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Theoretical models and empirical studies in various taxa have identified
important links between variation in sex roles and the number of adult
males and females (adult sex ratio (ASR)) in a population. In this review,
I examine these relationships in non-human primates. Because most existing
theoretical models of the evolution of sex roles focus on the evolutionary ori-
gins of sex-biased behaviour, they offer only a general scaffold for predicting
variation in sex roles among and within species. I argue that studies examining
sex role variation at these more specific levels need to take social organization
into account to identify meaningful levels for the measurement of ASR and
to account for the fact that ASR and sex roles mutually influence each other.
Moreover, taxon-specific life-history traits can constrain sex role flexibility
and impact the operational sex ratio (OSR) by specifying the minimum
length of female time outs from reproduction. Using examples from the pri-
mate literature, I highlight practical problems in estimating ASR and OSR.
I then argue that interspecific variation in the occurrence of indirect forms of
paternal care might indeed be linked to variation in ASR. Some studies also
indicate that female aggression and bonding, as well as components of inter-
sexual relationships, are sensitive to variation in ASR. Thus, links between
primate sex roles and sex ratios merit further study, and such studies could
prompt the development of more specific theoretical models that make
realistic assumptions about taxon-specific life history and social organization.

This article is part of the themed issue “Adult sex ratios and reproductive
decisions: a critical re-examination of sex differences in human and animal
societies’.

It is now clear that relationships between relative gamete size, the evolution of parental
care, OSRs, the relative intensity of competition, and the extent of selectivity in the two
sexes are not as straightforward as was originally supposed. Tim Clutton-Brock [1, p. 1882]

1. Introduction

Sex differences in behaviour are ubiquitous among sexually reproducing animals.
Many of these sex differences can be ultimately related to sex roles, defined as
differences between males and females in the intensity of reproductive compe-
tition with members of the same sex, in how choosy they are in selecting mates
and in the nature and extent of parental care they exhibit [2]. A frequently
observed pattern across vertebrates, characterized by caring females and compet-
ing males, has been referred to as ‘conventional’ sex roles. These widespread sex
differences in behaviour have ultimately been traced back to differences in gamete
size, i.e. anisogamy [3,4], but exactly how anisogamy shapes sex roles has recently
been questioned [5]. However, denying any effects of anisogamy for sex roles, and
attributing all observed variability among species to chance and idiosyncratic,
environment-driven factors [6,7] or doubting the existence of sex roles altogether
[8-10], are positions that cannot be easily reconciled with the fact that sexually
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Figure 1. Levels of analysis of ASR variation. Species (a) consist of different populations (b), each of which is made up of multiple social units (pairs in Species X
and groups in Species Y) with variable numbers of adult females (black circles) and males (white circles). Social units change in adult sex ratio also over time (c) as a
result of births, deaths, immigration and emigration. For different analytical purposes, it is useful to distinguish between intra-specific variation (level 3), interspecific
variation (level 2) and theoretical models that explore the evolutionary origins of sex roles (level 1).

reproducing animals exhibit stunning diversity in mating
systems [11-13] and patterns of parental care [14,15]. Nonethe-
less, this criticism has been helpful in focusing conceptual and
empirical attention on the flexibility of sex roles and the causes
of variation within and across species [16], suggesting that
sex differences in gamete size create important initial asymme-
tries for the evolution of sex roles, but that anisogamy alone
does not guarantee uniformly stereotypical sex roles. Under-
standing how additional factors, including sexual conflict,
are impacting sex-specific selection to shape species-specific
sex roles is therefore one of the current frontiers in sexual
selection research.

Because of complex interactions between various factors,
predicting the actual pattern of sex roles in a given (set of)
species is not straightforward. A number of influential
models have illuminated the initial evolution of sex roles, in
particular the origins of sex differences in parental care
[5,17-19]. These models indicated that anisogamy only sets
the stage for various trade-offs and feedbacks among multiple
other factors, including sexual selection, female polyandry and
the number of adult males and females [5,16]. The proportion
of males in the adult population (adult sex ratio (ASR)), in par-
ticular, has emerged as a key predictor variable from these
models, and it also plays an important role in theoretical
models, such as biological market models [20], that focus on
proximate determinants of sex-specific behaviour. However,
existing ‘origin (or level 1) models” address neither subsequent
variation in sex roles among closely related taxa with shared
life histories and ecologies (level 2), nor do they make specific
predictions for phenotypically plastic responses in sex roles to
changes in environmental variables within species (level 3)
(figure 1).

