogers, 1993). This
is even less likely to pay when: (a) the help given is non-depreciable, thus
less impaired by the addition of offspring, and (b) the grandmother has
already transferred some of her status to her daughters, in which case
the marginal difference made by the grandmother is unlikely to out-
weigh the benefit to her of continued reproduction.

We should ask a parallel question about Belsky et al. (1991) and
Chisholm’s (1993) view of differences in parental strategy, and perhaps even
of Kaplan’s (1994) view of demographic transition: why do high-ranking
primates not have fewer offspring than low-ranking ones? The distinction
between depreciable and non-depreciable care is critical here, too. Kaplan
(1996) attends to highly depreciable care — money, direct instruction,
social-intellectual interaction — that improves the child’s chances in the
competitive labour market. The nearest analogy in other animals is rank
order, but its maintenance is non-depreciable. High-ranking vervets gain
nothing by distributing this care among fewer offspring.

Discussion and conclusions

This chapter concentrates on efforts to apply perspectives from life history
theory in biology to data on contemporary hunters and gatherers. Topics
include the allocation of resources between offspring number and fitness,
age at first reproduction, lack of balance of fertility and mortality
schedules, the special significance of helpers in human adaptation, and
contrasting ideas about the evolution of post-reproductive life. These
investigations share an interest in ecological contexts that may have
shaped the life history parameters. Each attaches primary importance to
rich resources that are difficult for juveniles to acquire (meat, deep roots
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and difficult nuts). The significance of such foods has been frequently
discussed (e.g. Hatley and Kappelman, 1980). There are disagreements
about the relative importance of hunting and the exploitation of difficult-
to-acquire but rewarding plant foods, and about the way in which the
development of the ability to exploit either resource accounts for the
human life history.

The opportunities for meaningful comparisons of humans and other
primates are greatly increased by the addition of more quantitative studies
of hunters and gatherers. The Ache and Hadza studies add significantly to
the landmark studies of the !Kung San, showing us both variability and
commonality. Quantitative study of the use of plant foods (and hunting
methods) among farmers and pastoralists would also provide useful infor-
mation for comparative and evolutionary debate. More long-term studies
of primate demography would also be very useful.

From the Hadza and San studies (e.g. Lee, 1979), we are beginning to
build knowledge of African savanna economics to add to the comparative
studies of Peters and O’Brien (1981), Peters (1987) and McGrew, Baldwin
and Tutin (1988). Despite the obvious relevance of understanding savanna
foraging ecology to the rational discussion of human origins, many data
have yet to be collected. We need more data on the returns obtainable from
such foods in different savanna habitats (enough traditional use of wild
plants persists for useful work to be done), and the assumed association of
roots and nuts with savanna habitats needs testing by quantitative analysis
of availability in different kinds of forest (Vincent, 1985; Peters, 1987,
McGrew et al., 1988). Foraging return data from Hadza and !Kung and
other users of wild plants can suggest which plants critically define forager
habitats. Data on primate foraging that are easier to reconcile with forag-
ing theory would be very useful. The authors were surprised by the diffi-
culty of finding and comparing foraging data from primates. Comparative
rainfall data for chimp habitats are made usefully available by Moore
(1992). At 1717 mm/year, the mean rainfall is about five times (and even the
driest localities are some three times) the rainfall in !Kung and Hadza
country. Foley (1982) showed that prehistoric hunters and gatherers prob-
ably occupied areas with rainfall and productivity higher than the habitats
of contemporary foragers. But we do not know the consequences of such
differences for the real-life economic decisions of foragers. Peters’ (1987)
maps suggest that productive, hard-to-exploit plant resources are found in
all these habitats.

Our species is often described as the ultimate omnivore. But the use of
hard-to-acquire but highly rewarding plant foods predicts the narrow diet
breadth actually observed among hunters and gatherers. While human
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informants can give a list of edible plants as long as the known diets of
other primates, relatively few of these foods are taken regularly. Many days
following Hadza on foraging trips, and many additional days weighing the
food they brought home, have given us a list of nine species regularly used
in a year (//ekwa, makalita, panjuko, shumuko, tafabe, undushibe, em-
beripe, baobab, tamarind). Rather fewer days following !Kung foraging in
locations chosen by us (many chosen to see how little food they produce —
thus likely to expand recorded diet breadth) nonetheless gave a similarly
short list. Hill et al. (1987) list ten species taken often enough by Ache to
yield foraging data. People primarily exploit a small number of ‘staple’
foods. In contrast, McGrew et al. (1988) observed chimpanzees using 43
species and suspect the use of an additional 41 species, but still describe this
as a narrow diet breadth relative to other primates. Tutin and Fernandez
(1993) report chimpanzees using 111 plant species (and observed them
eating 67% of these, i.e. 74 species). Given the very high returns for human
foods shown in Table 6.2, diet breadth theory would lead us to expect a
narrower diet than accompanies the low returns obtained by other pri-
mates. While the global human catalogue of plant foods may far exceed
that of other primates, local human populations are likely to have often
been characterised by a narrow diet spectrum.

The authors think it is also now clear that female provisioning of weaned
offspring (dependent on the use of rewarding but hard-to-acquire plant
foods) challenges hunting as a productive explanation of the path of human
evolution and the distinctiveness of our species.
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7  The evolutionary ecology of the
primate brain

ROBERT BARTON

Introduction

Comparative studies of the brain have long intrigued and frustrated resear-
chers. They have intrigued because of what they might reveal about the
evolutionary forces shaping cognitive attributes. They have frustrated
because the results have been so difficult to interpret, leading to a raft of
further questions. What is the cognitive significance of differences in brain
size? Do correlations between brain size and ecology indicate selection
pressures on specific-information processing abilities, or merely some kind
of general constraints on brain size? The ratio of speculation to hypothesis
testing in this area has been so far above unity as to question its scientific
credibility. Yet there are hypotheses to be tested. Is variation in brain size
associated with the differential expansion of specific neural systems? If so,
does the differential expansion of such systems correlate with relevant
behavioural or ecological variables? Or is brain size simply determined by
biological constraints, like metabolic rate? Tests of predictions arising from
such questions are described in this chapter, based on the data in Appen-
dices 7.1 and 7.2. Some of the methodological principles and problems
associated with these tests are emphasised, starting with a discussion
(parallel to Purvis and Webster’s, Chapter 3) of the importance of control-
ling for phylogeny when testing for correlated evolution among brain traits
and other variables.

Phylogeny and brain evolution

The comparative method can be used to test hypotheses about adaptation.
Indeed, ‘adaptation is an inherently comparative idea’ (Harvey and Pagel,
1991: p. 13). Purvis and Webster (Chapter 3) explain why comparative
studies must take phylogeny into account when testing for correlated
evolution between biological, behavioural and ecological traits (Harvey
and Pagel, 1991). Hypothesising that variable Y is adaptively linked to
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variable X implies that selection has caused the correlation between them.
Species cannot be assumed to represent statistically independent data
points in testing such hypotheses, because similarities may stem from
common ancestry rather than from independent evolution under similar
selection pressures.

The principle is illustrated clearly by considering the evolution of brain
size. Within the primates, there is a fundamental taxonomic division bet-
ween the haplorhines (monkeys and apes) and strepsirhines (lemurs and
lorises). Haplorhine primates tend to have larger brains relative to body
size than do strepsirhine primates (Fig. 7.1). This ‘grade shift’ affects the
consideration of both the scaling of brain size to body size, and the patterns
of correlated evolution between brain size and ecological variables. Each of
these is considered in turn.

Brain allometry

Several authors have analysed brain to body size relationships in primates
(e.g. Jerison, 1973; Martin, 1981). In theory, the slope of the best-fit line on a
log-log plot of the two variables represents the rate at which brain size has
to increase in order to maintain functional equivalence as body size in-
creases. Early comparative analyses of mammals using individual species
as data points gave slopes of around 0.67 (Jerison, 1973), whereas later
studies put the slope at 0.75 (Martin, 1981). In each case, a fundamental
biological reason for these slopes was suggested. The 0.67 slope suggested a
connection with surface-to-volume ratios, because the surface area of a
solid increases to the 2/3 power of its volume. The biological reason for this
might be that numbers of sensory receptors and motor effectors must
increase in direct proportion to the area of the body surfaces over which
they are distributed. The more recently accepted 0.75 slope suggested a link
with basal metabolic rate, because, for unknown reasons, the latter also
scales to body mass with a 0.75 slope.

Scaling relationships are, however, potentially confounded by grade
shifts, as clearly explained by Martin (1996). Fitting a single line across the
species values in Figure 7.1 yields an artificially high slope because two
grades are present, each having a similar slope that is lower than the one
calculated across the whole order. The least-squares regression slope
across suborders is 0.77, close to the theoretical 0.75 value. The slopes
within suborders, however, are 0.66 and 0.70, closer to the 0.67 value
implied by surface-volume geometry, and with 95% confidence intervals
that barely include 0.75 (0.58-0.73 for strepsirhines and 0.66-0.75 for hap-
lorhines). This reduction in slope values does not appear to be the result of
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Fig. 7.1 Double-logarithmic plot of brain size on body weight in haplorhines
(open circles) and strepsirhines (filled circles). The elevations of the least-squares
regression slopes for the two sub-orders are significantly different (t = 8.6,

df = 115, p < 0.0001).

the tendency for least-squares regression to underestimate slopes with
lower correlations (correlation coefficients are about 0.96 in both across-
order and within-order analyses). One should not, however, be tempted to
conclude that the slopes within suborders necessarily represent the true
line of functional equivalence, because further grade shifts may be present
within suborders. The average slope obtained by analysing the species
values in Figure 7.1 separately for individual primate families is 0.56
(range = 0.45-0.67).

A grade shift is, of course, simply a specific case of the general tendency
for more closely related species to be more similar. The divergence of two
taxa that produces separate grades is thus an evolutionary event like any
other, and not qualitatively different from the smaller-scale adaptive dif-
ferentiation between two species. As such, grade shifts should be grist to the
mill of comparative analysis. The point is, however, that no single
evolutionary event, such as the divergence of strepsirhines and haplor-
hines, should unduly weight a comparative analysis. The method of in-
dependent contrasts (see Chapter 3) is one way of determining scaling
relationships free of phylogenetic bias. This method treats the grade shift in
Figure 7.1 as just one of the many relevant evolutionary changes in brain
and body size. Using independent contrasts, Harvey and Krebs (1990)
obtained a brain—body size slope of 0.69 across a broad sample of mam-
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Table 7.1. Ecological correlates of brain size

Variable Standardised t value t value
coefficient

Body weight 091 19.98 < 0.0001

Percentage fruit 0.15 2.53 0.014

in diet

Social group size 0.16 2.77 0.007

The figures are based on a multiple regression (through the origin) carried out on
independent contrasts in brain weight, body weight, percentage of fruit in the diet and social
group size. The contrasts were generated using the CAIC programme (Purvis and Rambaut,
1995) and primate phylogeny (including branch lengths) in Purvis (1995), applied to the data
in Appendix 7.1. All variables were log-transformed prior to analysis. For overall regression,
adjusted r? = 0.86,n = 67, F = 141.2, p < 0.0001.

mals. Within primates, using Purvis’s Comparative Analysis by Indepen-
dent Contrasts (CAIC) programme and his composite primate phylogeny
(see Chapter 3) gives a regression slope of 0.55 (r* = 0.81, n = 106, 95%
confidence intervals = 0.49-0.60). Because error variance has a relatively
large effect on contrasts calculated between closely related species (Purvis
and Rambaut, 1995; Chapter 3), the author repeated the analysis excluding
nodes dated in Purvis’ composite phylogeny at younger than 5 million
years (approximately half the nodes). This gave a higher slope of 0.64
(r* = 0.84, n = 50, 95% confidence intervals = 0.57-0.72). In fact, it is well
known that, even using species as data points, brain—body weight slopes
increase with taxonomic level, a phenomenon for which various biological
and statistical explanations have been advanced (e.g. Lande, 1979; Pagel
and Harvey, 1988a, 1989). Whilst this variability suggests we should not
attach too much biological significance to any particular brain size scaling
exponent, however calculated, analyses that take phylogeny into account
appear to give values closer to 0.67 than to 0.75. The 0.75 scaling exponent
for basal metabolic rate is apparently more robust, in that it survives
independent contrasts analysis and does not vary significantly with tax-
onomic level (Harvey and Pagel, 1991; Martin, 1996). Hence, the claim that
similar scaling exponents for brain size and for metabolic rate imply some
kind of causal relationship is questionable.

Adaptive variation in brain size

Phylogenetic bias also complicates the use of comparative data for infer-
ring adaptive associations between brain size and other traits. Strepsir-
hines, for example, not only have smaller brains than haplorhines, they also
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tend to have lower metabolic rates (Martin, 1996), shorter gestations, a
different type of placentation and smaller neonates (Martin, 1990), and
tend to be more nocturnal and live in smaller groups (Smuts et al., 1987;
Kappeler and Heymann, 1996). Interspecific analysis of any of these vari-
ables with brain size would risk finding a spurious correlation as a result of
the overall grade differences between the two suborders. The word ‘spuri-
ous’ is used here to mean a correlation that does not reflect a general
adaptive association. In order to infer that two traits have such an as-
sociation, it is necessary (though not sufficient) to show that they exhibit
correlated evolution: that is, they can be shown to have covaried in a
consistent way across multiple evolutionary events. As an example, an
interspecific analysis of relative brain size and activity timing (diurnal
versus nocturnal habits) in primates shows a statistically significant dif-
ference: with the effects of body weight partialled out, diurnal species have
significantly larger brains (t = 4.3, df = 115, p < 0.0001). There should not,
however, really be 115 degrees of freedom in this analysis, because there
have only been a few evolutionary changes in activity timing against which
to match changes in brain size. The result could largely reflect the fact that
strepsirhines are small brained and predominantly nocturnal, whereas
haplorhines are relatively large brained and predominantly diurnal. In-
deed, using the BRUNCH procedure for categorical variables in Purvis’
implementation of the independent contrasts method (see Chapter 3), there
is no significant trend for activity timing and relative brain size to evolve
together (t = 1.38, df = 4, p = 0.24). This remains true regardless of the
allometric exponent used to generate residual brain size values. Other
ecological variables do, however, correlate with overall brain size. A mul-
tiple regression analysis on 68 independent contrasts shows that, when
body size is taken into account, brain size shows independent positive
correlations with the percentage of fruit in the diet and social group size
(Table 7.1). This confirms the well-known correlation in primates between
diet and relative brain size (Clutton-Brock and Harvey, 1980; Foley and
Lee, 1992). The size of one particular brain structure, the neocortex, is also
correlated with both percentage frugivory and social group size (Barton,
1996). The neocortex size analysis controlled for the size of the rest of the
brain, thus examining relative neocortical expansion rather than size rela-
tive to body size. Hence, the ecological correlates of relative neocortical
expansion and of overall brain size are similar. This might be because brain
size differences are, at least partly, a consequence of selection operating
specifically on neocortical processing systems, a possibility explored fur-
ther below.

Ecological correlates of brain and neocortex size have been interpreted
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as evidence for the idea that specific aspects of lifestyles have selected for
specific cognitive abilities. The correlation with frugivory led to the sugges-
tion that large brains are needed to memorise and integrate information on
the location of fruit trees distributed patchily in large home ranges (Clut-
ton-Brock and Harvey, 1980; Milton, 1988; see Eisenberg and Wilson
(1978) for a similar explanation of large brains in frugivorous bats). Cor-
relations between neocortex size and social group size have been taken as
evidence for selection on social intelligence (Dunbar, 1992; Sawaguchi,
1992; Barton and Dunbar, 1997). Whereas diet and social group size have
sometimes been seen as alternative explanations for the evolution of brain
size, Table 7.1 suggests that both are independently important. Some
authors, however, are more sceptical that brain size can be related to the
specific information-processing demands of different ecological niches.
Their ideas are explored in the next section.

Life histories, maternal energetics and brain size

Perhaps differences in brain size reflect overall life history strategies or
biological constraints (Sacher, 1959; Hofman, 1984; Shea, 1987; Harvey et
al., 1987; Parker, 1990; Allman, McLaughlin and Hakeem, 1993; Martin,
1996), rather than ecologically related neural specialisation. One sugges-
tion has been that brain size is linked to life span (Sacher, 1959; Hofman,
1984; Allman et al., 1993; see also Harvey and Read (1988) for a discussion).
Sacher (1959) found that brain size and life span were more strongly
correlated than either were with body size. Similarly, Allman et al. (1993)
found that primate life spans and brain sizes were positively correlated
even after the effects of body weight had been removed from each. Harvey
et al. (1987) suggested that brain size is more directly related to age at
maturity than to life span, because age at maturity reflects the amount of
postnatal brain development and learning during the juvenile phase (see
also Joffe, 1997). Others have suggested that energy constraints may play a
key role in limiting brain size (Martin, 1981; Armstrong, 1983; Foley and
Lee, 1992). Martin’s ideas (1981, 1996) have been particularly influential
and stimulating. He suggested that variation in adult brain size is linked to
the metabolic turnover of the mother during gestation and lactation. The
reason why frugivores have comparatively large brains might be simply
that their energy-rich diets allow them to have higher basal metabolic rates
(Martin, 1996: p. 153). As mentioned above, this idea originated in part
from the apparent similarity of the allometric exponents for brain size and
basal metabolic rate (Martin, 1981). Subsequently, Martin (1996) included
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gestation length with basal metabolic rate as components of maternal
energy expenditure. He analysed the partial correlations between brain
size, basal metabolic rate, gestation length and body weight in 53 species of
placental mammals, finding significant correlations between brain weight
and both metabolic rate and gestation length, with the effect of body weight
partialled out.

The analyses described above suffer from two problems. The first is that
they were carried out using means for species, or for higher taxonomic
groupings such as genera, as independent data points, and thus are suscep-
tible to the type of phylogenetic bias discussed above. The second is the
‘Economos problem’ (see Harvey and Krebs, 1990). Economos (1980)
pointed out that body weight is an intrinsically ‘messy’ variable, subject to a
high degree of intraspecific variability related to nutrition, disease and
genetics. Life span and brain size, or metabolic rate and brain size, may be
more highly correlated with each other than with body weight merely
because they are more accurate indices of a species’ body size than is weight.
Using regression to remove the effects of body weight from both variables of
interest (e.g. Allman et al., 1993) would only compound the problem,
because this adds the same error variance in the body size measurements to
both variables. If we then correlate the ‘size-corrected’ variables with each
other, there is a relatively high chance of finding a spurious positive
correlation, because of the correlated error added to each variable. To make
this clearer, imagine the (admittedly unlikely) case in which the true cor-
relations between brain size and body size and between life span and body
size were perfect. Residual values for brain size and life span after regressing
them on mass would be entirely determined by the measurement errors in
each variable (because, in theory, all points should lie on the line, making
their true residual values zero). If mass was substantially more error prone
than brain size and life span, then the size-corrected values for each of the
latter variables would be strongly and similarly affected by the error in
body size, leading to positive correlations even in the absence of any
biological relationship. A possible solution to mass errors is to estimate size
from separate samples of individuals for each variable being investigated
(Harvey and Krebs, 1990), or perhaps to use size measures other than
weight (Mace and Eisenberg, 1982). The extent to which this theoretical
problem is a practical reality has not yet been assessed, and therefore the
results of studies in which two or more variables corrected for body size are
correlated with each other should be treated with caution. In mitigation,
Allman et al. (1993) showed that the size of organs other than the brain did
not correlate with life span in the same way, which would have been
expected if the original correlation was a statistical artefact.
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If we ignore the theoretical Economos problem for the moment, what
does phylogenetic re-analysis of the links between brain size and life
histories reveal? Life-history variables such as age at first reproduction and
life span are so closely linked to each other (e.g. Harvey et al., 1987,
Charnov, 1991; Purvis and Harvey, 1995) that it may not make sense to
treat them as different variables within a single comparative analysis. Thus,
separate multiple regressions were carried out for each with 55 indepen-
dent contrasts. Body weight was accounted for in these analyses by en-
tering it into the multiple regressions (p < 0.001 in each case). There is no
significant association between brain size and life span (t = 1.58, p = 0.12),
nor between brain size and age at first reproduction (t = — 0.42, p = 0.67).
These tests are, however, quite strongly affected by a few outlying contrasts
calculated at younger nodes in the phylogeny. As noted earlier and in
Chapter 3, error variance tends to be amplified in contrasts at younger
nodes. Excluding nodes younger than 5 million years gives significant
results (with 38 contrasts, t = 3.27, p =0.002 for life span, t = 2.24,
p = 0.03 for age at first reproduction).

In the previous section it was shown that ecological variables (percen-
tage frugivory and social group size) are correlated with brain size. How
can this be reconciled with the results for life history variables? Are ecology
and life histories confounded, such that only one of them is the true
correlate of brain size? Multiple regressions, again on contrasts calculated
at older nodes ( > 5 million years), suggest that both ecological and life
history variables are separately correlated with brain size. Brain size is
significantly positively correlated with age at first reproduction (t = 2.34,
p =0.03), group size (t=2.61, p=0.01) and percentage frugivory
(t=2.33, p=0.03). In a separate multiple regression, brain size is
positively related to life span (t =2.79, p = 0.01), group size (t = 1.98,
p = 0.05) and frugivory (t = 2.42, p = 0.02). These analyses therefore sup-
port both ecological specialisation and life histories as correlates of brain
size.

Next, the maternal energy hypothesis (Martin, 1996) is re-examined,
following Martin in considering the joint effects of two maternal energy
variables, basal metabolic rate and gestation length. The problem of
phylogenetic bias is very apparent here. For example, correlating basal
metabolic rate with brain size across species gives a statistically significant
result (multiple regression controlling for body weight, t = 2.7, df = 2,18,
p = 0.01). However, this appears to be largely because, relative to their
body sizes, haplorhines have significantly higher metabolic rates (t = 2.6,
df = 2,19, p = 0.02) and brain sizes (t = 8.1, df = 2,116, p < 0.001) than do
strepsirhines. When the original multiple regression is re-run, controlling
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for suborder membership by entering this as a dummy variable, brain size
is uncorrelated with basal metabolic rate (¢t = 1.6, df = 3,17, p = 0.13).
Similarly, there are no significant associations between brain size and
maternal energy variables when the independent contrasts method is used
(multiple regression on 18 sets of contrast values, controlling for body size:
t = — 0.21, p = 0.84 for basal metabolic rate, and ¢t = 1.19, p = 0.25 for
gestation length). The contrasts were nearly all made at older nodes, and
excluding the one node younger than 5 million years does not make the
results significant (multiple regression on 17 contrasts, t = 0.47, p = 0.65
for basal metabolic rate, and t = 1.17, p = 0.26 for gestation length), nor
does the additional removal of another contrast that appeared as a rela-
tively large outlier in scatterplots (with 16 contrasts, t = 0.47, p = 0.65 for
basal metabolic rate and ¢t = 1.14, p = 0.27 for gestation length). Perhaps
life history variables are confounding relationships with the maternal
energy variables? To test this, the author incorporated age at first rep-
roduction into the analysis. Because this makes the sample size rather small
(n = 11) relative to the number of test variables, a stepwise regression was
used to select the variables significantly associated with brain size, taking
body size into account by entering it first. This showed a significant
positive correlation for age at first reproduction (p = 0.02), but not for
basal metabolic rate or gestation length (p > 0.1 in each case).

These results cast doubt on a link between maternal energy and brain
size in primates. Results of other comparative studies also lend little
support. Among mammals generally, neonatal brain size is not correlated
with basal metabolic rate (Pagel and Harvey, 1988b). Although neonatal
brain size is correlated with gestation length (Pagel and Harvey, 1988b),
species with small brained neonates are not small-brained as adults, be-
cause they compensate by greater postnatal brain growth (Harvey and
Read, 1988). While frugivores have large brains, they do not seem to have
high basal metabolic rates (Elgar and Harvey, 1987; Ross, 1992), and
carnivory appears to be the only dietary correlate of basal metabolic rate
that is independent of phylogeny (Elgar and Harvey, 1987). Within the
order Carnivora, the more frugivorous species actually have the lowest
metabolic rates (McNab, 1995). Because several of these studies did not
control for phylogenetic bias, further work is needed to establish the
validity of their conclusions.

If substantiated by further work, the lack of correlations between brain
size and metabolic rate does raise the question of how large brains are
accommodated in metabolic terms. Because brains are metabolically ex-
pensive (Martin, 1981, 1996; Foley and Lee, 1992; Aiello and Wheeler,
1995), the extra energy for brain expansion must come from somewhere.
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One possibility is a trade-off between the size of the brain and of other
organs, such as the liver and gut (Aiello and Wheeler, 1995). A folivorous
diet creates more demands on the digestive system than does a frugivorous
diet, requring a larger, more metabolically active gut. Thus, frugivory may
simultaneously select for large brains and for small guts, leading to a
trade-off between the two (Aiello and Wheeler, 1995). Presumably, the
implication of such a trade-off is that the need for large brains and the
relaxation of the need for large guts is a happy coincidence.

Ontogenetic constraints on brain specialisation?

Finlay and Darlington (1995) proposed that mammalian brain evolution
has been highly constrained by ontogenetic mechanisms limiting variabil-
ity in the size of specific brain regions. They stated that ‘the most likely
brain alteration resulting from selection for any behavioural ability may be
a coordinated enlargement of the entire non-olfactory brain’. If true, this
means that individual brain regions have not been free to vary in size
independently of the whole, and that selection has acted primarily on
overall brain size. The idea fits most easily with theories of brain size that
invoke general life history strategies or metabolic constraints, rather than
adaptive specialisation in response to the sensory and cognitive demands
of particular niches. Is it correct?

Finlay and Darlington’s claims are based largely on the apparent predic-
tability of the size of major brain structures from overall brain size across
three orders of mammals. They showed that the size of each individual
structure is highly correlated with overall brain size, explaining 96% of the
variance in the size of any given structure. Only the olfactory bulb and
associated structures deviated from this predictability to any extent, and a
two-factor model comprising the effects of overall brain size and olfactory
bulb size accounted for 99% of the variance in the size of individual brain
structures. Brain structures that develop late in ontogeny, such as the
neocortex, were found to increase relatively rapidly in size with interspecies
increases in brain size, leading to the suggestion that evolutionary changes
in brain size occur by simple developmental shifts, such as an increase in
the period of brain growth. An increase in this period would result in all
structures growing larger, but late-developing structures would be most
affected.

Finlay and Darlington’s results seem to provide strong support for their
conclusion that individual brain systems have not, in general, evolved
independently of the whole, and therefore that adaptive specialisation has
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Fig. 7.2 Neocortex size, relative to the size of the rest of the brain, in primates
(circles) and insectivores (crosses). It is clear that primates’ larger brains are
associated with relative expansion of the neocortex.

been minimal. There are, however, a number of reasons to doubt this
conclusion.

First, Finlay and Darlington’s analysis used species values for primates,
bats and insectivores as independent data points. Their analysis of the
regression slopes of structure size on overall brain size depends on the
validity of these slopes, but, as explained in the section on phylogeny and
brain evolution above, the slopes are likely to have been biased by grade
shifts between orders. For example, they pointed to the ‘explosive nature of
the change in neocortex size’ with increasing brain size. The apparently
explosive scaling of neocortex size is, however, partly a product of adaptive
grade shifts between orders and suborders (Fig. 7.2). Primates have larger
neocortices relative to brain size than do insectivores, and slope values
calculated across orders will therefore be inflated by this grade shift.
Additional grade shifts in neocortex size are present within orders (e.g.
Barton, 1996). Other structures, such as the cerebellum, exhibit similar
grade shifts (see Barton, in press). Although a re-analysis by Darlington
(personal communication) suggests that between-order grade shifts have a
small effect on slopes, the fact that they exist at all of course contradicts the
idea that the size of each brain structure is strictly tied to overall brain size
by a universal growth law. Instead, such grade shifts indicate adaptive
specialisation in brains.
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Second, the regression slopes relating the size of each structure to overall
brain size are affected by autocorrelation. Brain structures that make up a
relatively large proportion of total brain size (such as the neocortex and
cerebellum) are inevitably more strongly correlated with it than are smaller
structures. Large structures will therefore tend to exhibit higher slopes on
total size than do small structures, even in the absence of any real biological
effect, because least-squares regression slopes vary with the strength of the
correlation (the higher the correlation, the greater the slope). Thus, the
differences in regression slopes may indicate differences in the extent of
autocorrelation as much as they do differences in ontogenetically driven
scaling laws.

Third, the conclusion that only a trivial amount of variance in brain
structure size remains unexplained by Finlay and Darlington’s two-factor
model depends on some questionable assumptions. Much of the variance
they attributed to the overall brain size factor may, in fact, be associated
with body size. They argued that the first factor in their principal com-
ponents analysis was most usefully construed as simply overall brain size,
rather than body size. One reason for this was that the correlation with
body weight was relatively low. As explained above, however, this may be
simply because of the greater error in body size data. A slightly different
pattern is revealed by performing separate principal components analyses
for each order, first removing the effects of body size, and using indepen-
dent contrasts rather than species as data points.! The first factor accounts
for 49%, 62% and 67% of the variance among bats, insectivores and
primates respectively, which are quite high, but substantially less than the
96% in Finlay and Darlington’s analysis. As in Finlay and Darlington’s
analysis, the first factor was a ‘global’ factor, in that it loaded moderately to
strongly on all structures except for, in primates and insectivores, the
olfactory bulb. Ontogenetic constraints are, however, only one of a number
of possible explanations for this global factor. Another is failure to remove
all body size-related variance owing to the use of error-prone weight
measurements. The second factor extracted in this author’s analyses dif-
fered between orders: in primates and insectivores it loaded most highly on
the olfactory bulb and another olfactory structure, the piriform lobe, in
broad agreement with Finlay and Darlington’s two-factor model. Again
functional specialisation is suggested because olfactory systems are cor-
related with specific ecological factors (Barton, Purvis and Harvey, 1995).
Bats showed a different pattern. A second and a third factor were extracted,
the former loading on the cerebellum, medulla and mesencephalon, the
latter on the striatum and neocortex (which have major functional and
anatomical links — see Keverne, Martel and Nevison, 1996). These differen-
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ces between orders are not predicted by strict ontogenetic constraints, but
accord with the idea of selection affecting separate but functionally linked
brain structures.

A difficulty with interpreting the results of principal components analy-
sis is that the cut-off between what constitutes interesting variance and
what constitutes trivial residual variance is quite arbitrary; a variance
proportion that superficially seems trivially small may nevertheless be
evolutionarily and neurally highly significant. For example, when the
author extracted a third factor for primates, this loaded on both schizocor-
tex and hippocampus, in accord with the fact that these two structures have
strong anatomical and functional connections and so may be expected to
have co-evolved under appropriate selection pressures. The point is rein-
forced by examining partial correlations between all brain structures. This
shows that many significant correlations are found when variation in other
structures is partialled out, and these evolutionary correlations reflect
known anatomical and functional links, such as between amygdala and
piriform cortex (Barton, in press). Finlay and Darlington themselves made
the point that even very small percentages of the total interspecies variance
in brain size may represent functionally significant amounts of neural
tissue, and they agree that scope for adaptive specialisations exists in spite
of the apparent uniformity of brain proportions. Unfortunately, these
important comments have been rather lost in some subsequent discussions
(e.g. Quartz and Sjenowski, 1997). Finlay and Darlington are right that, in
statistical terms, the residual variance unexplained by overall size is gen-
erally quite small. The question is, does any of that residual variance
represent adaptive specialisation?

Brain specialisation

A number of comparative studies of mammals provide evidence for mosaic
evolution of the brain, in which specific parts have evolved independently
of the whole. Importantly, the correlations found between lifestyle and the
size of specific brain regions accord with the functions of these structures.
In primates, for example, activity period is correlated with the size of
primary sensory structures (Barton et al., 1995): relative to the size of the
rest of the brain, diurnal primates have larger visual cortices, whereas
nocturnal primates have larger olfactory bulbs (Fig. 7.3). Clearly, selection
has emphasised the sensory systems most appropriate to the ambient light
levels associated with each niche. Diet also shows correlations with sensory
brain structures in primates; among diurnal species, frugivores have a
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Fig. 7.3 Relative sizes of the olfactory bulb and primary visual cortex in
nocturnal versus diurnal primates. The relative size of each structure was
calculated as the residuals from the regression of structure size on the size of the
rest of the brain (exluding all main sensory structures). The graph plots four
independent contrasts in the relative size of each structure. Positive contrasts
indicate larger structure size in nocturnal lineages; negative contrasts indicate
larger structures in diurnal lineages. The compensatory differences in the size of
the olfactory and visual structures may explain why overall brain size does not
differ between nocturnal and diurnal lineages. Graph based on analysis in Barton
et al. (1995).

larger primary visual cortex than do folivores, whereas among nocturnal
species, frugivores have relatively enlarged olfactory bulbs and piriform
lobes (Barton et al., 1995). The implication that different sensory systems
have been favoured for locating fruit depending on activity period has
recently found support in an experimental study by Bolen and Green
(1997), showing that owl monkeys (Aotus nancymai) are more efficient at
locating fruit by olfactory cues than are diurnal capuchin monkeys (Cebus
apella). On the other hand, owl monkeys have lower retinal cone densities
than their diurnal relatives, poorer colour vision, and lack a distinct fovea.
Also in primates, relative neocortex size is correlated with social group size
(Dunbar, 1992; Sawaguchi, 1992; Barton, 1996; Keverne, et al., 1996), and
this has been taken as evidence for the ‘social intelligence’ hypothesis (see
Byrne and Whiten, 1988).

Among mammals other than primates, olfactory structures are relatively
small in aquatic taxa, within both insectivores (Fig. 7.4) and carnivores
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Fig. 7.4 Relative sizes of olfactory brain structures in aquatic versus
non-aquatic insectivores. The procedure was the same as in Figure 7.3. Negative
contrasts indicate the evolution of smaller relative structure size with aquatic
habits. Graph based on analysis in Barton et al. (1995).

(Gittleman, 1991), reflecting the relationship between mammalian olfaction
and the respiratory system. Predatory behaviour in mammals is correlated
with a relatively enlarged tectospinal tract (Barton and Dean, 1993), in
accord with the role of this pathway in regulating predatory-type orienting,
tracking and attacking movements (Dean, Redgrave and Westby, 1989). In
rodents, sex differences in ranging patterns are correlated with differences
in the size of a structure implicated in spatial memory, the hippocampus
(e.g. Jacobs et al., 1990). Studies of birds also indicate differential evolution
of hippocampus (e.g. Krebs, 1990), and other specific brain structures
(Healy and Guilford, 1990; Devoogd et al., 1993).

Are such specialisations associated with differences in overall brain size?
If the amount that specific brain areas have evolved independently of
overall brain size is very small, or if increases in specific areas are compen-
sated by decreases in the size of other areas, then overall brain size may be
unaffected. For example, it is known that food-storing and non-storing
birds do not differ in overall brain size despite marked differences in
relative hippocampus size (Sherry et al., 1989). This is probably because the
hippocampus is a small proportion of the total brain size, so that its
potential effect on brain size is swamped by other factors. In primates,
trade-offs between different brain arcas have been noted (Barton et al.,
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1995; Keverne et al., 1996). For example, the larger visual structures and
neocortices of diurnal lineages are compensated by smaller olfactory struc-
tures (see Fig. 7.3), resulting in no net difference in brain size. Thus,
adaptive neural differences do not necessarily mean differences in brain
size. There is, however, evidence that other cases of visual specialisation in
primates have had an impact on overall brain size.

Visual specialisation and brain size in primates
As noted by Martin (1996, p. 155)

no convincing case has been made for the proposal that any particular
feature of behaviour. . . has exerted a specific selection pressure favouring
an increase in brain size.

The purpose of this section is to make such a case.

Fossil endocasts of early primates indicate both large brain size com-
pared with contemporaneous mammals, and relative expansion of visual
cortical areas (Jerison, 1973; Allman, 1987).

The peculiar, bulbous appearance of the temporal lobe in primates, which
reflects the large territory occupied by higher-order visual areas, can be
seen in early euprimate endocasts. (Preuss, 1993, p. 34)

Large relative brain size in fossil primates was thus probably based at least
partly on visual specialisation.

Allman (1987; Allman and McGuinness, 1988) draws attention to several
unusual features of the primate visual system, including: (i) frontally direc-
ted eyes and a high degree of binocular overlap, facilitating stereopsis; (ii)
high visual acuity, particularly in diurnal haplorhines, associated with a
retinal fovea containing a high density of photoreceptors; (iii) a unique
arrangement of the retino-tectal projections (see Allman, 1987); (iv) a
lateral geniculate nucleus with up to six distinct layers, including both the
two magnocellular layers common to all mammals and two to four par-
vocellular layers not found in other mammals. These visual specialisations
are associated with a complex arrangement of highly interconnected and
numerous cortical visual areas: in macaques there are 305 known pathways
connecting 32 cortical visual areas, and visual areas make up about half of
the entire cortex (van Essen, Anderson and Felleman, 1992). Thus, the
expanded primate neocortex (see Fig. 7.2) is a largely visual organ.

Perhaps, then, there is a connection between large brains and the large
amount of brain tissue devoted to vision in primates (see also Gibson,
1990). Indeed, Figure 7.5 shows that the size relative to the rest of the brain
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of both the primary visual cortex (data on secondary and tertiary areas are
not available) and the lateral geniculate nucleus (a visual relay in the
thalamus that projects to visual cortex) are positively correlated with
encephalisation. That is, primates with large brains for their body size have
relatively expanded visual structures. Furthermore, there is clear evidence
that a specific subsystem within the geniculo-cortical system, the parvo-
cellular subsystem, is selectively expanded in large-brained species. The
parvocellular subsystem is implicated in the perception of fine detail and
colour, whereas the magnocellular subsystem is primarily involved in
movement detection and the analysis of dynamic form (Livingstone and
Hubel, 1988; Zeki and Shipp, 1988; Allman and McGuinness, 1988).
Crucially, encephalisation is correlated with the relative number of
neurons in the parvocellular, but not magnocellular, layers of the lateral
geniculate nucleus (Fig. 7.6). Also, like brain size and neocortex size,
relative expansion of parvocellular lateral geniculate nucleus layers is
correlated with both frugivory and social group size (Table 7.2).

Colour vision and brain size

These findings help with the interpretation of ecological correlates of brain
size. As noted above, the correlation between brain size and frugivory has
previously been taken as evidence that brain size reflects selection for
spatial memory. The link the author has shown with parvocellular
specialisation suggests an alternative explanation: colour vision. The
parvocellular system processes colour (among other things), whereas the
magnocellular system does not (Livingstone and Hubel, 1988; Zeki and
Shipp, 1988). Recent work using magnetic resonance imaging of the human
brain has shown that large areas of primary and secondary visual cortex
carry out colour processing (Engel, Zhang and Wandell, 1997). Evolution-
ary enhancements of colour vision would therefore be likely to have a
significant impact on neocortex size. Furthermore, a link between the
evolution of colour vision and frugivory has long been suspected:

The primary necessity which led to the development of the sense of colour
was probably the need of distinguishing objects much alike in form and
size, but differing in important properties, such as ripe and unripe, or
eatable and poisonous fruits.. . .

Wallace (1891)

Contemporary researchers into colour vision in non-human primates
have also argued that it is an adaptation for locating and selecting palat-
able fruit (Mollon, 1989; Jacobs, 1993; Osorio and Vorobyev, 1996).
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Fig. 7.5 Correlated evolution of encephalisation (brain size relative to body
weight) and relative size of geniculo-cortical visual structures. The graphs show
that large brain size is associated with relative expansion of visual areas.
Encephalisation values are the residuals of independent contrasts in brain volume
regressed on contrasts in body weight. Similarly, relative visual area values are
the residuals of contrasts in visual area volume regressed on contrasts in volume
of the rest of the brain. Because large areas of the neocortex (at least 50% in
monkeys) are composed of visual areas, and because the full extent of these areas
has not been defined or quantified, neocortex size was subtracted, along
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Jacobs (1993; 1995) has reviewed the presence and type of colour vision in
primate species. Dichromatic colour vision, present in many New World
monkeys and almost certainly in diurnal lemurs, enables animals to distin-
guish between fruits of different colour, while trichromatic vision (present
in some New World monkeys and all Old World monkeys) aids in the
detection of fruits against a background of green leaves (Osorio and
Vorobyev, 1996). Further research looking directly at the relationship
between colour vision abilities and brain size, and at differences in the size
of V4 — the cortical area specialised for colour processing (Zeki, 1993) —
is needed to clarify the relationship between frugivory and visual
specialisation.

Socio-visual cognition and brain size

Two considerations suggest that colour vision is unlikely to be the only
aspect of parvocellular function implicated in brain size variation. First,
the parvocellular system analyses much more than just colour. It supports
high-acuity vision in general. Second, while an obvious link can be made
between frugivory and colour vision, a link between sociality and colour
vision is less obvious (but see Jacobs, 1995). So why should parvocellular
expansion, and hence neocortical expansion, have accompanied increases
in group size? The answer probably lies in the réle of high-acuity vision in
the processing of social information. The following argument is made in
more detail elsewhere (Barton and Dunbar, 1997; Barton, in press).
Although social cognition is usually thought of as a ‘higher’ cognitive
function, far removed from ‘basic’ processing of sensory stimuli, it is
becoming clear that the distinction between higher cognitive and basic
sensory functions is arbitrary and unhelpful (e.g. Jackendoff, 1992; Zeki,
1993; Crick, 1994). It may be most useful to think of social cognition as a

Caption for Fig. 7.5 (cont.)

with lateral geniculate nucleus size, in calculating the size of the rest of the brain.
The regression lines were fitted excluding the outlier indicated by the filled circle.
This outlier is based on contrasts between the subfamilies Daubentoniidae and
Indriidae. Significantly, the phylogenetic position of Daubentonia is highly
contentious (Yoder, 1994), exacerbating the problem of amplified error variance
at low taxonomic levels (Purvis and Rambaut, 1995). In addition, it has been
suggested that the brain of Daubentonia is ‘too large’ for its body size, because it
is a phyletic dwarf (Stephan, Baron and Frahm, 1988). Even with this datum
included, however, the regressions are significant (visual cortex; r> = 0.14,

t = 2.21,df = 31, = 0.03; lateral geniculate nucleus: r* = 0.18, t = 2.6, df = 31,
p = 0.014). Removing it markedly improves the regressions (> = 0.34,

p = 0.0005, and r? = 0.46, p < 0.0001 for visual cortex and lateral geniculate
nucleus, respectively).
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Fig. 7.6 Correlated evolution of encephalisation (brain size relative to body
weight) with (a) parvocellular, but not (b) magnocellular, layers of the visual
lateral geniculate nucleus. The graphs show that large brain size is associated
with relative expansion of the parvocellular system, involved in the analysis of
fine detail and colour. Values were calculated in the same way as for Figure 7.3,
but lateral geniculate nucleus data used here are the number of neurons in the



Evolutionary ecology of the primate brain 187

Table 7.2. Ecological correlates of parvocellular and magnocellular layers
of the lateral geniculate nucleus in diurnal primates

Variable Standardised t value p value
coefficient

Parvocellular volume

Rest of brain volume 0.63 9.48 0.003
Percentage fruit in diet 0.21 2.62 0.050
Social group size 0.36 5.86 0.010
Magnocellular volume

Rest of brain 0.87 6.45 0.008
Percentage fruit in diet 0.04 0.29 0.789
Social group size 0.13 0.79 0.490

The results of multiple regression analyses of independent contrasts are presented. The
analyses were restricted to diurnal primates because (i) parvocellular functions require
photic conditions, so would not be expected to diversify in night-active lineages; (ii) the
parvocellular layers are significantly larger in diurnal than in nocturnal primates
(independent contrasts analysis: t = 9.7, df = 2, p = 0.002), so activity timing could
otherwise confound the analysis. Although sample sizes are small, the same ecological
factors that explain encephalisation (see Table 7.1) also explain relative expansion of the
parvocellular layers, suggesting that visual specialisation for frugivory and sociality was a
factor in the evolution of brain size in primates. For overall regressions; parvocellular
volume, adjusted 1> = 0.98, F = 50.2, df = 3,3, p = 0.005; magnocellular volume, adjusted
r? =096, F = 45.3,df = 3,3, p = 0.005. Very similar results are obtained if analysis is based
on the number of neurons, instead of the volume, of the separate layers.

large array of sensory—cognitive operations occurring in parallel, and
vision, particularly vision mediated by the parvocellular system, may be a
crucial component. In what way?