According to the origin models of sex role evolution
[5,17,18], variation in the number of adult males and females
is a variable that should affect the evolution of sex differen-
ces in parental care, but the magnitude in biases of ASR

variation, its determinants, its consequences for parental
and reproductive strategies as well as potential feedback
between ASR and sex roles are only beginning to be empiri-
cally explored [21,22]. Importantly, most empirical studies of
the causes and consequences of ASR variation on sex roles
have focused on explaining variation among and within
species, i.e. at taxon-specific levels (i.e. levels 2 and 3) for
which explicit predictive models are not yet available, but
where biological market models have provided guidance
and predictions; especially for studies of humans [23-27].
However, whereas the general origin models are useful as a
scaffold for identifying general principles in the evolution
of sex roles, an empirical ‘bottom-up approach’ used in var-
ious taxa has also generated a number of important insights.

First, wide variation in ASR exists across taxa as well as
across space and time within species [22]. For example, of
183 species of bird examined in one of the first studies of
ASR variation, only 35% had an ASR that did not deviate sig-
nificantly from a balanced sex ratio [21], and in a marsupial
population, the ASR changed more than twofold over just 5
years [28]. Second, biases in ASR can arise as a result of
deviations from an even primary sex ratio at conception,
sex-biased mortality rates at all ages between conception
and sexual maturity, a sex difference in rates of sexual matu-
ration as well as from mortality stemming from sex-biased
natal dispersal and migration [29-31], and are therefore not
always easy to estimate [32]. In addition, ASR is the result
of sex-specific reproductive strategies, which, for example,
influence the number of males per group ([33], see below),
and therefore has cumulative effects at the population level.
Third, eminent evolutionary biologists had long noticed vari-
ation in ASR [34,35], but neither sufficiently detailed data nor
sophisticated theoretical concepts were available to them at
the time to link this variation explicitly to sex roles. Today,
experimental [36,37] and correlational [5,16,22,38] evidence
indicates that ASR influences, or is at least correlated with,
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processes of mate acquisition, breeding system, patterns of
biparental care and sexual conflict. Furthermore, some adap-
tive behavioural responses to a biased ASR, like increased
mate harassment in male-biased populations [39], feed back
on the ASR via sex-specific mortality rates.

The focus of this paper is on the relationships between the
ASR and sex roles in mammals. After discussing three gen-
eral points about mammalian sex roles, I will review
behavioural correlates and consequences of ASR variation
in the mammalian order for which most behavioural data
exist—non-human primates [40]—to examine whether and
how behavioural differences between species and within
species over time relate to different ASRs. Some of these
insights might be useful for future attempts at modelling
sex role variation across and within mammalian societies.

2. Sex role variation and dynamics in mammals

In this section, I will discuss three general points about mam-
malian sex roles and sex ratios. First, variation in sex roles
among and within species can be affected by the ASR at
the population level, but perhaps also by the ASR of taxon-
specific social units because mating in mammals is socially
structured below the population level. However, the distinc-
tion between ASRs at the species, population and group
level (figure 1) has not been systematically considered in pre-
vious studies and models. Second, most previous studies
have examined the effects of ASR on sex roles. This relation-
ship is not unidirectional, however, because the competitive
component of sex roles can themselves contribute to biases
in ASRs, for example, exacerbating sex differences in mor-
tality. Finally, lineage-specific life-history traits constrain sex
role flexibility generally, for example, by committing one
sex to parental care, but they also impact sex roles more
specifically by affecting the operational sex ratio (OSR),
defined as the ratio of fertilizable females to sexually active
males [4,41], by determining the sex-specific duration of
time outs from reproduction [42]. I will discuss these aspects
in more detail below because they have not yet received
much explicit acknowledgement in the literature.

(a) Adult sex ratio and social organization
The social organization of a species is defined by the distri-
bution and association pattern of adult males and females in
space and time [43]. Among mammals, three types of outcomes
are most common: adult individuals of a species can either
be solitary, associated with a member of the opposite sex in
pairs, or they live in groups of three or more adults, with
some group-living species exhibiting interesting multi-level
structuring [44,45] or internal association dynamics [46—49].
Level 1 models investigating the evolution of sex roles use
population-wide numbers of adult males and females and
implicitly assume that all individuals can potentially mate
with each other or that the population ASR corresponds closely
to the local ASR. When access to mates is limited to a subset of
the population, explicit acknowledgement of intra-specific
social stratification may be required, however, if the objective
is to explain and predict sex role variation at level 2 or 3.
Classes of vertebrates differ widely in their modal type of
social organization [50,51], but it has not been considered
whether these differences should be taken into consideration
in studies examining the relationships between sex roles and

ASR in particular taxa. Inter- and intra-specific variation in
ASR was first reported for birds [35], where data have been
recorded and summarized at the level of species or individual
populations. Because of the practical problems associated with
various methods used to collect these data [32], and because
the vast majority of birds are organized into pairs [11], consid-
ering social organization in comparative studies of birds may
be of little practical importance. In other species of vertebrates,
which are either solitary or organized into large schools or
flocks, population ASR is presumably also an adequate
measure of the number of competitors and potential mates
because mating opportunities are less socially constrained.
Many mammals, however, live in groups of multiple adults,
often, but not always, including members of both sexes, typi-
cally in uneven numbers [52]. The question therefore arises
whether ASR at the species, population and group level rep-
resent similar selective agents for mammals, and whether
variation at one level is biologically more meaningful for
explaining variation in sex roles.

With rare exceptions [53,54], demographic variables of a
species can typically only be sampled rather than directly
measured. As a result, ASR can either be estimated at the
population level or it can be expressed as a group average
(also referred to as the socionomic sex ratio, SSR [55]). In soli-
tary species, ASR can only be estimated from a population
sample. However, additional behavioural data may be
useful for more realistic assessments of the actual local inten-
sity of mating competition and opportunities for mate choice,
for example, in species where males roam widely instead of
defending territories [56,57] or where mating access is depen-
dent on dominance. ASR estimates in group- or pair-living
mammals should be less biased at the population level,
because they may also include potential floater and bachelor
males. However, such non-resident males may be much more
difficult to observe or capture, especially in nocturnal or
arboreal species. In species that live in pairs or groups, aver-
age SSR is more easily determined in practice, but it will
misestimate sex ratio biases because it does not include
non-group members [58]. As in solitary species, only behavi-
oural data can help identifying biologically meaningful units
for assessing the effects of ASR on sex roles. For example, it
may be important to know whether individuals interact exclu-
sively with own group members or whether they perceive and
respond to the ASR beyond their own group based on direct
contact, range overlap, scent marks, long-range vocalizations
or temporary contact at clumped resources. Long-term data
on known individuals typically provide information about
group histories and dispersal status. In mammals, this infor-
mation about the effective number of potential rivals and
mates should influence male reproductive strategies, in par-
ticular, but only if non-resident males pose a significant
challenge for the reproductive success of residents [59].

Given common practical differences associated with
behavioural observations of matings with non-residents,
genetic paternity analyses could provide estimates of the
strength of breeding competition coming from outside a social
unit. In reptiles, multiple paternity of clutches is widespread,
both among species and in over 50% of individual clutches
[60]. Most reptiles are solitary, but in the few taxa with strong
pair-bonding, multiple paternity occurs in 10-30% of clutches.
In birds, extra-pair paternity occurs in about 90% of species,
and over 11% of offspring are on average not sired by the resi-
dent male [61]. In mammals, the proportion of offspring
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fathered by non-resident males varies between 0 and 80% [62].
In groups with multiple males and females, and in species
where single males are only intermittently associated with one
or several females, about 35% of offspring are sired by non-
resident males [62]; among socially monogamous mammals,
extra-pair paternity rates are around 20% [63]. Across social
and mating systems, extra-group paternity in mammals is
negatively correlated with the length of the mating season and
positively correlated with the number of resident females
([64], see also [65]). These very crude estimates indicate that
opportunities for mating with non-resident males are ubiqui-
tous across terrestrial vertebrates, but future studies should
aim at better resolution by determining the identity of extra-
group males to distinguish between offspring sired by true
floaters or males from neighbouring groups. Thus, it appears
that population-level measures of ASR should provide more
meaningful estimates of the respective potential for male repro-
ductive competition and female choice. Including information
about the species-specific social organization and sex-specific
behavioural strategies may refine these ASR estimates, however.