The parvocellular system mediates a range of visual processes in the
neocortex, particularly those that involve the perception of fine details
(Livingstone and Hubel, 1988; Zeki and Shipp, 1988). This kind of proces-
sing is critically involved in facial recognition, and perception of gaze
direction and facial expression. Several areas of neocortex whose main
visual inputs are parvocellular, such as inferotemporal cortex, are
specialised for processing social information of this type (e.g. Brothers,
1990; Brothers and Ring, 1992; Perrett et al., 1992). These kinds of complex
visual cues must be processed and integrated to achieve what Brothers

Caption for Fig. 7.6 (cont.)

separate layers, rathar than volume. Results for volume are, however, much the
same. The outlier in Figure 7.5 is excluded. The regression is significant for
parvocellular layers (> = 0.52, df = 11, p = 0.005), but not for magnocellular
layers (1> = 0.03, df = 11, p = 0.56). Data for spearate magnocellular and
parvocellular layers are from Shulz (1967).
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(1990, p. 28) calls ‘the accurate perception of the dispositions and intentions
of other individuals’.

Allman (1987, p. 639) states that ‘as complex systems of social organisa-
tion evolved in haplorhine primates, social communication was increasing-
ly mediated by the visual channel’.

Of course, magnocellular-mediated analysis of motion, as well as audi-
tory processing of vocalisations, must play some role in social information
processing. Perhaps, however, the critical evolutionary developments for
upgrading such processing were increases in the ability to analyse the fine
details of social stimuli, such as facial expressions, and to integrate these
with memory and with emotional responses mediated by the limbic system,
where cells responsive to social stimuli have also been found (Brothers,
1990). Processing such stimuli may be unusually costly in computational
and neural terms (Barton, in press).

Recent evidence suggests that neocortical adaptations for social infor-
mation processing in primates extend beyond modifications of primary
visual mechanisms. Joffe and Dunbar (1997) find that group size and
neocortex size remain correlated when the size of the primary area of visual
cortex is partialled out. This does not undermine the idea that visual
specialisation underlies neocortical evolution in primates, because the
neocortex contains extensive higher visual areas in addition to primary
visual cortex. What it does suggest is that, in addition to evolutionary
changes at lower processing levels (lateral geniculate nucleus and primary
visual cortex), there have also been modifications higher up the processing
hierarchy, in integrative processing areas (including higher visual areas).
This may reflect the addition of new cortical visual areas with specialised
functions noted by Allman and McGuinness (1988). It is very likely that the
evolution of new higher, integrative areas goes hand in hand with enhan-
cements of the supporting, lower-level architecture.

Conclusion

While a connection between brain size and neural specialisation has
sometimes been denied or played down, the evidence presented above
suggests that such a connection exists. This is true in two senses. First, the
difference in brain size between primates and another mammalian order,
the insectivores, is associated with visual specialisation; the size of visual
structures in primates is larger relative to the size of the rest of the brain (see
Barton, in press). Second, variation in brain size within the primate order is
associated with relative expansion of visual areas, specifically the parvo-
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cellular visual pathway. Size is not everything, however, and comparative
evidence is emerging that size differences are often associated with differen-
ces in the connectional architecture of particular neural systems (Preuss,
1993; Young et al., 1994). For example, the enlarged temporal cortex of
primates has unusually strong connections with prefrontal cortex (Preuss,
1993), perhaps suggesting an enhanced ability to hold in working memory
and manipulate visual information about objects and conspecifics.

Brain size thus cannot be meaningfully intepreted without reference to
specific neural adaptations, which will differ from case to case. The fact that
brain size is also correlated with life span (or age at first reproduction), even
taking account of the correlations with ecology, may give solace to those
who view brain size as a life history variable (e.g. Shea, 1987; Parker, 1990).
Such results must be treated with caution because of the ‘Economos
problem’. The possibility remains, however, that both specific ecological
adaptations, affecting individual neural systems, and general life history
strategies, affecting overall brain size, have been significant factors in brain
evolution. This may correspond broadly to the distinction made by Finlay
and Darlington (1995) between brain evolution that is ‘hard’ (change in
specific neural systems) and that which is ‘easy’ (co-ordinated changes in
size throughout the brain). Co-ordinated changes in separate brain struc-
tures can, however, also arise as a result of neural specialisations. Primates
combine visual acuity with hand-eye co-ordination and manual dexterity
(Cartmill, 1974; Allman and McGuinness, 1988), functions that bring into
play the extensive connections between neocortex and cerebellum. Also,
the cerebellum is, like the neocortex, significantly larger in primates than in
insectivores (Barton, in press). This suggests that the relevant functional
units, or modules of the brain, on which selection has acted cannot be
simply equated with single structures or regions, but constitute networks
distributed across major brain regions. We should expect to find that
arrays of linked nuclei in different brain regions have evolved together, and
this provides a functional reason why such regions covary in size.
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Note

1 In these and subsequent analyses, I use volumes of separate brain parts
measured by Stephan, Frahm and Baron (1981) for primates and insec-
tivores, and from Stephan, Pirlot and Schneider (1974) and Stephan and
Pirlot (1970) for bats.
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Appendix 7.2
Data on separate brain parts used in the
analyses
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8 Sex and social evolution in primates

CAREL P. VAN SCHAIK, MARIA A. VAN NOORDWIJK AND
CHARLES L. NUNN

Introduction

Life history and male infanticide risk

Infanticide by males unlikely or unable to have fathered a female’s current
dependent offspring is an adaptive male reproductive strategy if the mother
can soon be fertilised again and the infanticidal male is in a position to be
the likely sire of her next infant (Hrdy, 1979; Hrdy, Janson and van Schaik,
1995). It is remarkably common among primates (Hausfater and Hrdy,
1984; Struhsaker and Leland, 1987; Hiraiwa-Hasegawa, 1988). Its impor-
tance as a source of infant mortality probably varies widely, but it is
estimated to be responsible for 31-64% of all infant mortality in some
well-studied species (hanuman langurs: Sommer, 1994; Borries, 1997;
mountain gorillas: Watts, 1989; red howlers: Crockett and Sekulic, 1984).
Several detailed studies have demonstrated that it is an adaptive behaviour
for males (op. cit.; Hrdy, 1979).

Male infanticide is potentially common in primates because many spe-
cies have prolonged lactational amenorrhoea. In species without lacta-
tional amenorrhoea, early resumption of mating activity (‘postpartum
oestrus’) means that killing infants will not advance the female’s next birth.
The incidences of postpartum mating and lactational amenorrhoea, in
turn, are determined by the relative length of gestation and lactation.
Where lactation is longer than gestation, we find lactational amenorrhoea,
in both primates and other mammals (van Schaik, in press).

Among primates, there is a strong relationship between the mode of
infant care, the incidence of postpartum mating and the incidence of male
infanticide. Primates have two radically different modes of infant care:
absentee care, in which the offspring are left in a nest or parked somewhere
(galagos and lorises, several lemurs, some tarsiers), and permanent care, in
which the offspring are carried around by the mother (all monkeys and
apes, one tarsier and several lemurs: see van Schaik and Kappeler, 1997).
Among species in which females carry their infants, there is an important
difference between those in which mothers basically rear their offspring

204
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F[2,44] = 51.28, p < 0.001
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carriers

Fig. 8.1 The relative length of lactation (lactation/gestation) as a function of
mode of infant care in primates (Reproductive data from Harvey, Martin and
Clutton-Brock, 1987; infant care from Smuts et al., 1987; van Schaik and
Kappeler, 1993).

alone and those in which there is communal rearing, i.c. the mother
consistently receives help in rearing the offspring, especially by carrying
and sometimes by provisioning. In these communal breeders, postnatal
development can be speeded up due to the input by others. Among pri-
mates, they are represented by callitrichids and the pair-living cebids (cf.
Lee, 1996).

Figure 8.1 shows that species with these three types of care vary in the
relative length of lactation: the carrying primates with mother-only rearing
have relatively very long lactation periods because their infants develop
slowly (cf. Charnov, 1993). As predicted, none of these species shows
postpartum mating and conception, whereas they are very common among
species with absentee infant care and among species with communal infant
rearing (82% of 11 species and 63% of 8, respectively; data on postpartum
mating from Appendix 8.1). The frequent incidence of postpartum mating
among the communally rearing infant carriers is clearly a derived con-
dition.

The pattern in postpartum mating implies that infanticide is only expect-
ed to be common among species that carry their young but do not rear
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them communally, i.e. some lemuroids, some ceboids, and all cer-
copithecoids and hominoids. The data in Figure 8.1 are consistent with this
expectation. Male infanticide is only reported for the non-communal infant
carriers, for which it is reported in 49% of 61 well-studied species (Appen-
dix 8.1). Although under-reporting may explain its absence in the parkers
(0% of 14), which are nocturnal and solitary, it cannot account for the
absence among the communal infant carriers (0% of 8).

Female counterstrategies

In non-communally breeding infant-carrying primates, the risk of male
infanticide should have selected for female counterstrategies. Female pri-
mates in these taxa have evolved three major ways of reducing the risk of
infanticide: (i) to gain protection for the infant by associating with the likely
sire; (i1) to cut losses through abortion or premature weaning; and (iii) to
prevent infanticidal attacks by employing sexual strategies.

There is strong evidence that likely fathers play a particularly important
role in protecting primate infants (reviewed in van Schaik, 1996; in press).
Male infanticide is therefore expected when this protection is removed. In
nature, infanticide is almost always associated with take-overs by outsiders
or, less commonly, with dominance upheavals inside groups (Hrdy et al.,
1995; Borries, 1997; Steenbeek, 1996). In captivity, infanticide can be
provoked reliably by experimentally replacing the adult (or dominant)
male (Angst and Thommen, 1977; Kyes et al., 1995). This pattern suggests
that females have evolved association with males as a counterstrategy
against male infanticide. As expected, permanent male—female association
in primates is absent among species with absentee infant care, whereas it is
virtually universal among the infant-carrying species (van Schaik and
Kappeler, 1997). It is retained among the communally rearing ceboids.
However, while effective, it is not a perfect strategy: males can die or be
ousted.

Where protection fails, females may respond to acute infanticide risk by
terminating their investment in vulnerable offspring. Thus, a pregnant
female could resorb or abort a fetus. This has been reported for patas
(Rowell and Hartwell, 1978), hanuman langurs (Sommer, 1994), gelada
baboons (Mori and Dunbar, 1985), captive hamadryas baboons (Col-
menares and Gomendio, 1988), and for a yellow baboon group with an
unusually aggressive immigrant male (Pereira, 1983)." When the female
already has an infant, and infanticide risk suddenly arises, she could wean
her infant sooner than she would otherwise have done, even if it would
reduce the infant’s survival, as noted for wild gelada (Dunbar, 1980),
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hamadryas baboons (Sigg et al., 1982), and captive vervets (Fairbanks and
McGuire, 1987). Resorption, abortion and infant abandonment are prob-
ably rare among primates.

A less costly alternative counterstrategy would be to prevent infanticide
by manipulating the male’s assessment of paternity or his actual chances of
it through sexual behaviour.? This chapter explores the possibility that the
variation in primate sexual behaviour and physiology is an adaptation to
reduce the risk of male infanticide (see also Hrdy, 1981; Hrdy and Whitten,
1987). The hypothesis examined in this chapter is that female sexuality in
species vulnerable to male infanticide has been molded by the dual need for
paternity concentration and confusion: concentration in order to elicit
infant protection from the likely father, confusion in order to prevent
infanticide from non-likely fathers (see also Nunn, in press). The right
balance of confusion and concentration is achieved by (i) prolonged mating
periods, often accompanied by actively pursued polyandrous mating, (ii)
mating during non-fertile periods, such as pregnancy, (iii) making ovula-
tion unpredictable, thus blurring the correlation with attractivity, and (iv)
attracting males of all ranks by producing gradually changing, exaggerated
sexual swellings.

Sexual counterstrategies against male infanticide

Paternity concentration and confusion

Whenever the threat of male infanticide occurs, a female would benefit
from having a protector male, most likely the infant’s sire. This protection
is best obtained by concentrating paternity into a single male. Such con-
centration is normally achieved by default because, regardless of mor-
phological advertising, dominant males mate preferentially with females
around the time of likely ovulation and often guard them so as to monop-
olise mating (Kaufman, 1965; Hausfater, 1975; Glander, 1980; Harcourt et
al., 1980; van Noordwijk, 1985).

On the other hand, female primates can also reduce the risk of infanticide
by mating with at least some of the other males present before birth and
thus confusing paternity. Paternity confusion is a feasible option because
mammalian males cannot recognise infants as kin (Elwood and Kennedy,
1994). Thus, male decisions about whether to defend an infant, to ignore it,
or, alternatively, to attempt to kill it, should be based on assessments of the
likelihood of paternity, weighted against likely paternity of the future
infant. These assessments are necessarily based entirely on mating history.
If a male has exclusive mating access to a female and if matings only take
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place during the cycle in which fertilisation occurs, the male rule can be
simple: if he mated with the female, his paternity is ensured. Field studies on
primates with unimale groups suggest that when a newly immigrated male
mates with a pregnant female, the probability that he will subsequently
commit infanticide is reduced (e.g. blue monkey: Fairgrieve, 1995; hanu-
man langur: Sommer, 1994), although it is not clear how long before birth
this mating must take place. Experimental work on rodents confirms these
rules (Perrigo and vom Saal, 1994). Where multiple males mate with the
female before she gives birth, more complex rules are needed; these have
not been studied in detail.

Females have two fundamentally different tactics at their disposal to
confuse paternity. First, they mate polyandrously during regular ovarian
cycles. This tactic should reduce the risk of infanticide by males that were
already in the group but did not mate (enough) with the female and that
rose dramatically in rank after conception (only high-ranking males would
be likely to benefit from committing infanticide). Second, they pursue
matings with one or more males when these males appear when fertilisa-
tion is impossible (e.g. during pregnancy).? This tactic should reduce the
risk from males who immigrate into the group after the female’s conception
cycle and become dominant, thus gaining good prospects of siring the
female’s next infant. In addition, post-conception matings could provide
additional paternity confusion for males already present during the con-
ception cycle.

Paternity is most easily concentrated when a female mates briefly, and
exclusively or predominantly with a single male, whereas paternity con-
fusion requires mating with multiple males, and therefore in most cases
extended periods of mating. A review of primate mating behaviour (van
Noordwijk, unpublished) shows that males can use a variety of anatomical,
chemical and behavioural cues to assess the female’s oestrogen activity,
and thus likelihood of ovulation. However, the feasibility of deceptive
receptivity during pregnancy underscores that ovulation itself is truly
concealed to males at all times. The cues used by males can also be
produced during pregnancy (when ovulation is effectively blocked), al-
though females will be less attractive because of the inevitable endocrine
differences (for which they may compensate by being more proceptive, e.g.
patas: Loy, 1981). Indeed, males mating with females during pregnancy
tend to be lower-ranking or subadult males (e.g. gorilla: Watts, 1991; sooty
mangabey: Gust, 1994). We conclude that the mechanisms of male pater-
nity assessment are so crude that there is considerable room for female
manipulation of it.

Natural selection may have achieved the balance between paternity
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confusion and concentration by making ovulation unpredictable. Martin
(1992) and Nunn (in press) review quantitative studies of several species
and note that ovulation can take place over a range of at least 6 to 13 days.
Thus, in species with swellings, ovulation is most likely during peak swel-
ling, but not exclusively so (e.g. Wildt et al.,, 1977; Whitten and Russell,
1996). In species without morphological advertising, this unpredictability
is harder to demonstrate. However, in humans, ovulation can take place
during a surprisingly broad time window after last menstruation (Martin,
1992). This implies that the length of the follicular phase is highly variable.
Indeed, across studies the standard deviation in the length of the follicular
phase is consistently far greater than that of the luteal phase (see Hayssen,
van Tienhoven and van Tienhoven, 1993). Thus, although male primates in
polyandrous mating situations have endocrine and behavioural indica-
tions that ovulation is likely, its exact timing, and thus the best timing for
fertile matings, is hard to predict.

Unfortunately, there are no data to test the assumption that the degree
of unpredictability depends on the need for confusion. However, the con-
cept of unpredictable ovulation also suggests that there should be a good
but not perfect correlation between male rank and paternity, with a small
proportion of infants being sired by low-ranking males. A recent review of
paternity studies in primates supports this contention (Paul, 1998). We
assume that the female can manipulate male paternity assessments and
make them non-zero for all males who have mated with her before she gave
birth. The males cannot improve much on their rules; they can use the
correlation between the strength of the female’s signal of likelihood of
ovulation and the temporal proximity of mating to birth to obtain ap-
proximate clues, but the probabilistic nature of ovulation makes it impos-
sible for natural selection to design a male decision rule that does much
better.

Predictions

We can now develop predictions for species in which infanticide risk is
acute and paternity confusion is required. We can use the variation within
primates in vulnerability to male infanticide (see Figure 8.1) to explore
broad differences in sexual behaviour between the infant parkers and
non-communal infant carriers (see below). Specifically, we expect that
non-communal carriers should differ from parkers in the following ways.
First, females should actively pursue promiscuity. Second, females should
show situation-dependent receptivity in situations when new males appear
that are potentially infanticidal and when not enough males mated during
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Table 8.1. The range of social conditions in which females need to
concentrate paternity by mating exclusively or predominantly with a single
dominant male around the most likely time of conception, confuse it by
mating with all potentially infanticidal males over a minimum frequency and
confuse it by mating (deceptively ) during times of non-fertility

Case Number of potentially Female sexual response:
infanticidal males:

Concentrate Confuse paternity

paternity

in group entering in dominant within situation
or at post-conception regular dependent
periphery cycles

1 1 — + — —

2 1 + + - +

3 More + + + +

4 More — — + —+

the regular cycles. Third, females should have longer mating periods within
a cycle, and perhaps ovarian cycles with longer follicular phases, because
mating over longer periods (blue monkey: Rowell, 1994) or more frequently
(rhesus macaque: Wilson, Gordon and Chikazawa, 1982; barbary
macaque: Small, 1990) implies doing so with more males. Fourth, where
needed, females should use additional signals that alter their attractivity to
manipulate male behaviour in ways that reduce infanticide.

Among the non-communal infant carriers, the extent to which these
predictions hold should depend on details of the social systems, in par-
ticular the number of males in the group and the presence of male immig-
ration. These predictions are examined again in a later section in light of
this social variation, both among and within species. To place these predic-
tions in the broader social context, consider Table 8.1, which catalogues
the impact of male number in the group and male immigration. The first
case, in which one male is resident but there is little risk of infanticide by
intruding males, is indistinguishable from that in which there is no risk of
male infanticide. This situation should be rare among primates facing male
infanticide risk. The second case is when females live in pairs or unimale
groups subject to take-overs by male invaders. In this case, no confusion
during ovarian cycles is needed, so mating periods are probably short, but
situation-dependent receptivity is expected. A combination of concentra-
tion and confusion is called for in the third case, in which females live in
multi-male groups with male immigration (or unimale groups with influxes
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during the mating season and unpredictably occurring take-over at-
tempts). Here, we expect active promiscuity by females, longer mating
periods, frequent situation-dependent receptivity, and a high incidence of
attractivity-enhancing signals. The extent to which these traits are develop-
ed should covary not only with infanticide risk but also with the degree to
which females have control over whom they mate with. Finally, in the rare
situation in which groups contain multiple males but immigrant males
never enter, confusion in the regular cycles is required but neither concen-
tration nor situation-dependent receptivity is (although females may, as in
case 3 of Table 8.1, continue to show sexual activity during pregnancy to
increase confusion).

Sex and infant care

Table 8.2 gives a summary of the range of variation within each of the
major primate radiations and vulnerability to male infanticide (proxied by
mode of infant care; cf. Fig. 8.1). Too little is known about the sexual
behaviour of infant parkers in the wild to test their tendency towards
polyandrous mating, but we know of no reports in captivity. On the other
hand, females in polygynandrous groups of infant carriers actively pursue
polyandrous matings. First, females in species as different as ring-tailed
lemurs (Pereira, 1991), brown capuchins (Janson, 1984) and woolly spider
monkeys (Milton, 1985) actively invite multiple males to mate. Second,
female guenons or macaques surreptitiously invite a male to mate with
them while their dominant consort partner is temporarily distracted (Wil-
son et al., 1982; van Noordwijk, 1985; Cords, 1988; Small, 1993). Even
pair-living primates are known to engage in extra-pair copulations with
males from neighbouring groups (dusky titi: Mason, 1966; gibbons: Palom-
bit, 1994; Reichard, 1995).