(b) Dynamic interactions between sex roles and adult
sex ratio

Previous models and empirical studies have explicitly or
implicitly examined the consequences of ASR variation for
sex roles and the effects of (mortality costs of) parental care
for ASR and OSR, respectively. However, sex-specific com-
petitive strategies may also affect ASR through their effect
on group composition and biased mortality. These effects
are evident at the level of social units, where they can be
most easily measured (see above), but they might also be
reflected at the population level if more intense competition
leads to higher mortality rates or if particular forms of par-
ental care are very costly. Thus, the relationships between
ASR and the components of sex roles are more dynamic
than previously thought because of multiple feedback loops.
How sex role components impact the SSR is explained by
socio-ecological theory. Accordingly, interspecific variation
in mammalian social organization can been explained
by sex-specific adaptations to fitness-limiting resources
[41,66,67]. Thus, females integrate information about the dis-
tribution of food, predators, parasites and shelters in their
environment and either space out or associate with other
females in response. While these ecological factors also
affect male fitness, their distribution is primarily determined
by the distribution of females [68,69] because male fitness is
typically constrained by access to receptive females. The
spatial and temporal distribution of receptive females deter-
mine male monopolization potential [70], leading to four
principle outcomes. Males can either associate with a single
female, they can defend access to multiple solitary females
more or less exclusively, they can establish exclusive access
to a group of females or groups of females are joined by mul-
tiple males [43]. Males unable to secure access to females in
all these types of social organization may either float solita-
rily among social units or form all-male groups [58,71,72].
Thus, male competition shapes the ASR of basic social
units, but how this variation corresponds to the population-
level ASR is an open empirical question (see above). In any
event, future models and empirical studies of sex role vari-
ation between and within species should be aware of the
dynamic feedback loop between sex roles and ASR.

(c) Sex roles and life history

Sex roles are also fundamentally related to the biological rea-
lities of different taxa because animals differ widely in their
life histories [73]. The number, size and developmental state
of offspring at birth, in particular, have direct consequences
for the necessity and opportunities for parental care across
taxa [14]. Some of these life-history traits also lead to sex
differences in, or sexual conflict over, parental care. Such
taxon-specific life-history constraints should be considered
in models of sex role evolution in specific lineages.

Mammals provide a particularly compelling example of
the effects of a particular life-history trait on sex roles because
few other taxa exhibit more asymmetrical, consistent sex
differences in parental investment. Owing to the physiologi-
cal constraints of internal gestation and lactation, which are
a defining feature of the mammals, females provide the bulk
of post-zygotic care, most notably in the form of lactation
[74]. Because of these constraints, male mammals are excep-
tional (together with reptiles) among vertebrates in that
uniparental male care for offspring is absent [15]. In addition,
following fertilization, females enter an anovulatory period
extending into lactational amenorrhoea. As a result, female
mammals have longer mandatory ‘time outs’ from reproduc-
tion than males [42,75], affording successful males with faster
potential reproductive rates and making access to receptive
females the limiting factor for male reproductive success
[4,41]. Male mammals were therefore traditionally seen as com-
peting with rivals for multiple mating opportunities, whereas
females were considered to be the coy, choosy sex [76].

The universality of this classical notion of sex-specific
mammalian reproductive strategies was subsequently modi-
fied by recognizing that it can also pay for male mammals
to be choosy under certain circumstances [13,77-80], if only
by strategically allocating sperm [81], and that females can
also compete with each other over mates and reproductive
opportunities [1,82—-86]. Hence, the fundamental sex roles
of mammals are obviously constrained by internal, biologi-
cal traits, but there are also interesting cases of intra- and
interspecific variation in sex roles, including paternal care
[87,88]. Thus, mammalian sex roles are generally, but not
invariably constrained by a fundamental life-history trait,
and models attempting to predict this variation among
mammalian species need to take this fact into account.

Moreover, species-specific life-history traits, such as the
length of gestation and lactation, can also affect sex roles
through their impact on OSR. Specifically, a bias in the
OSR can create frequency-dependent selection favouring
increased mate guarding and reduced parental care by the
sex facing more intense completion for mates [4,89,90]. In
species where one sex is committed to parental care, the
effects of ASR variation might be magnified by the OSR
and more probably affect mate acquisition or mate guarding
strategies than parental care [38]. I will illustrate some practi-
cal problems associated with spatial and temporal variation
in ASR and OSR using some primate examples below.