Matings during pregnancy are not reported for infant parkers (Table
8.2). Indeed, in many infant-parking strepsirhines, females are not receptive
outside the main mating period because their vaginal opening is sealed by
an impenetrable membrane (Van Horn and Eaton, 1979; Hrdy and Whit-
ten, 1987). However, pregnancy matings are common among infant car-
riers. They may reduce the risk of male infanticide, at least in part because
those males are attracted that did not mate much during the conception
period. However, its high incidence in communally-rearing ceboids sug-
gests that such matings may also have additional functions.

Infant parkers have short periods of receptivity. Indeed, strepsirhines
have retained many aspects of classic oestrus so conspicuously absent
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among anthropoids (Keverne, 1987). The range of mating periods is quite
broad among carriers (and dependent on the mating system, see below) but
few are as short as among the parkers. Finally, exaggerated sex skins are
absent and mating calls uncommon in parkers, whereas in the carriers both
are common, and linked to the social system (see below). These general
differences support the idea that the threat of male infanticide has molded
primate sexuality.

This variation is not simply due to taxonomy, because the predicted
differences also hold within the lemuroids. Among the infant-carrying
lemurs, mating periods tend to be longer than among the parkers, active
female polyandry is observed in ring-tailed lemurs (Pereira, 1991), and
situation-dependent receptivity in Verreaux’s sifaka (Brockman and Whit-
ten, 1996). However, among the infant carriers, cercopithecoids and hom-
inoids have much longer mating periods than the lemuroids and ceboids
(see Table 8.2). This contrast may be explained by systematic variation in
susceptibility to sexual coercion by males, which is especially pronounced
among catarrhines (Smuts and Smuts, 1993). Lemur females tend to domi-
nate males (Kappeler, 1993), and their greater behavioural control is
reflected in descriptions of mating behaviour (e.g. Richard, 1992). Similarly,
ceboid females may have greater control over mating behaviour. First,
ceboid females in various species are not subordinate to males (e.g. red-
backed squirrel monkey: Boinski, 1987; woolly spider monkey: Strier,
1990), and males have to gang up in order to be able to assess a female’s
reproductive state (Boinski, 1987; Symington, 1987). Second, females more
often take the initiative to mating and maintaining consortships (Robinson
and Janson, 1987). Third, male-male aggression over females is reportedly
rare, even where males tend to cluster around attractive females (Janson,
1984; Milton, 1985; Symington, 1987; Strier, 1990). Thus, female lemurs
and ceboids seem to be able to mate with as many males as they need to in a
relatively short period. For instance, in woolly spider monkeys, a female
attracts (through a twittering call) up to nine males around her and then
mates with up to five of them during a single day (Milton, 1985).

The communally breeding ceboids obviously do not fit. They have long
mating periods and ubiquitous post-conception receptivity — in the ab-
sence of male infanticide. Because their communal infant care is derived,
their ancestors were probably vulnerable to infanticide and thus had the
associated sexuality, including prolonged receptivity and unpredictable
ovulation. They may have retained these features for other functions. For
instance, it is possible that females trade matings for infant care (Price,
1990; but see Tardiff and Bales, 1997), and may thus benefit from prolonged
attractivity.
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Sex among species vulnerable to male infanticide

Active polyandrous mating

In some primate species, the female tendency towards polyandry varies
with social conditions. In long-tailed and bonnet macaques and brown
capuchins, the females’ tendency towards polyandrous mating is stronger
during times of instability of the male dominance relations (Samuels, Silk
and Rodman, 1984; van Noordwijk, 1985; C. Janson in Manson, 1995). In
species with multi-male influxes, females end up mating with many of the
invading males, and often make this easier for the invaders by approaching
them (Cords, 1988).

One non-communal ceboid, the red-backed squirrel monkey, living in
large groups, may be an exception to the rule that females actively pursue
polyandrous matings. During the very brief period of receptivity (two days
on average), a female only mates with one or two males (Boinski, 1987).
However, pregnant females or females with young infants freely migrate
between groups, suggesting there is no risk of male infanticide even though
lactation lasts longer than gestation. This exception may well prove the
rule, because this species is a highly seasonal breeder and all females have
been observed to give birth each year. Thus, males derive no advantage
from committing infanticide.

In sum, the evidence for the active pursuit of polyandrous matings by
females in the high-infanticide risk category is overwhelming, and variation
in this tendency, while still under-reported, is also consistent with the
general hypothesis. Thus, while there may be other, unidentified benefits
to these matings, this aspect of sexual behaviour supports the general
hypothesis.

Situation-dependent receptivity

Sexual activity during pregnancy in hanuman langurs was interpreted by
Hrdy (1979) as serving to reduce the risk of infanticide by a new male.
However, Sommer (1994) found that sex during pregnancy is not con-
ditional on the immigration of a male, i.c. it always takes place, and also
that it is not always effective in averting infanticide. Thus, Sommer rejects
Hrdy’s functional interpretation. Nevertheless, Sommer’s data do suggest
that pregnant females show proceptivity and mate more often and later
into pregnancy when a new male has taken over the group (Fig. 8 in
Sommer, 1994). Thus, while receptive periods during pregnancy cannot be
made facultative, their flexible deployment during exposure to a new
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resident male is clearly consistent with this hypothesised function.

Some degree of facultative sexual activity and attractivity (swelling)
during pregnancy is suggested by the contrasting findings of Caldecott
(1986) and Oi (1996) on pigtailed macaques. In Caldecott’s population,
adult males had strictly enforced dominance hierarchies, and the dominant
male tended to guard a female during her peri-ovulatory period, mating
almost exclusively. Post-conception sexual activity was common. In Oi’s
population, by contrast, mating was far less exclusive, and no sexual
activity during pregnancy was observed. Although many more compari-
sons are needed, this contrast suggests that females only engage in sexual
activity during pregnancy when paternity confusion has not been attained
before or around conception.

In some cases, receptivity seems to be truly facultative. Okayasu (1992),
studying Japanese macaques, noted immediate proceptivity and rapid
changes of the sex skin upon the appearance of new males in the group.
Experimental introduction of males into captive groups also reliably pro-
duces swellings in species with such anatomical attractivity indicators, in
both pregnant females and females with older infants (e.g. talapoins:
Rowell, 1977). Male immigration in the wild has the same effect (e.g.
baboons: Stein, 1984).

Variation in the length of the mating period
Interspecific variation

Although variation in the length of the mating period has a strong tax-
onomic component (see Table 8.2), one can still predict that mating periods
should be longer in cases in which infanticide risk is high if longer mating
periods would allow females to mate with all potentially infanticidal males.
Because the actual number of mates per female in each ovarian cycle is
often very difficult to determine, the authors have classified them into three
categories (see Appendix 8.1): (i) only a single male mates in most cases; (ii)
mating is predominantly with one male but others occasionally mate too;
(iii) multiple males routinely mate in an average cycle. This relationship is
examined by radiation.

Within the taxa subject to a high risk of male infanticide, the predicted
relationship between mating period and number of mates is indeed found
(Fig. 8.2). This relationship is significant in the whole data set (r, = + 0.55,
n = 35, p < 0.01) and remains positive within each of the three radiations.
Figure 8.2 also shows the expected difference between non-communal
ceboids and catarrhines, in that the former have shorter mating periods
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Fig. 8.2 Length of mating period in the cycle and the number of male partners a
female has. Data from Appendix 8.1.

across the board. An analysis controlling for phylogenetic inertia* (in-
cluding only the taxa with high vulnerability to infanticide) yields five
contrasts in the predicted direction, one of zero, and two in the opposite
direction, a non-significant result (1, = 1.11, n.s.). However, one of these
negative contrasts is between the Papio—Theropithecus clade and the Cer-
cocebus—M andrillus clade; it is caused by the reconstruction of the ancestor
of the Papio-Theropithecus clade as having predominantly one-male mat-
ing (probably an incorrect reconstruction). The second negative contrast is
between lion-tailed macaques and the other macaques. Lion-tails were
scored as having predominantly one-male mating, but it is likely that
groups of this species other than the one used here have multi-male mating,
as in other macaques. The other contrasts are all plausible. Thus,
phylogenetic analysis does not contradict the conclusion that longer mat-
ing periods are associated with more mates.

Intraspecific variation

Several observational studies in the wild are consistent with an increased
duration of receptivity, or mating period, in situations with increased
potential for infanticide. The first example concerns hanuman langurs
living in unimale or multi-male groups. C. Borries (personal com-
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munication) noted that the mating period lasts about four days in the
population of Jodhpur in which unimale groups predominate, whereas it
lasts about eight days in Ramnagar, where multi-male groups are the
norm. Hrdy (1977) had also noted that mating in this species at Abu lasted
much longer than the usual five to seven days after new males had entered
the group. The second example comes from a comparison of adjacent
groups of Japanese macaques (Macaca fuscata yakui) that had comparable
adult sex ratios (Takahata et al., 1994). The average mating period lasted
5.3 days in one group, but 27.8 in another group. The first group was stable
and had only three non-troop males mating with the group’s females,
whereas the second group was invaded by 19 non-troop males, one of
whom eventually took over the top-dominance position. The third
example concerns wild redtail monkeys, which live in unimale groups that
are occasionally subject to large influxes of extra-group males (Cords,
1984). During a normal mating season, a female’s mating period lasts up to
one week (mean 3.6 days), but when the group experiences an influx, it can
even last up to one month (mean 4.7 days), and the intervals between the
receptive periods become much shorter than expected, indicating
situation-dependent receptivity as well.

Attractivity-enhancing signals: sex skins

In many species, females signal impending ovulation through vulval swel-
ling or reddening. In several catarrhines, however, such indices of the
likelihood of ovulation have become exaggerated, in the form of striking
red patches or pink swellings, involving not just the vulva but also adjacent
‘perineal’ areas (Rowell, 1972; Dixson, 1983; Pagel, 1994; Nunn, in press),
which raise their attractivity to potential mates (Bielert and Girolami,
1986). Since Darwin (1876) first drew attention to them, no subject has
generated as much interest among students of primate sexuality as these
‘sex skins’, which have evolved at least three times (Dixson, 1983). How-
ever, to this day no satisfactory explanation exists for this enigmatic aspect
of female reproductive physiology. A variety of hypotheses has been sug-
gested to account for the evolution of these exaggerated swellings (reviewed
by Nunn, in press). However, none of these ideas is entirely satisfactory
(Pagel, 1994; Nunn, in press).

Distribution of sex skins

Any hypothesis for the function of exaggerated swellings should explain the
following patterns: (i) sex skins (exaggerated signals) are limited to catar-
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rhines; (ii) adolescent females often have stronger forms of sex skins than
adults (Anderson and Bielert, 1994); (iii) sex skins are concentrated in
species that live in multi-male groups or situations in which groups
routinely have close contact with other males (Clutton-Brock and Harvey,
1976); (iv) seasonal breeders often lack the sex skins, even though the social
system seems appropriate; (v) species with sex skins have longer mating
periods and ovarian cycles. The last three patterns are discussed here.

The association between actually or potentially polyandrous mating and
sex skins (Appendix 8.1; Fig. 8.3) is supported by intraspecific variation in
red colobus (Colobus badius) the Tana River subspecies (C.b. rufomitratus)
of which lives predominantly in unimale groups and has barely noticeable
swellings as compared to the other red colobus subspecies in which females
have conspicuous swellings (Struhsaker, 1975; M. Kinnaird, personal com-
munication). Thus, the pattern is overwhelming: sex skins are only found in
those catarrhine species that routinely or potentially mate polyandrously.

However, the opposite does not hold: several taxa with multi-male
groups (vervets, several macaques, some populations of hanuman langur)
do not have sex skins. Neither do most guenons and patas monkeys that
live in unimale groups subject to influxes of non-group males during some
of their mating seasons (Harding and Olson, 1986; Cords, 1987). Cursory
inspection suggests that seasonally breeding primates lack sex skins (Ap-
pendix 8.1). Some species are highly seasonal; they have over 67% of
their births (often over 90%) concentrated in a single three-month
period. These species, when kept at temperate latitudes, will mostly retain
highly seasonal breeding despite superabundant food, indicating photo-
periodic regulation of female cycling. Here we will call them seasonal
breeders. Other species are moderately seasonal (33-67%) or non-
seasonal ( < 33% of births in three months) in the wild. When held in
captivity at temperate latitudes, both lose their seasonality, so they are
combined here.

As shown in Figure 8.3, most non-seasonal breeders among polyandrous
species have sex skins (91% of 23 species), whereas only 1 of the 11 seasonal
ones (9%) do (including three species of temperate snub-nosed langurs —
Pygathrix, subgenus Rhinopithecus — not in Appendix 1, which live in
multilevel societies and are highly seasonal breeders: Rowe, 1996). This
difference is highly significant (y? = 22.02, p < 0.001). The exceptions are
all macaques, but the pattern remains significant if only macaques are
considered (y? = 6.35, p = 0.01).> A phylogenetically controlled analysis,
using Maddison’s (1990) concentrated changes test, suggests that losses of
sex skins in multi-male or multilevel species are more likely in taxa in which
seasonal breeding has evolved (p = 0.012; assuming three gains and losses
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Fig. 8.3 Phylogeny of exaggerated swellings (sex skins) in catarrhine primates
(including only known species). Added to the character states at the tips are the
social system (predominantly unimale or multi-male) and the degree of seasonal
breeding (for criteria, see text). Note the concentration of sex skins in species that
live in non-seasonally breeding, multi-male groups.
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of sex skins and a seasonal ancestor for the sinica and arctoides groups of
Macaca).

Finally, polygynandrous species with sex skins have longer mating
periods than their counterparts without swellings (Nunn, in press). They
also have longer ovarian cycles (Mann-Whitney U: n, =8, n, = 16,
U =125, p<0.01), and this effect is retained if all catarrhine species
without sex skins are included in the comparison, regardless of their social
system (n, = 14, n, = 16, U = 22.5, p < 0.001). A phylogenetic analysis of
cycle length in relation to the presence of exaggerated swellings yielded five
contrasts, and all were in the predicted direction (¢, = 5.42, p < 0.01).9 The
effect of seasonality is less strong, with non-seasonal breeders having
longer cycles (contrasts in taxa vulnerable to infanticide; five of seven in
predicted direction; t, = 1.60, n.s.). This suggests that the effect of swellings
on cycle length (as proxy for follicular phase) is stronger than that of
seasonality.

Male infanticide and sex skins

The hypothesis presented in this chapter would suggest that sex skins are
needed if a female cannot achieve the right balance of paternity bias and
confusion when she advertises her peri-ovulatory period without exag-
gerated signals. The need for sex skins is most acute when a female will be
monopolised for too long by dominant males, so that she is unable to mate
with subordinate males. Dominant males are less likely to intervene if a
female mates with a subordinate if she is not at peak swelling. This suggests
that females need this graded signal when they do not have enough
behavioural freedom to choose their mates freely. Thus, we call this the
graded signal hypothesis for exaggerated swellings (for details, see Nunn, in
press).

This idea may go far in explaining the additional patterns in sex skins
just documented (see also Nunn, in press). First, the opportunity to confuse
paternity in regular ovarian cycles arises only in situations with the poten-
tial for polyandrous matings, which explains the absence of sex skins in
unimale breeding groups. Second, where a female has sufficient behav-
ioural freedom to select her mates, there is no need to attract dominant
males during particular periods. This explains the absence of sex skins in
infant-carrying lemurs and non-communal ceboids, in which, as noted
earlier, females are much less subject to harassment by males. Third, in
non-seasonal breeders females are more likely to be monopolised by a
dominant male throughout their attractive period as females will overlap
less often (cf. Thierry et al., 1996). Graded swellings may help to break the
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dominant male’s monopoly. In contrast, seasonal breeders are more likely
to have multiple females that are sexually active and attractive to males,
creating more behavioural freedom for females, and that are therefore
more likely to achieve the right balance of matings with dominant and
subordinate males. Fourth, the idea may account for adolescent exag-
geration: once swellings have evolved as generally honest signals of ovula-
tion probability, females may use this signal to deceive males (as also
occurs in pregnancy swellings). Finally, the gradual build-up of the signal
and the accompanying matings by males of varying rank obviously require
more time than situations with ‘normal’ signals, thus explaining the longer
mating periods and ovarian cycles of species with sex skins.

Attractivity-enhancing signals: mating vocalisations

Some female primates emit calls that are only given when they are ready to
mate (indicating receptivity and proceptivity); these calls are usually refer-
red to as ‘oestrous’ calls, perhaps better referred to as proceptivity calls. In
many species, females also (or only) give vocalisations during or right after
copulation. The distinction between these two contexts is not always hard
and fast. For instance, in tonkean macaques, females start giving procep-
tivity calls but these calls turn into copulation calls when mating commen-
ces (Masataka and Thierry, 1993). Nonetheless they are considered
separately here.

Proceptivity calls carry far and may, above all, attract distant potential
mates. Several nocturnal strepsirrhines give proceptivity vocalisations,
though none of the lorisids does, perhaps to avoid attracting predators
(Appendix 8.1; see Table 8.2). Dispersed diurnal species could use sex calls
for the same purpose. Woolly spider monkey females give calls that attract
males from all over the range (Milton, 1985). However, their occurrence in
many gregarious species is not readily explained in this way.

Copulation calls are also loud and can usually be heard from tens of
metres away (soft calls emitted by some species in which individuals are
usually widely dispersed, e.g. gibbons or slow lorises, are not counted
because they probably serve a function in within-pair communication).
Mating calls may serve to reduce infanticide risk just like sex skins by
producing the right balance of paternity bias and confusion (cf. O’Connell
and Cowlishaw, 1994). First, like sex skins, they indicate the likelihood of
ovulation: mating calls of female baboons become longer towards
ovulation (O’Connell and Cowlishaw, 1994), and they may change in
structure in other species (Hauser, 1996), suggesting that they can be
considered graded signals and are basically honest. Second, although
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females use them in most matings (e.g. van Noordwijk, 1985; O’Connell
and Cowlishaw, 1994), they can suppress calls when mating with low-
ranking males (Tibetan macaques: Zhao, 1993; chimpanzees: Hauser,
1990). Third, in species in which males cannot monopolise females and
sperm competition therefore occurs, the calls announce that the female is
mating again, thus enticing the other potential mates to mate again. These
patterns are consistent with a function to reduce infanticide risk; there is
little support for other suggested functions.

If mating calls function just like sex skins, their taxonomic distributions
should tend to be similar. Although the distribution of female mating calls
is not as completely known as that of sex skins, the correspondence is
indeed quite good. All species with sex skins also have female mating calls
(n = 17), whereas only 36% of the 14 species without sex skins have them
(G-test with Williams’ correction (G,4;) = 17.97, p < 0.001).

Discussion

It is argued in this chapter that the risk of infanticide by males is ul-
timately responsible for many derived features of the sexuality of female
primates. The basic mammalian pattern of brief receptivity generally con-
centrates paternity in a single male (cf. Brockman, 1994). While this will
favour paternal behaviour, such as infant protection, it increases the risk
of attacks by non-sires. Primate cycles allow longer receptive periods that
serve to confuse paternity and so reduce infanticide risk. The various
aspects of female sexuality can be regarded as tools at the female’s dis-
posal to produce the appropriate balance between paternity concen-
tration and confusion, i.e. mate mostly with dominant males when
ovulation is most likely, but also mate with subordinate males when
ovulation is less likely. Longer cycles (especially follicular phases), longer
mating periods and polyandrous mating, unpredictable timing of
ovulation, and sexual activity outside periods of regular ovarian cycles
obviously all serve to bring about paternity confusion. The most obvious
function of the signalling of ovulation probability through sex skins and
mating calls is that they attract dominant males when the signal is strong,
allowing others to mate when the signal is weak, thus again helping to
bring about the right timing and relative proportion of matings by
dominant and subordinate males.

How extensive these traits are should also covary with the degree to
which females have control over whom they mate with. This is indeed what
we have found. The extent to which a female can choose her mates freely in
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multi-male groups depends on the potential for one dominant male to
monopolise her; this, in turn, largely depends on the degree to which
breeding is seasonal and thus the number of females expected to be sexually
active simultaneously (given a certain group size) and on intersexual domi-
nance relations. Thus, both highly seasonal species and the non-communal
lemurs and ceboids, whose females tend to have more behavioural free-
dom, lack sexual swellings and also tend to have shorter mating periods,
because they can achieve the right balance of paternity bias and confusion
without these additional features.

There is not enough space here to discuss the evidence concerning
primate reproductive physiology and behaviour in the detail it deserves.
Neither can alternative ideas for the various phenomena be explored, at
least in part because carefully formulated alternatives are scarce. However,
we do not wish to convey the impression that all variation in primate
sexuality, let alone mammalian sexuality, is related to infanticide risk.
Other ecological and social factors (e.g. Wrangham, 1993), as well as
phylogenetic constraints, must all play important roles; some of these
factors may explain much more variation in mammalian orders other than
primates. Nonetheless, a remarkable amount of variation in the primate
order is consistent with the selective impact of infanticide risk, in interac-
tion with other factors and within immutable phylogenetic constraints.

Many of our conclusions remain tentative in the absence of solid infor-
mation on key species or social effects. Systematic evaluations of the effect
of social context on the length of the constituent parts of ovarian cycles are
sorely needed. While more extensive information on interspecific com-
parisons in taxa with variation in the number of males will be quite useful,
more convincing tests will come from intraspecific comparisons of cycle
length and mating periods of different populations of species such as red
colobus or hanuman langur that vary in the number of males per group.
The most convincing demonstration of social effects on the supposedly
entirely spontaneous ovarian cycles would come from variation in cycle
lengths due to experimental manipulation of the number of males (and
females) in female groups.

The framework presented here may also help to resolve the debate over
concealed ovulation. What is usually called concealed ovulation (see Wal-
len, 1995) is perhaps best considered as highly unpredictable ovulation.
The hypothesis explored here suggests that it should be found where the
threat of male infanticide comes only from inside the group, and there is
therefore no need to bias paternity towards the most protective male. This
situation should be found where male immigration must be exceedingly
rare (as in bonobos, red colobus, and chimpanzees in which males are
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sufficiently cohesive), or where females have control over the identity of
immigrating males (e.g. vervets: Smuts, 1987).
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Notes

1 In general, we expect that the Bruce effect — pregnancy block and early
resorption of embryos when females are exposed to a new male (Labov et
al., 1985) — should be more common among taxa unable to confuse
paternity during regular cycles or during pregnancy (pregnancy matings
are absent in baboons: see Appendix 8.1).

2 Discussions of sexual behaviour are facilitated by distinguishing three
separate components of sexual behaviour (first proposed by Beach,
1976), because there is abundant evidence that these components are
controlled by different endocrine mechanisms. Proceptivity is the ten-
dency of females to seek matings; receptivity is the extent to which the
females co-operate in male-initiated copulation; and attractivity is the
extent to which males are attracted to females (or the stimulus value of
the female to the male without female behaviour factored in). There is
also a place for a term that describes overall female attractivity based on
all signals and behaviours; for lack of a generally used term, we refer to
this as perceived quality.

3 Although mating periods during pregnancy may be cyclical (e.g.
Hadidian and Bernstein, 1979), they should not be regarded as an
accidental by-product of continuing cyclicity of hormone levels during
pregnancy. For instance, some species with perineal swellings do and
others do not continue these swellings during pregnancy (e.g. mangabeys
do but the closely related baboons do not).
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4 The results are reported of both non-phylogenetic and phylogenetic tests
(Harvey and Pagel, 1991). Phylogenetic analyses are based on Purvis’
(1995) composite estimate of primate phylogeny. Comparisons of two
continuous or continuous and discrete variables are derived using CAIC
(Purvis and Rambaut, 1995); those involving two discrete characters
were derived using the concentrated changes test of Maddison (1990), as
implemented in MacClade (Maddison and Maddison, 1992).

5 Some hanuman langurs are also an exception. Some populations con-
tain mainly multi-male groups, but females are not reported to have sex
skins, although reproduction is not always highly seasonal.

6 A preliminary analysis of data on the length of follicular phase supports
this conculsion (Hodges et al., in preparation).
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9  Mating systems, intrasexual
competition and sexual dimorphism
in primates

J. MICHAEL PLAVCAN

Many primates are sexually dimorphic. Collectively, sexual dimorphism
refers to any character — behavioural, morphological or physiological —
that differs between the sexes. Some primates show conspicuous differences
in pelage and skin colour, and numerous musculoskeletal differences have
been documented for a wide variety of species. However, most comparative
studies of primate sexual dimorphism focus on body size and canine tooth
size.

Strepsirhines and haplorhines differ fundamentally in dimorphism.
Most male haplorhine primates are larger than females, and possess larger
canine teeth. In contrast, most strepsirhine species are either monomorphic
or only slightly dimorphic (Fig. 9.1). Consequently, most comparative
studies of primate sexual dimorphism focus on haplorhines.

Dimorphism, mating systems and intrasexual competition

Sexual dimorphism in haplorhine primates is widely viewed as a product of
sexual selection. Sexual selection comprises two broad mechanisms: mate
choice and mate competition (Andersson, 1994). Mate choice in primates is
usually referred to as ‘female choice’. There is clearly evidence that female
choice plays a role in the evolution of sexual dimorphism in primates
(Boinski, 1987; Richard, 1992). However, because female choice is difficult
to quantify, and data are not available for most species, the exact role that
it plays in explaining interspecific variation in dimorphism is currently
unknown (Small, 1989).

Primate sexual dimorphism is commonly viewed as a product of male
mate competition. Because males are effectively limited in their reproduc-
tive success by the number of females that they can inseminate, large
differences in male reproductive success will occur if some males can
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Catarrhines

Platyrrhines

Strepsirhines

Count

0.5 1.0 1.5 2.0 2.5 3.0

Maxillary Canine Crown
Height Dimorphism (M/F)

Fig. 9.1 Frequency histograms of maxillary canine crown height dimorphism in
catarrhines, platyrrhines and strepsirhines. Data are listed in Appendix 9.1.
Dimorphism is calculated simply as the ratio of male divided by female body
mean values.
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Fig. 9.2 Plot of body mass dimorphism versus sex ratio in polygynous
haplorhines. All data are In-transformed.

exclude others from access to females. Males should therefore compete for
access to females. Any character, such as large body size or large canine
teeth, that helps males to win fights for access to females should be under
strong selection, resulting in dimorphism.

As predicted by sexual selection theory, polygynous haplorhines are
more dimorphic in their canine teeth and body mass than monogamous or
polyandrous species (Clutton-Brock, Harvey and Rudder, 1977; Harvey,
Kavanagh and Clutton-Brock, 1978b). However, it has long been noted
that polygynous species show a tremendous range of dimorphism that is
not associated with variation in mating system or sex ratio (Fig. 9.2). A
number of studies have debated the causes for this variation in the mag-
nitude of sexual dimorphism (Coelho, 1974; Gautier-Hion, 1975; Clutton-
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Brock et al., 1977; Harvey et al., 1978b; Phillips-Conroy and Jolly, 1981;
Leutenegger and Cheverud, 1982, 1985; Gaulin and Sailer, 1984; Cheverud,
Dow and Leutenegger, 1985; Lucas, Corlett and Luke, 1986; Kay et al.,
1988; Ely and Kurland, 1989; Kappeler, 1990, 1991, 1993; Plavcan and van
Schaik, 1992, 1997b; Ford, 1994; Martin, Wilner and Dettler, 1994; Mitani,
Gros-Louis and Richards, 1996). It is now widely acknowledged that
factors such as phylogeny, allometric effects, predation pressure, correlated
response, substrate and locomotor constraints, diet and energetic con-
straints influence the expression of dimorphism. However, there is no
consensus on the relative roles that these factors play in the evolution of
dimorphism. For example, Ford (1994) suggests that comparative data
demonstrate that selection related to female energetic requirements plays
little role in the evolution of size dimorphism, while Martin et al. (1994)
propose just the opposite. Following from these debates, some studies
suggest that sexual selection may play at best a secondary role in the
evolution of dimorphism (Cheverud et al., 1985; Lucas et al., 1986; Martin
et al., 1994).

Testing the sexual selection hypothesis is not straightforward. Whereas
sexual dimorphism is relatively easy to measure, sexual selection is not.
Ideally, the sexual selection hypothesis should be evaluated by comparing
the reproductive consequences for males that win and loose fights, and by
testing the correlation between body mass, canine size, and the ability to
win and loose fights (Clutton-Brock, 1985). Such data are not available for
comparative analyses. Consequently, all broadly based comparative evalu-
ations of the sexual selection hypothesis must use a surrogate measure of
sexual selection — the most common being mating system (e.g. Gaulin and
Sailer, 1984; Cheverud et al., 1985). Studies usually classify species as
monogamous or polygynous, or as monogamous, polyandrous, single-
male/multi-female, or multi-male/multi-female. Unfortunately, these clas-
sifications of mating system are poor estimates of the strength of sexual
selection associated with male-male competition.

A close look at patterns of male-male competition within several poly-
gynous species shows why this is so. For example, Pan, Brachyteles,
Macaca and Papio all have polygynous, multi-male/multi-female mating
systems, and so should be dimorphic. However Pan and Brachyteles show
relatively low degrees of dimorphism by comparison to Papio and Macaca
(Plavcan and van Schaik, 1992, 1997b). Pan and Brachyteles are ‘male
bonded’ whereas Papio and Macaca show agonistic male dominance hier-
archies. These two mating systems fundamentally differ in the way that
males interact with one another. The males of Pan and Brachyteles do not
transfer out of their natal troops, resulting in groups composed of related
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males that engage in promiscuous mating with females, even though male
dominance hierarchies can be discerned (Strier, 1986, 1992; Morin, 1993).
Males of Papio and Macaca, on the other hand, transfer regularly, resulting
in troops with unrelated males that compete intensely for access to mates
(Walters and Seyfarth, 1987). Consequently, sexual selection stemming
from male-male competition in Pan and Brachyteles should be less intense
than that in Papio and Macaca.

Recent analyses of dimorphism attempt a more refined approach to
estimating sexual selection, either through classifications of intrasexual
competition (Kay et al., 1988; Plavcan and van Schaik, 1992; Plavcan, van
Schaik and Kappeler, 1995) or through estimates of the operational sex
ratio (Mitani et al., 1996). These studies provide evidence that variation in
the strength of sexual selection produces variation in the magnitude of
dimorphism (Kay et al., 1988; Plavcan and van Schaik, 1992, 1997b;
Greenfield, 1992b; Ford, 1994; Plavcan et al., 1995; Mitani et al., 1996).
They also provide some insight into the relation between sexual selection,
agnostic competition and mating systems.

Building on Kay et al. (1988), Plavcan and van Schaik (1992) derive
‘competition levels’ from dichotomous categorical estimates of the ‘inten-
sity’ and ‘potential frequency’ of male—male competition. Males are clas-
sified as high intensity when they are intolerant of one another, escalated
fighting is common, and they form easily detected agonistic dominance
hierarchies. Males are ranked as low intensity when dominance hierarchies
are difficult to detect, escalated fighting is rare, and they are relatively
tolerant of one another. The frequency category is (with a few exceptions) a
demographic measure. High-frequency competition occurs when there is
typically more than one male in a breeding group, and low-frequency
competiton occurs when there is typically only a single male or when
competition is limited to a short breeding season.

The competition classifications were ranked into four competition levels,
1 through 4. Canine dimorphism and body mass dimorphism are strongly
associated with competition levels (Fig. 9.3), even when monogamous and
polyandrous species are excluded from the analysis. The relationship holds
when controlling for phylogeny, allometry, diet and substrate (Plavcan and
van Schaik, 1992, 1997b).

The competition levels are broadly correlated with mating system, but
there are important differences. Polygynous haplorhines are ranked into
competition levels 2 through 4. The most important distinction is the
classification of eight multi-male/multi-female species into competition
level 2. These species are polygynous, but male-male competition is not
particularly intense by comparison to other polygynous species. In several
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Fig. 9.3 Frequency histograms of mass dimorphism and maxillary canine crown
height dimorphism in competition levels for haplorhine primates. Dimorphism is
the natural logarithm of the ratio between male and female variables.

of these species, mating is reported as promiscuous, implying that sexual
selection is not intense. These species show significantly less canine and
mass dimorphism than other polygynous haplorhines (Table 9.1).

With only a few exceptions, the remaining polygynous species comprise
competition levels 3 and 4, which correspond to single-male/multi-female
and multi-male/multi-female species respectively. Predicted levels of
dimorphism for these competition levels are the opposite to those predicted
by Harvey et al. (1978b) for the multi-male/single-male contrast. Harvey et
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Table 9.1. Results of analyses of variance testing for significant differences
in dimorphism between competition level 2 species (excluding polyandrous
species ) and other polygynous haplorhine primates

Measure n F P
Body mass dimorphism 72 9.580 0.003
Canine dimorphism
Mandibular
Mesiodistal 68 5.943 0.017
Buccolingual 68 7.941 0.006
Crown height 68 4.000 0.050
Maxillary
Mesiodistal 68 8.968 0.004
Buccolingual 68 6.654 0.012
Crown height 68 3.626 0.061

Analyses are for species values. results are repeated within lower taxonomic groups and
using phylogenetic contrasts (Plavcan and van Schaik, 1992, 1997b). Dimorphism is
quantified as the natural logarithm of the male mean value divided by the female mean
value for each species.

al. (1978b) predict that differential male reproductive success should be
greater for single-male species than for multi-male species, because in the
former a single male gains exclusive access to mates. Plavcan and van
Schaik (1992) predicted that the higher frequency of competition in multi-
male groups produces stronger selection for the development of weaponry.
Dimorphism tends to be greater in competition level 4 species.

This frequency effect may reflect selection for the development of
weaponry for display. Males are frequently wounded and sometimes killed
in fights (Plavcan and van Schaik, 1992). Fighting between two males can
potentially benefit a third male if both contestants are wounded or exhaus-
ted. Therefore, selection may favour the development of weaponry for
display by reducing the risk of determining every contest through physical
contact. Alternatively, the number of males in a group might not inversely
reflect differential reproductive success. If male tenure in single-male
troops is short enough, differential male reproductive success might not be
greater than among males of some multi-male groups, where a single male
might consistently gain access to mates for an extended period of time.

Monogamous species such as the hylobatids and Callicebus comprise
competition level 1. In both genera, a lack of differential male reproductive
success associated with monogamy should result in monomorphism.
However, these two species show very different patterns of male-male
competition. In Callicebus, both sexes are relatively peaceful, with in-
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frequent overt aggression (Robinson, Wright and Kinzey, 1987). Logically,
these species belong in competition level 1 (low intensity, low frequency).
However, both male and female hylobatids occasionally show intense,
sometimes lethal intrasexual competition in territorial defense (Mitani,
1985). Considered alone, male hylobatids belong in competition level 3
(high intensity, low frequency). Hylobatids should show low dimorphism
because males and females show similar types of agonistic competition
(Plavcan and van Schaik, 1992, 1997b), and because this competition does
not generate grossly different patterns of male and female reproductive
success (Emlen and Oring, 1977; Andersson, 1994). Notably, male and
female hylobatids both possess canines as tall as competition level 3
species, whereas male and female Callicebus have very small canines.

The competition levels clearly support the sexual selection hypothesis
and underscore problems with the use of mating system as a measure of the
strength of sexual selection. Even so, the competition levels are a broad
measure of male—male competition. Mitani et al. (1996) provide a more
restricted but more refined analysis using operational sex ratios.

Theoretically, male-male competition should covary with the ratio of
adult males to females in groups. Excluding monogamous and polyan-
drous species, there is no correlation between sex ratio and mass dimor-
phism in primates (Clutton-Brock et al., 1977; Kappeler, 1990, 1991; Mar-
tin et al, 1994). However, sex ratio is a poor measure of male-male
competition for a variety of reasons (Clutton-Brock et al., 1977). The
operational sex ratio (OSR) is a better measure of male-male competition
(Emlen and Oring, 1977; Mitani et al., 1996). The OSR is the ratio of males
to available breeding females in a group. Consider two groups, each with
12 adult males and 12 adult females. Both are characterised by the same sex
ratio (1.0). However, in one group, all the females become receptive at the
same time once a year. In this group, a male cannot exclude other males
from access to more than one female, effectively resulting in no differential
male reproductive success, and no sexual selection. In the other group, one
female becomes receptive each month. In this group, a single male can
potentially exclude all other males from access to all females, since he only
needs to defend one receptive female at a time. The latter group has a very
high OSR by comparison to the former, so sexual selection should be
strong.

Mitani et al. (1996) quantify the OSR for 18 haplorhine primates. Their
formula weights adult sex ratios with data on breeding seasonality, inter-
birth intervals, duration of mating periods, and the number of cycles before
conception. Using the phylogenetic contrast method (Felsenstein, 1985;
Pagel, 1992), they demonstrate a significant correlation between allomet-
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Table 9.2. Correlations between socionomic sex ratio (SR ), operational sex
ratio (OSR ) and body mass dimorphism in haplorhines

Analysis n r P

Phylogenetic contrasts

Mitani body mass data

OSR 15 0.881 < 0.001

SR 15 0.641 0.007
Appendix 9.1 body mass data

OSR 15 0.395 0.130

SR 15 0.311 0.242

Species values
Mitani body mass data

OSR 18 0.585 0.011

SR 18 0.470 0.049
Appendix 9.1 body mass data

OSR 18 0.504 0.033

SR 18 0.453 0.059

All data were In-transformed. Separate analyses were carried out using body mass data from
Mitani et al. (1996), Plavcan and van Schaik (1997b) and Smith and Jungers (1997). Results
are presented for phylogenetic contrasts and analysis of species values. Phylogenetic
contrasts were calculated by hand using the phylogeny presented in Mitani et al. (1996), but
differing from this latter study in that the Alouatta trichotomy was left unresolved, branch
lengths were initially set at 1, and dimorphism was estimated as the natural log of the ratio
of male and female mass. Contrasts of both dimorphism and OSR estimates were first
regressed against female body mass contrasts. Regressions of contrasts were forced through
the origin.

rically adjusted mass dimorphism and OSR. Using similar methods, there
is also a significant correlation between the simple sex ratio and mass
dimorphism in the sample used by Mitani et al. (Plavcan and van Schaik,
1997b). Additionally, using data from Plavcan and van Schaik (1997b),
there is no correlation between the OSR and mass dimorphism using the
phylogenetic contrast method, although there is a significant correlation
using species values (Table 9.2). This suggests that a larger sample is
necessary to test whether the results of Mitani et al. represent a sampling
artifact. Unfortunately, reliable data for calculating the OSR are not
available for most primates. This limits the utility of the OSR for inves-
tigating the joint relation between sexual selection and other factors in a
broad comparative analysis.

Assuming that the findings of Mitani et al. (1996) are correct, they
corroborate the sexual selection hypothesis, and imply that at least some of
the variation not accounted for by mating system and competition levels



250 J. M. Plavcan

5 ¢
(]

4 + °
©)
z
b B [
o 3
7% ° .
= °
=
2 °
g 2r ® . .
2, ° o
S . .
=

r »

[ J
O | | ] | ]
-1 0 1 2 3 4 5
In (Female Body Mass)

Fig. 9.4 Plot of the operational sex ratio and female body mass in haplorhine
primates. Operational sex ratios were taken from Mitani et al. (1996). Female
body weight is from Appendix 9.1.

reflects the imprecision of the categorical estimates of male—male com-
petition.

Dimorphism increases with size in primates, but the underlying cause of
this correlation is widely debated (Clutton-Brock et al., 1977; Leutenegger
and Cheverud, 1982, 1985; Gaulin and Sailer, 1984; Cheverud et al., 1985;
Pickford, 1986; Plavcan and Kay, 1988; Kappeler, 1990, 1992; Godfrey et
al., 1993; Plavcan and van Schaik, 1992, 1997b). Leutenegger and
Cheverud (1982, 1985) offer a quantitative genetic model that explains the
correlation as a result of lower male heritability coupled with an
evolutionary increase in overall size. Kappeler (1990, 1991) suggests that
larger size is not as important in winning fights in small species as speed
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Table 9.3. Correlations between the operational sex ratio and canine
dimorphism in haplorhines

Analysis n r p
Phylogenetic contrasts
Mandibular
Mesiodistal 14 0.541 0.037
Bucculingual 14 0.361 0.186
Crown height 14 0.539 0.038
Maxillary
Mesiodistal 14 0.375 0.168
Bucculingual 14 0.205 0.463
Crown height 14 0.475 0.074
Species values
Mandibular
Mesiodistal 16 0.449 0.081
Bucculingual 16 0.313 0.238
Crown height 16 0.275 0.303
Macxillary
Mesiodistal 16 0.168 0.535
Bucculingual 16 0.186 0.490
Crown height 16 0.447 0.083

Phylogenetic contrasts were calculated using the phylogeny of Mitani et al. (1996) following
the procedure detailed in Table 9.2. Sample size is 14 because the Alouatta trichotomy was
not resolved, and because canine data were not available for Cebus olivaceus. All data were
In-transformed.

and agility. Plavcan and van Schaik (1992) suggest that the correlation
reflects an interaction between size and male—male competition, but specify
no mechanism. Most recently, Mitani et al. (1996) demonstrated a sig-
nificant correlation between body size and the OSR (Fig. 9.4), probably
reflecting the correlation between increasing interbirth intervals and size.
This implies that the correlation between dimorphism and size may not be
a direct allometric phenomenon, but rather an indirect result of the relation
between size and mate competition.

The relation between canine dimorphism and the OSR is not clear
(Table 9.3). The OSR is modestly significantly correlated with mandibular
canine mesiodistal and crown height dimorphism using the phylogenetic
contrast method, but not with maxillary canine crown height dimorphism.
The values of the correlations change depending on whether or not the
phylogenetic contrasts are allometrically adjusted. Using species values,
there is no correlation between any measure of canine dimorphism and the
OSR. Maxillary canine crown height is thought to be the target of selection
for weaponry (Greenfield, 1992a, 1992b; Plavcan et al., 1995) and bears a
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stronger relation to competition levels than any other measure of dimor-
phism (Plavcan and van Schaik, 1997a).

The sample size of the canine dimorphism phylogenetic contrasts is only
14, and these results may reflect sampling error. Assuming that these
results are meaningful, they suggest that the relation between mass dimor-
phism and the OSR is spurious, that the OSR and competition levels reflect
different selective pressures, or that canine and size dimorphisms arise from
different mechanisms. The latter two are more likely hypotheses. As discus-
sed above, intensity and frequency effects reflect selection for different
functions — fighting and display. The OSR is intended to reflect a con-
tinuum of the intensity of male mate competition. Furthermore, unlike
canine size, body size is a critical trait in an animal’s adaptation to its
environment, and therefore probably reflects a larger spectrum of influen-
ces. Understanding why OSR and competition levels produce different
results for dimorphism of different characters is likely greatly to enhance
our understanding of the evolution of dimorphism.

Sexual dimorphism as a function of female trait variation

Recent studies emphasise that dimorphism arises from different selection
pressures on both male and female traits (Harvey, Kavanagh and Clutton-
Brock, 1978a; Greenfield, 1992a, 1992b; Leigh, 1992; Martin et al., 1994,
Leigh and Shea, 1995; Plavcan et al., 1995). Consequently, sexual dimor-
phism should not be viewed as a singular product of sexual selection, but
rather as a compromise between selective pressures acting separately on
male and female traits.

Recent studies have begun to unravel how dimorphism varies as a
function of male and female trait variation. Leigh (1992) demonstrates that
variation in female developmental pathways can alter the magnitude of
adult size dimorphism. Plavcan et al. (1995) demonstrate that selection for
the development of canine teeth as weapons operates in females as well as
in males.