3. Adult sex ratio and primate behaviour

Variation in ASR is both a cause and a consequence of sex-
specific reproductive strategies, and these inter-relationships
can be studied across and within species. To disentangle
these different levels and mutual inter-dependencies, I will

LZE09L0T :TLE g 205 Y "suvi] fiyd  Bio'buiysijgndiraposiedor giss H



first illustrate why and how sex-specific reproductive strategies
contribute to ASR variation across primate species by shaping
species-typical types of social organization. Next, I will exam-
ine the consequences of ASR variation for opportunities for
different forms of paternal care. The subsequent discussions
of male and female reproductive strategies under variable
ASRs will also emphasize intra-specific variation in ASR, and
especially in OSR. The final section will be devoted to the
effects of ASR on inter-sexual relationships. Throughout this
section, I will review reports from the primate literature and
formulate predictions for future quantitative tests.

(a) Adult sex ratio and primate social organization
Quantifying ASR within primate groups is relatively straight-
forward where species form groups and records of the
number of adult males and females can be averaged across
multiple study groups, at least in the larger and diurnal
species [91]. These species-specific values have been referred
to as the SSR and were used in many comparative studies
[55,92]. Because only a few primate species form all-male
groups and because immigrants will be recognized in long-
term studies, ASR estimates for group-living species should
be fairly robust. Estimates of the number of adult floater
males are more difficult because it is not always possible to
distinguish between death and emigration when males disap-
pear and because the time transferring males spend in transit
between groups varies between and within species [93,94].
The same applies to pair-living species, which tend to have
relatively even SSRs by definition, but including floaters,
also through genetic paternity analyses, may lead to minor
deviations from the expected even sex ratio [58,95-97].
In addition, there is often variation in the SSR of pair-living
species at the population level because some social units
include more than one adult member of each sex [98-101].
Only long-term observations of known individuals can reveal
whether these cases really represent deviations from the
modal pattern or cases of mature offspring awaiting dispersal
opportunities while remaining on the parental territory.

The situation is more complicated for solitary species,
which lack obvious social boundaries, even though they
sometimes cluster into matrilineal kin clusters in neighbour-
hoods [102-104]. Here, it might be most practical to work
with counts or long-term averages obtained from (repeated)
sampling of a defined study area. Genetic typing based on
non-invasively collected samples (e.g. faeces or hair) may
also provide information about elusive individuals, and
cohort-based survival models may be useful in certain cases
to estimate ASR from the stable age distribution. The accu-
racy of ASR estimates in all primates, irrespective of their
social organization, is further complicated by the fact that
only long-term studies of known individuals have sufficient
information about age and maturation schedules to classify
individuals as adults. This problem is particularly acute in
species with sexual bimaturism, where males may be sperma-
togenic for years before they achieve the adult phenotype
[105], but subtler developmental sex differences are wide-
spread across primates [106]. Empirical studies of ASR
variation should therefore be very explicit about how the
number of adult males and females was determined and
how adulthood was defined [107].

Factors explaining species differences in social organiz-
ation should also explain a large proportion of interspecific

variation in SSR. Birth sex ratios typically exhibit only a “

small male bias in most primates [108], so they cannot explain
the common female-biased ASR. Comparative analyses
revealed that this pre-natal bias in primate birth sex ratios
in favour of the dispersing sex across species is explained
by local resource competition [109]; the opposite bias in coop-
eratively breeding species is predicted by the local resource
enhancement hypothesis. Important post-natal factors
responsible for sex ratio variation include sex differences in
maturation schedules and other sources of sex-differential
juvenile mortality [110-112]. As in other mammals, all else
being equal, larger and stronger males should enjoy above-
average reproductive success, and males may pay the costs
of the required somatic investment through compromised
health and condition, greater susceptibility to parasites and
a higher risk of wounding [113].

In species where birth ratios are unequal, they are typically
biased in favour of sons [114], presumably because mothers in
good condition benefit from overproducing male offspring
[115]. However, empirical [116] and theoretical [117] studies
have questioned the strength of this relationship, and the
sex-specific reproductive value of offspring should also be con-
sidered in interpreting biases in maternal sex allocation [118].
Such biases in birth sex ratios tend to be found most consist-
ently in polgynous species with intense male competition,
which also tend to have the most female-biased ASRs
[114,119,120]. Thus, changes in sex ratios between birth and
adulthood should be most pronounced in species living in
one-male groups, followed by species living in multi-male
groups and pairs.