Shea (1986) provided detailed predictions about how male and female
growth patterns can vary to produce sexual size dimorphism. In short,
both males and females can change the timing of growth cessation, the rate
of growth, or both factors. Males can become larger than females either by
growing faster or by delaying maturation and thus growing for a longer
period of time. Conversely, females can become smaller than males either
by ceasing growth earlier or by slowing the rate of development. Leigh
(1992) verified such variation in the ontogenetic basis of mass dimorphism.
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Interestingly, Leigh’s data suggest that the magnitude of adult dimorphism
is not constrained by ontogeny. Furthermore, even species within a single
genus show substantial variation in growth patterns, suggesting consider-
able plasticity in the mechanisms leading to size dimorphism.

Following from the work of Jarman (1983) and Janson and van Schaik
(1993), Leigh (1995) suggests that juvenile life history parameters and social
system strongly influence male growth trajectories. To summarise, in
single-male ‘harem’-style mating systems, males usually leave groups in
adolescence, leading to rapid increase in the risks that the juveniles face as
they mature. These risks are directly correlated with size: the larger the
individual, the fewer risks it faces during development. Selection therefore
favours a rapid size increase to minimise the risks encountered as a
subadult. Conversely, in those species for which risks do not change
markedly during development (exemplified by multi-male, multi-female
troops), males can increase body size simply by delaying maturation and
thus prolonging growth. This period of extended development can also
allow males to work their way slowly into new groups and, through social
interactions and experience, work their way up the dominance hierarchy
(following Jarman, 1983).

Leigh and Shea (1995) present evidence that variation in female on-
togeny alters the magnitude of adult size dimorphism in hominoids. Spe-
cifically, they demonstrate early cessation of female growth in Gorilla
gorilla and Pan paniscus relative to Pan troglodytes. They suggest that
variation in female growth reflects variation in foraging adaptations. Spe-
cies such as gorillas and bonobos that rely more heavily on foliage face
lower risks and less intrasexual competition for resources. Consequently,
females can mature earlier at smaller sizes in order to increase reproductive
output without facing any disadvantage in resource competition (see also
Martin et al., 1994).

Early studies of female canine size in haplorhines came to conflicting
conclusions about the relation between mating system, competition and
female canine size (Harvey et al., 1978a; Smith, 1981; Lucas et al., 1986).
Greenfield (1992a) suggested that large female canines offer no selective
advantage, and that female canine size represents the conflict between
correlated response to male canine size and selection to incorporate the
canines into an incisal functional field.

Large female canines also appear to be selected as weapons, affecting the
magnitude of canine dimorphism. Plavcan et al. (1995) classify separately
male and female competition frequency and intensity. They find that in
both sexes, males and females classified as showing ‘high-intensity’ com-
petition posses relatively larger canines than those classified as showing
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‘low-intensity’ competition. For males, high-frequency species have rela-
tively larger canines than low-frequency species, as predicted, but for
females the effect is reversed. This ‘reversed’ frequency effect could reflect
greater costs of winning and loosing fights for access to restricted resources
where single females defend territories.

There is some evidence that when agonistic competition occurs regularly
between coalitions of individuals, selection for the development of
weaponry is relatively less intense than when individuals fight without
partners (Plavcan et al., 1995). Females of many cercopithecine monkeys
are female bonded, forming matrilineal groups (Wrangham, 1980). Females
maintain their position within an agonistic dominance hierarchy with the
assistance of kin, with the outcome of contests frequently determined by
the enlistment of partners in coalitions (Gouzoules and Gouzoules, 1987;
Walters and Seyfarth, 1987). A similar pattern is seen in male baboons
(Nog, 1990). Lower ranking males are known to form temporary alliances
in order to defeat a higher ranking male. Inevitably, when the higher
ranking male is defeated, the coalition breaks down. Herein is the primary
difference between males and females. Whereas male coalitions are effective
in overcoming the individual fighting advantage that a particular male
might have over others, the alliances are temporary. Ultimately, a male
gains the alpha position through individual fighting skills. Females, on the
other hand, participate in alliances throughout their lives.

The males of those cercopithecines characterised by female coalitionary
behaviour do not posses relatively larger canines than other cer-
copithecines, even though canine dimorphism is greater in these species.
This suggests that the extreme canine dimorphism of many cercopithecines
partly reflects a reduction in female canine size, rather than an extreme
hypertrophy of the male canines. As such, patterns of female social
behaviour can directly affect dimorphism.

While selection apparently favours the development of large female
canines for fighting, most female haplorhines do not have canines as large
as those of males, probably reflecting the different objectives of male and
female fighting (Plavcan et al., 1995). Generally, males fight for access to
mates, and females fight for access to resources (Trivers, 1972; Wrangham,
1980). The consequences of winning or losing fights are therefore probably
greater for males than for females, resulting in stronger selection for the
development of hypertrophied canines in males. The female intensity clas-
sifications roughly parallel the distinction between scramble and contest
competition. In this sense, the development of female canine size can at
least partly be attributed to variation in resource distribution and ex-
ploitation (Plavcan and van Schaik, 1994; Plavcan et al., 1995). The end
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Table 9.4. Correlations between male and female relative maxillary canine
crown height in strepsirhines, and haplorhines in which females are classified
as showing low-intensity and high-intensity female—female competition

Comparison n r P
Strepsirhines 31 0.927 < 0.001
Haplorhines
Low-intensity 21 0.804 < 0.001
High-intensity 27 0.150 0.445

Relative canine crown height was calculated as the least-squares residual from an isometric
line passed through a comparison between maxillary canine crown height (dependent
variable) and either male or female body mass (independent variable). All data were
In-transformed.

result is that at least some canine dimorphism persists even when both
males and females show agonistic competition.

Strepsirhines show a variety of mating systems, but are characterised by
little sexual dimorphism (Kappeler, 1990, 1991, 1993). The fundamental
phylogenetic difference in dimorphism between haplorhines and strepsir-
hines has been very difficult to explain. An interesting mechanism that may
explain the difference in canine dimorphism is correlated response. Cor-
related response is simply a mechanism whereby character changes in one
sex are accompanied by similar changes in the other sex because of a
common genetic control for the trait (Lande, 1980). Greenfield (1992a)
suggests that most variation in female canine size reflects correlated res-
ponse. However, considering jointly the competition classifications and the
correlation between relative male and female canine tooth size, it appears
that haplorhines and strepsirhines show very different patterns (Plavcan, in
press). Strepsirhines show a strong correlation between relative male and
female canine tooth size, regardless of a classification of female competi-
tion. Among haplorhines, male and female relative canine size is strongly
correlated in species in which females do not fight. But in species in which
females do fight, there is no correlation between relative male and female
canine tooth size (Table 9.4).

These results suggest that canine monomorphism in strepsirhines is the
product of correlated response. That is, where males develop large canines,
females do too. Conversely, the simple presence of dimorphism in haplor-
hines demonstrates that the genetic control of canine size differs between
the sexes. Selection operates to develop or maintain large female canines in
a number of species, generating considerable variation in relative female
canine size and in canine sexual dimorphism. However, where there is no
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selection to develop or maintain large female canines, much interspecific
variation in female canine size can be explained as a correlated response to
male canine size.

If correlated response operates in strepsirhines, then the lack of canine
dimorphism does not necessarily contradict the sexual selection hypoth-
esis. Rather, it reflects a constraint on the independent expression of male
and female traits. Notably, strepsirhines also lack size dimorphism. This
may also be explained by correlated response, but it is much more difficult
to demonstrate the effect for mass dimorphism.

Van Schaik and Kappeler (1994) suggest that oestrous synchrony in
many strepsirhines may result in multi-male/multi-female groups that are
characterised by monogamous mating. In other words, the OSR would be
very low. If so, this may explain the lack of dimorphism in a number of
polygynous strepsirhines (Kappeler, 1993; van Schaik and Kappeler, 1994).
Notably, though, males and females of many of these strepsirhines possess
relatively large canines, suggesting that selection for the development of
weaponry may still operate (Plavcan et al., 1995).

Conclusion

Dimorphism in primates is a complex phenomenon. This chapter cannot
possibly present a fair or balanced discussion of all the factors that generate
variation in dimorphism in primates. For example, half of Darwin’s (1871)
model — female choice — has not been discussed here, even though there is
mounting evidence for the important role that mate choice plays in the
evolution of primate dimorphism (Boinski, 1987; Richard, 1992). Similarly,
phylogeny clearly plays an important role in understanding variation in
dimorphism, and the complex interaction between phylogeny in behaviour
and dimorphism alone could easily fill another chapter.

This chapter only attempts a review of the relationship between mating
systems, intrasexual competition, and sexual selection in primates. As we
come to understand better the relationship between these factors, com-
parative analyses will be able more precisely to tease apart the interactions
of other selective and non-selective factors that influence dimorphism. For
example, the analysis of the joint roles of correlated response and in-
trasexual competition would be difficult, if not impossible, without first
deriving a model for evaluating the relationship between canine size and
competition in both sexes. Similarly, quantification of the OSR not only
provides evidence that sexual selection is important in the evolution of
dimorphism, but also suggests a mechanism to explain the relationship
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between dimorphism and body size. Thus, the results summarised here
should not be viewed as an endorsement that sexual selection is the only
factor generating dimorphism in primates. However, until we understand
the relationship between behaviour and selection, it is difficult to evaluate
competing hypotheses about the evolution of dimorphism. Future analyses
of dimorphism should focus on better understanding the relationship
between behaviour, life history traits and sexual selection, and on carefully
setting up testable, predictive models for the joint relationship between
factors hypothesised to influence dimorphism.
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Appendix 9.1

The following table shows absolute dimensions (in mm) for haplorhine primate
canines. Three dimensions were taken for each mandibular and maxillary canine
tooth: the mesiodistal length (M D) is the longest dimension at the base of the tooth;
the buccolingual breadth (BL) is the widest dimension perpendicular to the
mesiodistal length at the base of the tooth; and the crown height (Hgt) is measured
from the apex to the cementum—enamel junction on the mesiobuccal face of the
tooth. Detailed descriptions of the measurements, as well as sample sizes and
descriptions of the sample populations, are presented in Plavcan (1990). Male (M)
and female (F) sample sizes are the minimum for each canine dimension.
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Appendix 9.2

The following table shows mating systems (Matesys.), competition levels (Comp.)
and competition classifications for primates. Mating system classifications are
multi-male/multi-female (MM), single-male/multi-female (SM), monogamous (M),
solitary (S), or polyandrous (P). Competition intensity (Int) and frequency (Freq)
are dichotemised into ‘high’ and ‘low’ classes. For coalitionary competition (Coal),
each sex is classified as coalitions present (yes) or not (no). Strepsirhines were not
classified into competition levels. Complete references are available in Plavcan and
van Schaik (1992, 1997b) and Plavcan et al. (1995). Mating system classifications for
strepsirhines are taken from Kappeler (1993).
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Part 3
Comparative socioecology and social
evolution

Editor’s introduction

Why have the diverse social systems of primates evolved? Are the causal
variables the same for different taxa? These questions are explored in the
final six chapters. Here, problems specific to several different taxa are
identified and causality is proposed. Where the underlying mechanisms
producing social system variation have yet to be determined, the routes to
further understanding are highlighted.

The contributors have tackled some of the more problematic issues in
primate socioecology. Two radiations, those of the Malagasy primates and
of the neotropical monkeys, pose intriguing and difficult questions about
adaptive arrays. These groups are of particular interest in that they both
represent a number of adaptive types and exhibit a range of social systems.
We are only now approaching a sufficient knowledge base to address
questions about their social structure in a broad evolutionary and ecologi-
cal context. Kappler takes on the lemuroids in general in relation to social
dynamics (Chapter 10), while Strier challenges the generality of the ‘cer-
copithecine’ model for social system evolution using examples from the
platyrrhines (Chapter 11). It is of particular importance to be able to
examine the existing models for intergroup and intragroup competition for
food and mates in these groups of species in the light of an existing
paradigm drawn primarily from terrestrial Old World monkeys and apes.
As the authors in this section point out, this theoretical paradigm based on
female resource competition (sensu Wrangham, 1980) needs reappraisal in
the light of our growing knowledge of non-cercopithecoid foraging and
reproductive strategies.

An energetic model of time budgeting among the papionines is further
developed by Williamson and Dunbar (Chapter 12), in order to tease apart
the complex interactions between local ecological variation and group size
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and structure. Interestingly, one of the best studied groups of primates, the
baboons, continues to suggest new models or new approaches to under-
standing the role of ecology in primate social system evolution. Bean’s
approach to the socioecology of the great apes (Chapter 13) is also to
address questions of energetics and time budgeting, but here specifically
focusing on evolved behavioural sex differences in relation to reproductive
costs and constraints. Foley (Chapter 14) reconstructs the ecology and
elements of social structure for the hominid radiation. Such reconstruc-
tions remain speculative, in that the taxa of interest are not subject to direct
observation, and furthermore they may have existed under conditions that
are no longer represented by modern ecologies and environments. How-
ever, an analysis of extinct primate taxa should highlight one major prob-
lem in comparative biology: that the endpoints represented by extant
species are the remnants of lineages with the potential for different rates of
evolution, different selective pressures, and variable outcomes in the form
of living species. Thus, living species may represent less about ancestor—
descendant reconstructions than about that lineage’s past radiation. This
should be a cautionary tale for those engaging in phylogenetic subtraction
techniques where socioecological patterns within a now primarily extinct
lineage are unknown.

Finally, the evolutionary ecology of modern humans is addressed by
Mace and Holden in Chapter 15, in which a number of important
hypotheses about human marriage systems are firmly rooted in a com-
parative, evolutionary perspective. Such work remains controversial, with
anthropologists reluctant to apply Darwinian models to human social
complexity, but the careful generation of hypotheses and their robust
statistical examination should provide one route forward for those with an
evolutionary interest.



10 Lemur social structure and
convergence in primate socioecology

PETER M. KAPPELER

Introduction

The study of social relationships lies at the core of socioecology, which
attempts to explain social behaviour as an adaptation to ecological factors.
Studies of primates have featured prominently in this field (Emlen and
Oring, 1977; Rubenstein and Wrangham, 1986; Standen and Foley, 1989),
partly because this comparatively small mammalian order exhibits stun-
ning variation in both social organisation (i.e. size and composition) and

structure of individual societies (Smuts et al., 1987). This chapter focuses on
social structure, which is defined by the complex network of behavioural
interactions among members of a society (Hinde, 1976). Differences in the
patterning and nature of these interactions give rise to particular social
relationships between pairs of individuals. Consistent features of these
dyadic relationships, in turn, can be used to characterise the social struc-
ture of a society or even a taxon.

The specific aim is to portray the social structure of lemur societies and
examine the evolutionary forces that have shaped them. This focus on
lemurs (Lemuriformes) is particularly interesting from a comparative per-
spective because the living primates of Madagascar represent the end-
points of an adaptive radiation following a single colonisation event more
than 50 million years ago (Yoder et al., 1996), and, thus, offer an oppor-
tunity to examine patterns of convergent evolution (Kappeler and Gan-
zhorn, 1994). In addition, phylogenetic reconstructions revealed that group
living, i.e. the permanent association of more than two adults, evolved at
least twice independently among lemurs, compared to only once among
anthropoids (Kappeler, 1998). Furthermore, lemurs deviate in several basic
features of their behavioural ecology and life history from most anthro-
poids (see below, and van Schaik and Kappeler, 1996). A framework is
provided for this comparison between lemurs and anthropoids by first
outlining the range of variation observed in anthropoid social structure,
and by briefly summarising current theories that attempt to explain it.
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Patterns in anthropoid social structure

Four types of interactions can be used to broadly characterise social
relationships among members of a society. Populations and species differ
with respect to the establishment and maintenance of spatial proximity
(affinitive behaviour), the exchange of affiliative behaviour and agonistic
support, and in the nature of dominance relations among members of
particular dyads (Bernstein and Williams, 1986; Cheney, Seyfarth and
Smuts, 1986; de Waal and Luttrell, 1989). These aspects of social relation-
ships are not independent of a species’ social organisation, and do not vary
independently from each other, although they may be organised differently
in different taxa (de Waal, 1989; Foley and Lee, 1989; Cheney, 1992).
Relationships between individuals reflect behavioural strategies that
have been selected because they maximise inclusive fitness (Crook and
Gartlan, 1966; van Schaik, 1989). Sex has emerged as a major organising
principle in the analysis of social structure due to the fundamental sex
differences in mechanisms of maximising inclusive fitness (Trivers, 1972;
Emlen and Oring, 1977). Because female reproductive success, in par-
ticular, is limited by ecological factors, the adaptive basis of female social
relationships has traditionally been the focus of primate socioecology
(Wrangham, 1980, 1987; van Schaik, 1983; van Schaik and van Hooff,
1983). Social relationships among males and between the sexes, on the
other hand, are primarily shaped by sexual selection (Smuts, 1987b; Cow-
lishaw and Dunbar, 1991; Plavcan and van Schaik, 1992; Smuts and Smuts,
1993; van Hooff and van Schaik, 1994; Brereton, 1995; Clutton-Brock and
Parker, 1995; van Schaik, 1996). Thus, both ecological and social factors
are ultimately responsible for the observed variation in social relationships.
However, the relative importance attributed to these factors, and especially
that of their components, is still a controversial topic (Wrangham, 1987;
Dunbar, 1988; van Schaik, 1996; Sterck, Watts and van Schaik, 1997).

Female—female relationships

Because success in feeding competition is most closely tied to variation in
female fitness, socioecological models of female social relationships have
concentrated on causes and consequences of feeding competition (Wran-
gham, 1980; van Schaik, 1989; Sterck et al., 1997). The nature of feeding
competition is shaped by the distribution of resources and it can occur
within and between groups. When food patches, relative to group size, are
clumped, monopolisable and of intermediate size, contest competition
among females is expected, whereas scramble competition predominates
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over other types of patches (van Schaik, 1989). Existing socioecological
models disagree over the identity of primary competitors. According to one
hypothesis, related females form coalitions to defend access to preferred
food sources against other such coalitions (Wrangham, 1980). Alternative-
ly, group formation is seen as a response to predation risk and within-
group competition as an inevitable consequence (van Schaik, 1983).

Whatever the ultimate causes of sociality, each female in a group-living
species will experience a mix of contest and scramble competition within
and between groups (van Schaik, 1989). The consequences of a given
competitive regime for social relationships with other females can be
summarised by four inter-related variables: philopatry, nepotism, toler-
ance and despotism, which probably vary continuously (Sterck et al., 1997).
However, it may nevertheless be useful to categorise this variation in order
to facilitate broad comparisons. Accordingly, four main categories of fe-
male relationships have been identified (van Schaik, 1989; Sterck et al.,
1997).

In resident—nepotistic groups, females are philopatric and establish
stable, linear and nepotistic hierarchies with despotic dominance relations
as a result of strong within-group contest competition. In contrast, in
dispersal-egalitarian groups, females regularly transfer between groups,
forming neither stable linear hierarchies nor coalitions as a result of weak
within-group contest competition. When there are additional strong con-
tests between groups, however, resident—egalitarian groups are formed,
characterised by female philopatry, a lack of decided agonistic relation-
ships, and coalitions with relatives. Finally, when both within-group and
between-group contests are marked, resident—nepotistic—tolerant groups
will develop, in which philopatry is combined with decided relationships
within a stable hierarchy, regular coalitions, but also pronounced tolerance
by dominants.

Male—male relationships

Male relationships are determined by competition for access to receptive
females. As a result, associations of several males and alliances are less
common than among females (van Schaik, 1996). Thus, male relationships
are typically characterised by competition and intolerance, resulting in
clear dominance relations that are frequently age dependent (Bercovitch,
1991; Cowlishaw and Dunbar, 1991; van Hooff and van Schaik, 1994).
Intolerance, threats and physical combat are therefore common among
males, whereas affiliative behaviour is rarely observed (Cords, 1987; Plav-
can and van Schaik, 1992, 1997; van Hooff and van Schaik, 1994). Com-
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petition among males is more intense than that among females because the
contested resources are more valuable and cannot be shared. As such, and
because most males change group membership several times during their
lives, coalitions among males are also relatively rare (Noe and Sluijter,
1990; van Hooff and van Schaik, 1992; Alberts and Altmann, 1995). In a few
species with pronounced male bonding, on the other hand, males are
philopatric and develop highly differentiated relationships, including
grooming bonds and coalitionary behaviour (van Hooff and van Schaik,
1992, 1994). These males are also characterised by promiscuous mating
and presumably intense sperm competition (Harcourt, 1996). Thus, female
distribution and the resulting nature of intrasexual selection are proposed
to determine male social relationships to a large extent.

Male—female relationships

Male—female relationships are ultimately shaped by sexual selection and
coercion (Smuts and Smuts, 1993; van Schaik, 1996). These forces may be
responsible for the evolution of permanent association between the sexes
found in the majority of primates (van Schaik and Kappeler, 1997). The
relationships resulting from permanent association reflect a compromise
between the behavioural strategies of males and females that aim at maxi-
mising the number and quality of offspring, respectively (Trivers, 1972).
Because primate females cannot be forced into copulation, they can influ-
ence the evolution of male behaviour through their sexual behaviour.
Males may therefore improve their chances of obtaining matings by pro-
viding females with certain services, such as agonistic support, which in
turn affects their relationships (van Schaik and van Noordwijk 1989; Noe,
van Schaik and van Hooff, 1991; Noe and Hammerstein, 1994). Conflicts
between the sexes are frequently resolved on the basis of differences in
agonistic power (Clutton-Brock and Parker, 1995). Because of the con-
sequences of intrasexual selection, males typically have greater agonistic
power and are therefore able to dominate and coerce females in their group
(Smuts, 1987a; Smuts and Smuts, 1993; Clutton-Brock and Parker, 1995).
Male—female relations among anthropoids are highly variable, both
within and among species. They are influenced, among other things, by the
duration of male residence in a group, the respective rank in the same-sex
dominance hierarchy, the degree of paternal certainty, the risk of infan-
ticide and the degree of sexual dimorphism (Hamilton, 1984; Smuts and
Smuts, 1993; Wright, 1993; Gubernick, 1994; van Schaik, 1996).
Previous comparative studies of lemur social systems focused either on
social organisation (Kappeler, 1997) or on male—female relationships and
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their consequences (Richard, 1987; Kappeler, 1993a, 1993b; Jolly, 1998).
These studies revealed that certain types of social organisation (e.g. single-
male, multi-female groups) do not appear to have evolved among lemurs
as modal types and that the average size and composition of their groups
deviate from those of most anthropoids. These differences suggest a lack of
convergence between the social systems of anthropoids and lemurs. Inter-
sexual relationships among lemurs also differ from those among an-
thropoids in that female dominance is widespread. A new hypothesis
attributes this lack of convergence to recent ecological changes in
Madagascar permitting formerly nocturnal pair-living taxa to form partly
or predominantly diurnal groups (van Schaik and Kappeler, 1996).
However, the consequences for social relationships of this possible tran-
sition have not yet been analysed. Because specific predictions for such a
disequilibrium situation are difficult to formulate, the available infor-
mation on lemur social relationships is summarised first before their pos-
sible determinants are discussed and contrasted with those identified for
anthropoids.

Lemur social structure

Group living has evolved in five extant lemur genera (Kappeler, 1998). This
section summarises the data on social relationships within and between the
sexes in these taxa. Because long-term field studies of lemur social behav-
iour are sparse, results are also included of some captive studies. Informa-
tion on size, composition and cohesion of these groups is summarised in
Kappeler (1997) and briefly presented in Table 10.1.

Lemur groups contain on average only between one and five females
(Richard and Dewar, 1991; Kappeler, 1997). As a result, the basis for the
social structure of most lemur groups is radically different from that of the
better known anthropoids, which often contain more females. For
example, it is almost impossible for such a small average number of lemur
females to be organised into several matrilines. Furthermore, because some
female transfer between groups has been reported for all group-living
lemur taxa (Kappeler, 1997), the effects of genetic relatedness among
females on their relationships are presently difficult to evaluate. Moreover,
group-living lemurs are characterised by, on average, even adult sex ratios
(Kappeler, 1997), which may affect both male-male and male—female rela-
tionships. This is a sharp contrast to anthropoids, where sex ratios are
often female biased. Finally, social communication among group-living
lemurs relies to a much larger extent on olfaction than in most anthropoids
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Table 10.1. Summary of lemur life history and social traits

Taxon FM Activity Group size
Lemuridae

Eulemur coronatus 1687 C 5.5
Eulemur fulvus fulvus 2550 (©) 9.1
Eulemur fulvus rufus 2251 C 9.5
Eulemur fulvus sanfordi 2147 C 7.7
Eulemur macaco macaco 2552 C 7.0
Eulemur mongoz 1658 C 3.1
Eulemur rubriventer 1960 C 34
Hapalemur aureus 1500 C 3
Hapalemur griseus 892 C 2.6
Hapalemur simus 1300 C 7
Lemur catta 2678 D 16.9
Varecia variegata rubra 3473 D 5.0
Varecia variegata variegata 3548 D(C) 11.0
Indridae

Propithecus diadema candidus — D 4.8
Propithecus diadema diadema 6360 D —
Propithecus diadema edwardsi 5895 D 6.0
Propithecus diadema perrieri — D 4.5
Propithecus tattersalli 3167 D 4.1
Propithecus verreauxi coquereli 3757 D 5.5
Propithecus verreauxi verreauxi 3525 D 6.3

Mean female body mass (FM, in grams), activity (N, nocturnal; C, cathemeral; D, diurnal)
and mean foraging party size observed in the largest census are summarised for each taxon.
After Kappeler (1997).

(Schilling, 1979). Behavioural mechanisms mediating and defining social
structure may therefore differ fundamentally from the more visually and
acoustically oriented anthropoids. These caveats and possible constraints
on social structure should be kept in mind for the subsequent species-by-
species summaries.

Female—female relationships among lemurs

Gentle lemurs (Hapalemur griseus, H. simus and possibly H. aureus) are
regularly found in groups with two or more adult females (Kappeler, 1997).
One captive study reported complete intolerance between two female H.
griseus (Petter, Albignac and Rumpler, 1977), but detailed studies of the
social structure of these cathemeral bamboo-specialists are lacking. They
are therefore not considered further below.

Ruffed lemurs (Varecia variegata) live in dispersed communities consis-
ting of four to five adult males and females, but stable pairs have also been
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observed. However, community members are rarely all in one location
simultaneously (Rigamonti, 1993); in one study, individuals spent more
than 50% of their time more than 20m from the nearest conspecific
(Morland, 1991; see also Pereira, Seeligson and Macedonia, 1989). Never-
theless, coalitions of females, without help from males, defended their
communal home range against females of other communities (Morland,
1991; Rigamonti, 1993). Females are probably also the philopatric sex
(White et al., 1993). Interestingly, most disputes between communities
occurred during the lactation season, when female energetic requirements
are highest (Morland, 1991).

Female ruffed lemurs have affiliative relationships that are differentiated
between individuals (Morland, 1991), but genetic relatedness is unknown.
During the cool season, when communities break up into stable subgroups,
rates of female interactions decrease (Morland, 1991). Huddling, which is
common in other lemurs, is only rarely observed and never between
females (Pereira et al., 1989). Rates of aggression between females peaked in
the two months prior to mating (Morland, 1993). In captivity, one adult
female evicted both her mother and her adolescent sister from the group
prior to the mating season after she and her mother nursed each other’s
offspring and jointly cared for them in the previous birth season (Pereira,
Klepper and Simons, 1987). The two had also regular affiliative interac-
tions and the daughter outranked her mother before the eviction (White et
al, 1992). The same mother was later outranked by another daughter
(White, 1991).

The genus Eulemur contains five species. Three species (E. fulvus, E.
macaco and E. coronatus) are mostly found in multi-male, multi-female
groups. Two species (E. mongoz and E. rubriventer), whose social structure
remains poorly studied (but see Overdorff, 1996; Curtis, 1997), typically
form family groups with single females. Therefore, only the relationships of
the group-living species are considered here.

It is difficult to make generalisations about social relationships among
brown lemur (E. fulvus) females. In one captive study, associations were at
the level expected by chance (Kappeler, 1993c). Rates of agonistic interac-
tions can be high, possibly because they have only one, infrequently used,
submissive signal (Pereira and Kappeler, 1997). As a result, the majority of
agonistic interactions remained undecided, i.e. neither party exhibited only
submissive behaviour (Hausfater, 1975), and dominance relations, if they
exist at all, are difficult to discern (Harrington, 1975; Pereira and Kappeler,
1997). About half of all agonistic interventions were by adult females and
supported male and female kin, but interventions were generally rare and
occurred in only about 7% of conflicts (Pereira and Kappeler, 1997). While
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all females in a group had both agonistic and affiliative interactions (Kap-
peler, 1993c), most dyads could be characterised as either friends or adver-
saries (Pereira and Kappeler, 1997), depending on the nature of the major-
ity of interactions. Female adversaries may try to evict each other from a
group, using episodic targeted aggression (Vick and Pereira, 1989; For-
nasieri and Roeder, 1992; Gresse et al., 1994). After relatively rare failed
evictions, however, former adversaries have been observed to huddle and
groom again (Pereira and Kappeler, 1997). Reconciliation following con-
flicts is rare but more frequent than expected by chance (Kappeler, 1993d).
Females typically remain in their natal groups, but singletons and pairs of
females have regularly been observed (Kappeler, 1997). Unfortunately, the
life histories of such individuals remain obscure.

Social relationships among black lemur females (E. macaco) have been
rarely studied. In one captive group, no clear dominance relations could be
discerned among four females (Fornasieri and Roeder, 1992). One in-
troduced unrelated female was initially peripheralised and targeted for
aggression but later integrated into the group. Females participate in
intergroup encounters and may leave their natal group, as suggested by
one documented transfer (Colquhoun, 1993).

Social relationships among female crowned lemurs (E. coronatus) are
poorly known because only one small captive group has been studied in
detail (Kappeler, 1993c). Crowned lemurs lack clear submissive signals. As
a result, only 63% (n = 27) of agonistic interactions in a mother—daughter
pair were decided. In all but one, the adult daughter exhibited submissive
behaviour towards her mother. Both females more often had a male as
nearest neighbour than each other, and they groomed each other at fre-
quencies expected by chance. One year, when both had female infants, they
targeted each other’s infants for intense aggression when the offspring were
about seven months old, but continued to groom cach other during that
period (Kappeler, unpublished data).

Ring-tailed lemurs (Lemur catta) form the largest groups among lemurs,
with four to five adult females on average. Female ringtails typically remain
in their natal group (Sussman, 1991) but may be evicted (Vick and Pereira,
1989). Females maintain unambiguous dyadic dominance relations based
on submissive signalling throughout the year, partly because the vast
majority of their agonistic interactions are clearly decided (Pereira and
Kappeler, 1997). However, the resulting hierarchy is neither transitive nor
stable (Pereira and Kappeler, 1997). Rank reversals occurred primarily
during premating and birth seasons, when instances of episodic targeted
aggression are also most likely (Pereira, 1993a).

During episodes of targeted aggression, characterised by persistent
spontaneous and unprovoked aggression towards particular individuals,
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females typically evict related females from their group (Pereira, 1993a).
With few exceptions, victims were not supported by their mother or sisters.
Agonistic intervention was also extremely rare during other conflicts; less
than 1% were characterised by third-party intervention by females on
behalf of female kin (Kappeler, 1993c; Pereira and Kappeler, 1997). Agonis-
tic interactions were not followed by affiliative interactions more than
expected by chance; i.e. there is no apparent reconciliation or other post-
conflict behavioural mechanism to reduce social tension (Kappeler, 1993d).
While female—female dyads had the highest absolute rate of conflict, these
were still at rates expected simply on the basis of proximity (Kappeler,
1993c). However, females groomed each other less than expected, given
their relatively high spatial affinity.

At the dyadic level, female relationships among ringtails were charac-
terised by the combination of above-average rates of agonistic interactions
and below-average rates of affiliative interactions, or vice versa (Kappeler,
1993c). Dyads of the first type were more likely to exhibit targeted aggres-
sion (Pereira and Kappeler, 1997). Groups initially composed of two
matrilines exhibited regular targeted aggression until all members of the
lower-ranking matriline were evicted (Taylor and Sussman, 1985; Vick and
Pereira, 1989; Pereira, 1993a; cf. Sauther and Sussman, 1993) or the group
fissioned (Hood and Jolly, 1995). Evicted females may form or join other
groups (Pereira and Izard, 1989), where they may even lactate sponta-
neously for unrelated infants.

Verreaux’s sifakas (Propithecus verreauxi) live in groups of two to six
adults with a highly variable sex ratio (Richard, 1985; Brockman, 1994).
Whereas the majority of females are philopatric, they can leave their natal
group to found new groups (Richard, Rakotomanga and Schwartz, 1993).
Targeted aggression with subsequent eviction has also been reported
(Jolly, 1998). Whenever two or more adult females were present in a study
group, they generally exhibited lower rates of aggression and higher rates
of affiliative behaviour towards each other than towards males (Richard,
1974a; Brockman, 1994). In one well-studied stable group, grooming fre-
quencies among females were seven times higher than between males and
females, but rates of agonistic interactions were identical for both types of
dyads (Brockman, 1994). Dominance relations among females were clear
and transitive in some groups, but not in others, in which females engaged
in protracted agonistic interactions with unpredictable outcome (Richard,
1974a; Brockman, 1994). Some triadic agonistic interactions, but no coali-
tions among females, have been reported (Richard, 1974a).

In golden-crowned sifakas (P. tattersalli), female social relationships are
highly variable among groups (Meyers, 1993). In three studied groups with
two adult females, the female—female dyad had the highest, intermediate or
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lowest nearest neighbour index. Grooming relations between females were
found to correspond to the strength of their spatial association and ranged
from 0.09 to 0.71 affiliative interactions/dyad per day. In all three groups,
however, both females had clear dominance relations over an entire year.
In one group, the lower-ranking female helped carry the infant of the
dominant female on a regular basis. In another group, the subordinate
female was expelled by the dominant female (and a male) while both had
young infants. The expelled female subsequently lost her infant and later
disappeared herself.

In P. diadema, most groups contain two adult females (Wright, 1995).
Females preferentially associate with either a male or the other female
(Hemingway, 1994). Patterns of affiliative interactions among these large
lemurs have not yet been reported. Over nine years, two females emigrated
from their respective natal groups, whereas only one remained and rep-
roduced at least twice (Wright, 1995). One of the emigrating females may
have been evicted by another resident female (Vick and Pereira, 1989).

Male—male relationships among lemurs

Male-male relationships in a wild Varecia population are characterised by
low levels of interaction. Aggression was limited primarily to the two
months spanning the short breeding season (Morland, 1993). It was less
frequent than that between females or the sexes and did not result in
wounding. Affiliative interactions between males were also rare
throughout the year; only one out of 13 dyads exhibited above-average
affiliation (Morland, 1991). Grooming among males can be relatively
frequent, but perhaps only when they are closely related, as in one captive
study (Blanckenhorn, 1990). More typically, males may be unrelated as a
result of natal dispersal and subsequent transfers (White, Balko and Fox,
1993).

Social relationships among Eulemur fulvus males are characterised by a
lack of dominance relations, low rates of conflict and regular affiliative
interactions (Kappeler, 1993c; Pereira and Kappeler, 1997). Males have
relatively high proportions of decided conflicts, but consistent asymmetries
in propensities to submit to other males are rare (Pereira and Kappeler,
1997). However, in small groups, marked dominance relations among
resident males have been observed (Colquhoun, 1987; Roeder and For-
nasieri, 1995). During the mating season, males can target particular rivals
for aggression and even evict them from a group (Colquhoun, 1987; Vick
and Pereira, 1989).

Social relationships between E. macaco males have not been studied. The
males appear to experience intense mating competition, however, because
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rates of aggression, injuries and roaming behaviour were observed to
increase during the mating season (Colquhoun, 1993).

Information on social relationships between E. coronatus males is only
available from one father—son pair (Kappeler, 1993c). The pair had very
low rates of aggression, and all their conflicts were undecided. They as-
sociated closely and groomed each other more often than expected by their
close association. Mating competition was reduced by the fact that both
females in their group came into oestrus on the same day in two successive
years.

Male Lemur catta maintain decided dominance relations year-round
(Budnitz and Dainis, 1975; Pereira and Kappeler, 1997), but rank reversals
are common, especially around the brief mating season when the male
hierarchy may temporarily break down during days of female oestrus
(Jolly, 1967; Sauther, 1991). Reversals are also common after immigration
of new males. Males usually transfer every three to four years, often in pairs
or trios (Jones, 1983; Sussman, 1992). Most of them join neighbouring
groups during the birth season. Rates of conflict and the proportion of
undecided agonistic interactions are highest among males, but targeted
aggression has not been observed (Vick and Pereira, 1989). Adult males
also provide little and receive no agonistic support (Pereira and Kappeler,
1997). Some males residing in the same group may not exchange affiliative
behaviour over years (Kappeler, 1993c), but some peripheral males as-
sociate and groom each other relatively frequently (Gould, 1997).

In a substantial proportion of P. verreauxi groups, there is only one
resident adult male. In multi-male groups, males have low rates of agonistic
interactions outside the mating season. It appears that one male received
no aggression from the others, but it is not known whether males have
decided relationships (Richard, 1992). Males groom each other regularly,
sometimes more often than females (Richard, 1974a). It may be difficult for
males to develop long-term relationships, however, because a large propor-
tion of them transfer between groups every year (Richard et al., 1993).
During the mating season, males in some groups engage in extended chases
and fierce fights, often involving visiting rivals from other groups (Richard,
1974b, 1985, 1992).

Male P. tattersalli have clearly decided dominance relationships year-
round (Meyers, 1993). Independent of association levels, two pairs of adult
males had relatively high rates of affiliative interactions (0.5 and 1.52
interactions/dyad per day, respectively). Males transfer between groups
during the mating season; in one case, three males transferred together.
Males participate in conflicts between groups, but nothing is known about
mating competition among them.

In P. diadema, young males leave their natal groups and some experience
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severe resistance from resident males in their new groups (Wright, 1995).
However, one resident male frequently groomed and huddled with a recent
immigrant, event though the immigrant killed two likely offspring of the
resident just after his immigration.

Male—female relationships among lemurs

Male—female pairs of ruffed lemurs exhibit the strongest affinitive and
affiliative relationships of all dyads (Morland, 1991). Male and female
Varecia also co-operate in caring for young and appear to co-ordinate
related activities. In particular, males guard and defend parked infants
during maternal absence (Pereira et al., 1987). However, males do not
support females in intergroup conflicts (Morland, 1991). Outside the breed-
ing season, adult female ruffed lemurs invariably dominate males (Kauf-
man, 1991; Morland, 1993; Raps and White, 1995). The vast majority of
conflicts are decided, and virtually all are won by females, who receive
spontaneous submission from males in about a third of all conflicts (Raps
and White, 1995). During their brief oestrus, females are also aggressive
towards males (Foerg, 1982; Morland, 1993), but they have been observed
to emit submissive vocalisations and to be chased by males during behav-
ioural oestrus (Morland, 1993). Matings are mainly observed between pairs
with stable affiliative relationships before and after the breeding season,
but one female also solicited a copulation from a non-group male (Mor-
land, 1993), and males in another population are reported to roam about
for several days during the mating season (White et al., 1993).

Male—female relationships appear to form the basic social unit in many
Eulemur groups. In brown lemurs (E. fulvus), particular male—female pairs
often maintain close proximity and groom each other more than all other
same-sexed conspecifics together (Kappeler, 1993c). In addition, most ob-
served agonistic support among brown lemurs is exchanged between such
friendly males and females (Pereira and Kappeler, 1997). On some oc-
casions, male brown lemurs support attempts by females to evict others
from groups (Vick and Pereira, 1989). These pair bonds are neither ex-
clusive nor always clear-cut, however, and nothing is yet known about
their reproductive consequences. Female brown lemurs may mate with one
or several males, but mating competition among males is often incon-
spicuous (Harrington, 1975). Agonistic relations between male and female
brown lemurs are characterised by a lack of decided dominance relations
(Pereira et al,, 1990; Roeder and Fornasieri, 1995). Consistent dyadic
agonistic asymmetries are rare and sex has no apparent effect on their
direction (Pereira and Kappeler, 1997). Males and females jointly par-
ticipate in between-group encounters (Harrington, 1975).
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Little is known about intersexual relationships in E. macaco. Female
dominance has been reported (Colquhoun, 1993; Roeder and Fornasieri,
1995), but without supporting data. In contrast, no evidence for female
dominance was found in another study of the same captive group (For-
nasieri and Roeder, 1992). A firm conclusion about intersexual dominance
relations must await the results of detailed field studies. Association and
grooming patterns between the sexes have not been detailed, but only one
male per group has been observed mating (Colquhoun, 1993).

In E. coronatus, male—female pairs associate significantly more often
than same-sexed pairs, but tend to groom each other less than expected
from this high affinity (Kappeler, 1993c). Grooming is observed in all
male—female dyads, and a significantly larger proportion of grooming
interactions is initiated by males rather than females (Kappeler, 1989).
Agonistic relations between the sexes are characterised by high propor-
tions of undecided conflicts, during which males also direct aggressive
behaviour towards females. However, whereas males exhibit submissive
behaviour in decided conflicts, this is only in response to female aggression
(Kappeler, 1993a).

Unconditional female dominance is the salient feature of intersexual
relationships among L. catta (Jolly, 1966; Kappeler, 1990; Pereira and
Kappeler, 1997), and is affected mainly by spontaneous male submission
(Pereira et al., 1990; Kappeler, 1993a). Rates of intersexual conflict vary
seasonally, peaking during mating and birth seasons (Jolly, 1967; Budnitz
and Dainis, 1975; Pereira and Weiss, 1991), especially during immigration
attempts by non-natal males. In many groups, the highest-ranking male
occupies a central position with respect to interactions with females. He is
more often in close proximity to all females and interacts affiliatively with
them more frequently than do all other males (Budnitz and Dainis, 1975;
Sauther, 1991; Kappeler, 1993c). Such central males are also often the first
males to mate (Pereira and Weiss, 1991; Sauther, 1991; Sussman, 1992), but
females also mate with other group males and regularly with non-group
males (Sauther, 1991). Non-central males interact less frequently with
females and spend much time at the periphery of the group. Males do not
support females in between-group conflicts (Jolly et al., 1993) and do not
intervene in other male—female or female—female agonistic interactions
(Pereira and Kappeler, 1997). Males initiate the vast majority of grooming
interactions with females (Kappeler, 1993c), but females may be respon-
sible for maintaining proximity (Gould, 1996).

In P. verreauxi, females direct more aggressive behaviour towards males
than towards females and typically receive submissive behaviour in return
(Richard, 1974a; Brockman, 1994). Females may even target individual
males for prolonged intense aggression and eventually evict them from
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groups (Richard, 1992). However, on a few occasions, males have been
observed to direct aggressive behaviour towards females, and females were
observed to give submissive signals to males (Brockman, 1994). In captive
pairs of P. verreauxi, females showed more aggressive behaviour, but no
submissive behaviour has been observed (Kubzdela, Richard and Pereira,
1992). Males are also more responsible than females for maintaining prox-
imity (Kubzdela et al,, 1992; Brockman, 1994). Some males show pro-
nounced preferences for proximity to particular females, and these prefer-
ences were also reflected in the relative frequency of grooming and other
affiliative interactions (Richard, 1974a; Brockman, 1994). Males and fe-
males also spend much of their resting time in physical contact (Richard,
1974a). Most females mate with more than one male, regularly including
roaming non-residents (Richard, 1992; Brockman, 1994).