At the population level, sex differences in dispersal and the
attendant sex differences in mortality are a major source of ASR
variation [30-32]. Immigration and emigration may not have
major effects on SSRs, however, because they should cancel
each other out in species with socially structured populations
in cases of successful dispersal. In other words, one group’s
emigrant is another group’s immigrant, so that taking averages
from several groups should account for successful dispersal,
given a long enough time scale and low rates of dispersal-
associated mortality. In addition, female interests also
influence immigration decisions [121-123], making sexual
conflict over group composition an interesting demographic
aspect of the more general conflict between the sexes. Several
studies indicate that the group sex ratio is indeed a good
predictor of dispersal decisions in primates. Based on the
expected level of male reproductive skew, males in high-
skew populations tend to target groups based on qualities of
the dominant male(s), whereas in species with lower male
reproductive skew males tended to immigrate into groups
with either fewer rivals or more sexually active females
[124,125]. Species with female or bisexual dispersal may be
responding primarily to other factors, such as the risk of infan-
ticide [126], also suggesting that the local SSR is an important
proximate determinant of behavioural strategies.

(b) Adult sex ratio and paternal care

Primate males can exhibit two major types of paternal care
[127,128]. Direct beneficial interactions with dependent infants
in the form of carrying or provisioning are found in less than
10% of all primate species, reflecting the general physiologi-
cal constraints obligating maternal care in mammals. More
indirect beneficial effects for offspring accrue in the form of
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paternal protection from major risks, such as predation and
infanticide. The fitness consequences of other types of male off-
spring interactions, such as grooming or playing, remain to be
systematically explored. As I will argue below, paternal care in
primates has been primarily examined as a species-level trait,
where it is poorly related to ASR, but some intra-specific
variation may be sensitive to ASR variation.

Most female primates regularly mate with multiple males
during one receptive cycle [129]. In addition, compared with
other mammals, primates have relatively slow life histories
[130]. This combination of conditions makes it both risky and
costly for male primate to exhibit direct paternal care. Paternal
care is risky because female polyandrous mating reduces pater-
nity certainty, so that males may end up investing in others’
offspring, unless they have sophisticated kin recognition mech-
anisms [131] or rely on reliable proxies for paternity, such as
mate guarding during the fertile period of their ovulatory
cycle. Paternal care is costly not only in terms of the direct phys-
ical costs, but also in terms of foregoing additional mating
opportunities because direct care among primates is limited
to monogamous species. It is therefore not surprising that
direct paternal care is generally rare.

Interspecific variation in the occurrence of paternal care is
not clearly predicted by ASR, however. As discussed above,
different types of social organization are not only characterized
by a particular ASR but also by different mating systems. Males
are more likely to engage in paternal care if their probability of
paternity is high. Paternity certainty is highest in monogamous
species and in species with high male reproductive skew,
e.g. one-male groups [132]. However, whereas paternal care
is indeed found in some monogamous species (e.g. callitri-
chids, owl monkeys, titi monkeys), it is absent in others
(gibbons, indri) and non-existent in polygynous species, such
as gorillas (where immatures associate with high-ranking
males that are not necessarily their fathers [133]), colobi-
nes or some sifakas [127,128]. Because paternal care also
occurs in polyandrous callitrichids, paternity certainty is
neither sufficient nor necessary for the occurrence of paternal
care [134]. Thus, although female-biased ASRs in birds are
associated with little or no paternal care [21,31], and a male-
biased OSR in humans has been linked to the evolution of
male parenting [135], the occurrence of direct paternal care
across primates is not obviously related to ASR variation; a pre-
diction that can be tested with phylogenetically controlled
comparative analyses.

Indirect forms of paternal care may be more widespread
because they are less costly and because predation and infan-
ticide jeopardize infant survival more than other sources of
early infant death in many species [136,137]. The permanent
association between males and infant-carrying females,
which distinguishes primates from other mammalian
orders, has been proposed to reflect an anti-infanticide strat-
egy [138]. Infant protection is not only in the father’s direct
interest, but it can also reflect mating effort. It is therefore
not surprising that in some species, males and females form
temporary ‘friendships’ that extend from mating to weaning
[139], with male care for infants being conditional upon prior
mating, at least in baboons and chimpanzees [140,141], so
that these friendships seem to reflect parental rather than
mating effort. In this particular context, ASR variation can
apparently lead to behavioural consequences. For example,
female baboons compete over such male friends when ASR
becomes more female-biased [142,143], indicating that ASR

models should not only consider male competition for
mates. In particular, pregnant and lactating females exhibit
higher rates of aggression when they share a male friend, pro-
viding evidence for ASR-dependent female competition over
paternal care in a promiscuous species [144]. From a theoretical
perspective, it would be interesting to examine the relationship
between paternal care and mating effort, which is assumed to
be structured by a trade-off in most sex role models, in more
detail, and to ask whether and how males adjust their parental
effort to variable group ASRs. Although this example indicates
that primates can respond flexibly to variation in ASR in the
larger context of indirect paternal care, more work is clearly
required to understand the behavioural consequences of ASR
variation, especially within species.