Intersexual relationships in P. tattersalli are characterised by clear-cut
female dominance (Meyers, 1993). Only a single female was once seen
exhibiting submissive behaviour towards a male during the mating period.
Spontaneous male submission towards females is common. Affinitive and
affiliative relationships between the sexes vary between groups, however.
In one group, the single male rarely associated and interacted with the two
females (0.07 affiliative interactions/dyad per day). In other groups, in
which one of the two males interacted most frequently with both females or
where one male—female pair was responsible for most interactions, affi-
liative interactions occurred at similar rates (0.25 interactions/dyad per
day). There is no evidence for promiscuous mating, but only a few copula-
tions have been observed.

In P. diadema, male—female pairs are reported to form the strongest
social bonds (Hemingway, 1994), but there is considerable variation among
groups. It has been suggested that females dominate males (Wright, 1988),
but this does not prevent male infanticide (Wright, 1995). Only one male,
usually the oldest one, has been observed to mate with oestrous females
(Wright, 1995).

Discussion

The most important conclusion from this chapter is that female—female,
male—female and to some extent male-male social relationships among
group-living lemurs appear to differ in many aspects from those of the
better-known anthropoids. This may either be due to the fact that few
anthropoids live in groups that are as small as those of lemurs, or to real
differences. Because the two extant lemur families (Lemuridae and In-
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dridae) that independently gave rise to group-living species, as revealed by
phylogenetic reconstructions (Kappeler, 1998), exhibit few parallels in
basic aspects of social structure, the second possibility appears more likely.

It must be stressed, however, that many conclusions and classifications
of behavioural attributes are preliminary, because only one or a few groups
have been studied, sometimes for relatively short periods and/or under
captive conditions that constrain important social variables. In addition,
an entire genus (Hapalemur) and several other species remain essentially
unstudied, and comparisons across some species are further hampered by
varying methodology. Therefore only the most salient and robust
similarities and differences are discussed here, followed by an assessment of
determinants, with the hope that this will stimulate additional focused
research.

Social relationships among lemur females cannot easily be classified
within existing categories (Table 10.2). They show parallels with most
anthropoids in that female philopatry appears to be the rule and females
jointly defend their ranges. This, together with the observation that group
fissioning, rather than individual voluntary dispersal, occurs may indicate
that between-group competition is a significant force in lemur social evol-
ution. On the other hand, the degree of exclusive home range use can vary
dramatically within species (Jolly et al., 1993; Sauther and Sussman, 1993),
suggesting that other factors, such as certain ecological conditions, also
promote female philopatry. In addition, the egalitarian dominance rela-
tions expected for female-resident species with high between-group compe-
tition (van Schaik, 1989; Isbell, 1991) are uncommon among lemurs.

In some lemur species, mothers and daughters maintain relationships
characterised by frequent proximity, grooming and occasional agonistic
support, but such relationships rarely extend to sisters or other close
relatives (see also Jolly, 1998). In fact, cohesion between females in most
taxa is low and coalitionary aggression generally rare or absent, attributed
to a lack of sufficient visual acuity necessary for distinguishing fighting
conspecifics (Pereira, 1995). As a result of rare coalitions in species in which
two or more matrilines do coexist, there is no maternal rank inheritance
(Pereira, 1995). Furthermore, in anthropoid groups with female philopatry,
mothers usually outrank daughters (but see, for example, Borries, 1993),
whereas this does not appear to be the case among lemurs.

The regular occurrence of targeted aggression and subsequent eviction
of group members in most lemur taxa provides a major qualitative dif-
ference to anthropoids (Vick and Pereira, 1989; Jolly, 1998). The patterning
of targeted aggression suggests that most groups contain only females from
a single matriline (Taylor, 1986), a hypothesis that has yet to be tested with
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Table 10.2. Female—female social relationships among group-living lemurs

Hs Vv Ef Em Ec Lc Pv Pt Pd

Philopatry

obligatory ? Y? Y? Y? Y? Y Y Y? ?

conditional? ? Y? Y? ? N Y?  ? Y
TA and eviction ? Y Y Y Y? Y Y Y Y?
Fissioning ? ? ? ? ? Y ? ? ?
Cohesion ? LO LO LO LO HI LO LO LO
Grooming bonds ? N N ? N Y Y N? N?
Reconciliation ? ? Y ? ? N ? ? ?
Aggression frequency ? VAR HI ? ? HI LO VAR ?
Submissive signalling ? Y N ? N Y Y Y? ?
Dominance stability ? N NA ? ? N ? Y? ?
Dominance transitivity ? ? NA ? ? N Y? ? ?
Dominance steepness ? D NA ? ? D E D? ?
Nepotism ? N N ? ? N N N ?
Coalitions ? N? N ? ? N N?? ?
Intergroup coalitions ? Y Y Y Y Y Y Y Y

For Hapalemur simus (Hs), Varecia variegata (Vv), Eulemur fulvus (Ef), E. macaco (Em), E.
coronatus ( Ec ), Lemur catta (Lc), Propithecus verreauxi (Pv), P. tattersalli (Pt) and P.
diadema (Pd) fundamental aspects of social behavior are summarised. TA refers to targeted
aggression; cohesion and aggression frequency are classified relative to other types of dyads.
Submissive signalling refers to the existence of formal signals of subordination; dominance
stability to the long-term stability of dominance relations; dominance transitivity to the
linearity of dominance relations; and dominance steepness describes the continuum of the
quality of dominance relations between despotic and egalitarian. Y, yes; N, no; ?, not
known; VAR, variable among groups; HI, high; LO, low; D, despotic; E, egalitarian; NA,
not applicable.

genetic data. The ultimate causes of this unusual phenomenon remain
elusive, but it has been suggested that targeted aggression is related to
unusually competitive regimes as a result of seasonally harsh ecological
conditions (Vick and Pereira, 1989; Pereira, 1993a).

Low spatial cohesion observed among lemurs, often reflected by the
formation of temporary subgroups, indicates that within-group contest
competition among females is high and/or that predation risk is low. The
latter possibility is not supported by data on the predation of lemurs or by
their anti-predator behaviour (Goodman, O’Connor and Langrand, 1993;
Macedonia, 1993; Goodman, 1994; Rasoloarison et al., 1995), so that
within-group feeding competition may be intense. However, the stable,
transitive despotic dominance hierarchies expected under these conditions
are apparently not realised among lemurs. Therefore, the conclusion that
most lemurs do not fit easily into existing theories calls for both alternative
theoretical explanations and additional research on lemurs. This would
then allow us to arrive at a comprehensive understanding of the evolution
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Table 10.3. Male-male social relationships among group-living lemurs

Hs Vv Ef Em Ec Lc Pv Pt Pd

Philopatry

obligatory ? N N N N N N N N

conditional ? ? ? ? ? N N ? N
TA and eviction ? ? Y Y Y? N N? ? ?
Association ? LO LO LO LO LO LO LO LO
Grooming frequency ? LO HI ? HI? LO HI HI? ?
Aggression frequency ? LO LO ? LO HI LO HI ?
Dominance stability ? ? NA ? ? N ? Y? ?
Dominance transitivity ? ? NA ? ? N Y? ? ?
Dominance steepness ? D NA ? ? D E D? ?
Coalitions ? N? N ? ? N N? 7 ?
Intergroup coalitions ? N Y Y Y N Y Y Y

See Table 10.2 for abbreviations.

of female social relationships among haplorhine and strepsirhine primates.

Lemur males show a few similarities with their anthropoid cousins
(Table 10.3). As with most anthropoids, there is no evidence for male
philopatry because males typically leave their natal group as young adults
and compete for access to receptive females. Permanent all-male bands,
which are also rare in anthropoids (e.g. Cords, 1988; Sommer, 1994), have
not been observed. Lemur males are also as inconsistent as anthropoids in
the degree of participation in between-group encounters (Cheney, 1987).

In contrast to many anthropoids, rates of aggression within groups can
be low for most of the year, indicating that the primary function of
aggression is mediating access to females. It is striking in this context that
many lemur males also seek copulations outside their current group. Some
typical morphological correlates of contest competition for fertilisations,
such as superior size and weaponry compared to females, are generally
lacking, whereas adaptations to scramble (i.e. sperm) competition generally
conform to theoretical expectations (Kappeler, 1993b). These behavioural
and morphological traits may ultimately be shaped by the pronounced
seasonality of reproduction, compared to most anthropoids, and the resul-
ting synchrony among female oestrous periods (Dunbar, 1988; Pereira,
1991).

Lemur males are also capable of establishing and maintaining relation-
ships among each other characterised by frequent proximity, huddling and
grooming that are rarely observed among unrelated adult anthropoid
males. However, their possible function is still unclear (see Gould, 1997).

Relationships between lemur males and females converge with those of
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Table 10.4. Male—female social relationships among lemurs

Hs Vv Ef Em Ec Lc Pv Pt Pd

TA and eviction ? N Y Y? ? N Y Y? ?
Association ? HI HI ? HI LO LO VAR ?
Grooming frequency ? HI HI ? HI? LO HI VAR ?
Aggression frequency ? LO LO ? ? HI VAR ? ?
Female dominance ? Y N Y? Y Y Y? Y Y?
Coalitions ? N? Y ? ? N N? 2 ?
Intersexual pair bonds ? Y Y ? Y N N N? ?
Extragroup matings ? Y ? Y? ? Y Y ? Y?

See Table 10.2 for abbreviations.

anthropoids in that intersexual association evolved in response to the risk
of infanticide (van Schaik, 1996; van Schaik and Kappeler, 1997). Further-
more, mating frequency and partner choice appear to be largely under
female control.

Intersexual relationships among group-living lemurs are also unusual by
lacking male dominance over females in dyadic agonistic interactions
(Table 10.4). The evolution of female dominance has been functionally
related to selection for female feeding priority during gestation and lac-
tation (Jolly, 1984; Young, Richard and Aiello, 1990), but the central
predictions of this energetic stress hypothesis were not supported in recent
comparative studies of the energetic costs of reproduction across prosim-
ians (Tilden and Oftedal, 1995, 1997; Kappeler, 1996). Studies of behav-
ioural development and reproductive strategies (Richard, 1992; Pereira,
1995) suggested that female dominance may be part of male reproductive
strategies, with males deferring to females as part of courtship, but its
ultimate function still remains elusive.

Female dominance may be a relict of a pair-living phase, in that co-
dominance and female feeding priority are not uncommon among other
pair-living primates (Wright, 1993; van Schaik and Kappeler, 1996; see also
Jolly, 1998). In those taxa with regular nocturnal activity, many adult
lemurs appear to associate and interact primarily with one particular
member of the opposite sex, but field data on the dynamics and postulated
reproductive consequences of such pair bonds are still lacking. Primarily
diurnal taxa, on the other hand, appear to have social structures in which a
single male interacts disproportionately more often with most or all fe-
males (see, for example, Janson, 1984), but the dynamics of these systems
are also poorly understood.

These differences and similarities indicate that the social structures of
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lemur societies have no counterparts among anthropoids, even though
lemurs exhibit great heterogeneity and no two genera appear to have
evolved identical social systems. Two explanations for this lack of conver-
gence are possible. First, it has been proposed that lemur social systems are
in an evolutionary transition towards anthropoid states, but that a lack of
time, in combination with physiological constraints, in particular of the
visual system, have impeded an ‘anthropoid’ evolutionary trajectory
(Pereira, 1995; van Schaik and Kappeler, 1996). These possible transitions
from nocturnal pair living to diurnal group living in the past (2000?) years
are thought to be ultimately due to ecological factors, such as altered
patterns of interspecific competition and predation following the quarter-
nary extinctions in Madagascar. Based on this scenario, one should find: (1)
social traits among group-living lemurs that are commonly found among
pair-living species, and (2) corresponding differences between cathemeral
and diurnal species. The occurrence of targeting aggression and eviction,
female dominance and female reproductive competition is indeed com-
patible with the first of these predictions. Radical differences in social
structure between closely related sympatric species (Pereira and Kappeler,
1997) with different activity patterns are compatible with the second
prediction. Additional specific tests of this hypothesis are therefore in-
dicated.

Second, it is possible that the observed systems represent adaptations to
current ecological conditions in Madagascar, but that yet unidentified
selective forces besides feeding competition, predation and sexual selection
have a profound impact on social relationships among lemur males and
females. These forces should be sought among aspects and determinants of
lemur life histories, which are unusual, e.g. with respect to metabolic and
growth strategies (Pereira, 1993b, 1995; van Schaik and Kappeler, 1993;
Kappeler, 1995; Schmid and Ganzhorn, 1995; Schmid, 1996). One such
explanation, focusing on the significance of the energetic costs of female
reproduction (Jolly, 1984), has generated much research on lemur life
histories but is unsupported by empirical tests. However, the increasing
number of field studies combining behavioural, ecological, physiological
and genetic sampling may generate alternative hypotheses by illuminating
more detailed patterns in the natural histories and life histories of lemurs.
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11 Why is female kin bonding so rare?
Comparative sociality of neotropical
primates

KAREN B. STRIER

Introduction

Some female primates remain in their natal groups for life. Female kin in
these cohesive, matrilineal groups form affiliative bonds that are expressed
through proximity, grooming, and agonistic support against members of
other matrilines and unrelated males. Kin-bonded females generally play
key roles in determining group movements, defending resources during
intergroup encounters, and repelling or assisting extra-group males in their
attempts to immigrate or oust resident males from positions in the group
(Wrangham, 1980). Male-biased dispersal often, but not always, covaries
with the occurrence of female kin bonding, contributing to the avoidance of
inbreeding and corresponding to the lower levels of nepotism among males
in multi-male groups (Moore, 1984; Pusey and Packer, 1987).

The prevalence of female kin bonding and male-biased dispersal among
many of the best studied Old World monkeys has fuelled an enduring myth
in which primates with different dispersal and social systems were treated
as deviant exceptions to this otherwise ‘typical’ primate pattern (Moore,
1984; Strier, 1994a). Long-term studies on a greater diversity of primate
taxa have since shifted this perspective, however, and now the distribution
of female kin bonding and male-biased dispersal across primates is more
appropriately recognised as a reflection of phylogenetic or ecological af-
finities instead of a universal standard against which all interspecific and
intraspecific variability is compared (Moore, 1992). Thus, female kin bon-
ding with male-biased dispersal among Strepsirhines can be seen as consis-
tent with a primitive mammalian condition, whereas the absence of female
kin bonding among extant hominoids can be considered a derived con-
dition, reflecting both their monophyletic antiquity (Lee, 1994) and the
relaxation of predation pressures on these large-bodied primates. High
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costs of feeding competition due to a dietary reliance on ripe fruit further
preclude chimpanzees and orangutans from forming the cohesive groups
necessary for the maintenance of female kin bonds, while indifference
towards co-operative resource defence leads female gorillas to bond with
influential males rather than one another (Wrangham, 1980; van Schaik,
1989).

The rarity of female kin bonding among the New World primates has
been more difficult to explain (Table 11.1). Even among those New World
primates in which femle kin groups may occur (e.g. Peruvian Saimiri:
Mitchell, 1994; Mitchell, Boinski and van Schaik, 1991; Cebus: Robinson
and Janson, 1987; Fedigan, 1993; and Callithrix: Garber, 1994; Ferrari and
Digby, 1996), behavioural differences distinguish them from those of most
cercopithecines. Phylogenetic and ecological models account for some of
these distinctions, while others make sense only when life histories, re-
productive patterns and demography are considered. This chapter exam-
ines New World primate sociality in an effort to understand why female kin
bonding is so rare.

Phylogenetic perspectives

Molecular data place the platyrrhine—catarrhine branch point at 35 million
years ago (Schneider et al., 1993). Whether female kin bonding with male-
biased dispersal characterised the societies of ancestral haplorhines, or
whether it was secondarily derived among the Old World cercopithecine
monkeys during their much more recent radiation is difficult to determine
(Strier, 1990, 1994a; Di Fiore and Rendall, 1994; Lee, 1994; Rendall and Di
Fiore, 1996). Nonetheless, phylogenetic analyses do not support female kin
bonding as an ancestral trait among platyrrhines. Instead, female-biased
dispersal with male kin bonding or concomitant dispersal by males and
weak kinship bonds among females emerge as the probable ancestral
conditions in at least two phyletic groups.

Callitrichinae ancestors

The subfamily Callitrichinae includes the marmosets (Callithrix), pygmy
marmosets (Cebuella), tamarins (Saguinus), golden lion tamarins (Leon-
topithecus), and Goeldi’s monkeys (Callimico). Extant callitrichines are
divided into two tribes: Callimini, represented by the monotypic genus,
Callimico; and Callitrichini, represented by the other four genera. Com-
pared to other Platyrrhines, the Callitrichinae are small-bodied primates
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with average female body weights ranging from 126 g in Cebuella pygmaea
to 587 g in Leontopithecus rosalia (Ford, 1994). They have high reproduc-
tive rates characteristic of species that evolved in secondary and edge
forests (Ross, 1991; Rylands, 1996), rapid postnatal infant growth, and
extensive co-operative infant care in which group members share the
energetic burden of carrying infants. Reproductive rates are further in-
creased among callitrichins, with all four genera characteristically produc-
ing twins, and occasionally triplets. The two marmoset genera, which
annually produce two litters instead of one, have the highest re-productive
rates of all (Garber, 1994).

Callitrichine social and mating systems are highly variable, both be-
tween genera and within populations of the same species (Rylands, 1996).
Monogamy, polygyny, polygamy and polyandry have been described in
wild groups of Saguinus (Goldizen et al., 1996; Heymann, 1996; Savage et
al., 1996). Cebuella groups tend to contain a single adult male and female,
while Leontopithecus groups often contain multiple males and females
(Garber, 1994). Multi-male, multi-female Callithrix groups appear to be
extended families spanning up to three generations (Ferrari and Digby,
1996). Male and female dominance hierarchies are evident in multi-male,
multi-female groups, and reproductive opportunities may be limited for
subordinates. The dominant male accounts for most observed matings
during female periovulatory periods in Leontopithecus (Baker et al., 1993)
and is thought to be the primary breeder in Callithrix (Ferrari and Lopes,
1989; Coutinho and Corréa, 1995), but multiple males have been observed
to mate with the same female on the same day in C. jacchus (Rylands, 1996)
and Saguinus mystax (Garber et al., 1993). Regardless of paternity, both
dominant and subordinate males contribute equally to infant care. The
tendency of males to migrate in pairs from the same natal cohort may
facilitate their co-operative investment in offspring (Garber, 1994).

Subordinate female callitrichins experience varying degrees of reproduc-
tive inhibition. In captivity, Callithrix and Saguinus females cease to ovu-
late in the presence of a dominant, reproductively active female (Abbott,
1989), whereas social suppression of reproduction appears to inhibit repro-
duction in ovulating subordinate Leontopithecus females (Garber, 1994),
while the situation for Cebuella is still unclear (French, 1997; Carlson,
Ziegler and Snowdon, 1997). Field studies on a variety of callitrichins have
reported the presence of multiple breeding females (Callithrix jacchus:
Scanlon, Chalmers and Monteiro da Cruz, 1988; Digby and Ferari, 1994;
Ferrari and Digby, 1996; C. arita: Coutinho and Corréa, 1995; Leon-
topithecus rosalia: Dietz and Baker, 1993; Saginus fuscicollis: Goldizen et
al., 1996; S. oedipus: Savage et al., 1996), suggesting that the inhibition of
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reproduction is strongly affected by ecological and demographic con-
ditions.

Callitrichin females attain a secure breeding position through domi-
nance, which is related to aggression in Leontopithecus, age in Saguinus,
and inheritance in Callithrix (Garber, 1994). Saguinus females may also
stay in their natal groups to inherit the dominant breeding position, which
in S. fuscicollis is maintained for an average of three years (Goldizen et al.,
1996). Subordinate females remaining in their natal groups may be released
from reproductive inhibition when exposed to novel (Widowski et al., 1990)
or immigrant males in Saguinus (Savage et al., 1996) and Leontopithecus
(Baker et al., 1993), or when opportunities for dispersal are severely limited
in Callithrix (Ferrari and Digby, 1996). In contrast to cohort migration
among males, all callitrichin females that disperse from their natal groups
do so alone (Garber, 1994).

Using these and other distinguishing features of the five extant genera,
Garber (1994) has modelled the hypothetical callitrichine and callitrichin
ancestors. He regards the single breeding pairs of Cebuella as derived from
primitive, flexible multi-male, multi-female breeding and social groups, and
the three-week postpartum delay in co-operative infant care found ex-
clusively in Callimico as primitive. The callitrichin ancestor retained the
flexible multi-male, multi-female breeding and social group and the
production of a single litter annually, but also expressed twinning, rep-
roductive suppression mediated through hormonal or behavioural means,
and co-operative infant care at birth. Paired male migration, with the
potential for long-term male kin bonds, also characterised the ancestral
callitrichin, whereas solitary dispersal by both sexes occurred in the ances-
tral callitrichine.

The production of two annual litters of twins in the marmosets could
create intense intragroup competition for resources, including food and
infant carriers. Cebuella maintains small groups (two to nine individuals)
by expelling offspring of both sexes through directed aggression (Soini,
1988). Callithrix group sizes grow larger (9—15 individuals), due, at least in
part, to tolerance towards females waiting to inherit a breeding position or
share breeding opportunities (Ferrari and Digby, 1996). These female kin
bonds may differ from those of Old World monkeys, however, because the
hormonal inhibition of reproduction is a powerful selective force (Rylands,
1996). Reproductive inhibition in Callithrix makes female dispersal par-
ticularly sensitive to local demographic and ecological conditions affecting
natal group