() Adult sex ratio and male reproductive strategies
Male reproductive performance typically exhibits greater var-
iance than that of females (but see, e.g. [145,146]), and the
number of males in a social unit appears to explain most of
this variation [62,147]. Because a given social organization
reflects the outcome of male and female interests, as well as
of the resulting conflict between the sexes, studying variation
in ASRs may further illuminate the sources of this variation
in reproductive success. In several primate species from all
radiations, including lemurs, howler monkeys, langurs or
mountain gorillas, the modal group composition includes
only a single male, but groups with a second male are regu-
larly found in these species [33]. This variation in the number
of males appears to be related to local variation in fecundity
and mortality, i.e. demographic traits that modulate intru-
der pressure [148], providing another example of how
components of sex-specific reproductive strategies affect ASR.

Independent of the actual number of males per group,
another fundamental life-history variable has important
effects on OSR. As pointed out by Mitani et al. [149], the
long time outs of female primates from reproduction may
actually shift a typically female-biased ASR towards a
male-biased OSR, especially when female receptive periods
are not synchronized [41,70]. Seasonal reproduction in
annual breeders will trigger a similar shift towards succes-
sively more male-biased OSR as fertilized females drop out
of the mating pool in the course of the mating season
[57,150]. In some species, males may also drop out of the
mating pool as the mating season progresses [119,151]. How-
ever, it is not straightforward to decide at which temporal
scale, variation in the OSR is relevant because females of
different species differ in the duration and degree of syn-
chrony of their receptive periods (figure 2). This problem
highlights the more general question of how animals proxi-
mately perceive variation in the number of adult males and
females at a biologically meaningful scale. The fact that
ASR and OSR are only poorly correlated in some (bird)
species [155] underscores the importance of choosing the
right measure.

Hence, exclusive reliance on the more readily available
data on SSR to analyse male reproductive strategies and
their consequences may fall short for two reasons. First, the
constraints imposed by a species’ social organization may
result in identical numbers of adult males per social unit,
which can vary greatly in the number of adult females, how-
ever. Every comparison between any gibbon species and a
sympatric langur species with one-male groups will illustrate
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Figure 2. Relationship between ASR and OSR in three primate species. (a) Gray mouse lemurs (Microcebus murinus) are a solitary species, where females are
receptive on a single night once per year. Depicted is the daily OSR (=adult males/(adult males + receptive females)) during the three-week annual mating
season of 22 females (individual receptive period known) and 27 males (solid) and the ASR (dashed) for one study population. Details in [152]. (b) Dynamic
cumulative depiction of the same data, assuming that all females are potentially ready to mate at the beginning of the mating season and gradually drop
out of the mating pool as they get impregnated. (c) ASR (dashed) and OSR (solid) for a population of Verreaux's sifaka (Propithecus verreauxi), a group-living
species with seasonal annual reproduction. Depicted are monthly means averaged across eight groups over 1 year [153]. (d) ASR (dashed) and OSR (solid) for
a group of Japanese macaques (Macaca fuscata), who breed seasonally and females have an average inter-birth interval of 1.56 years. Depicted are annual
means for ASR and annual estimates of OSR (number of females present, corrected for average inter-birth interval of females reproducing in the previous year
resulting in time outs) over 27 years. Reported numbers are based on one annual census [154].

the point that they differ greatly in ASR but not in OSR if recep-
tive langur females are not synchronized in their reproductive
activity. Second, as with other relatively large and long-lived
mammals, primate females have long inter-birth intervals
[130]. Thus, a substantial proportion of adult females may not
be ready to mate at any given point in time, creating a strongly
male-biased OSR, despite a female-biased ASR in multi-
male, multi-female species, or an even OSR in one-male,
multi-female groups if females are receptive asynchronously.
Several previous studies have examined consequences or
correlates of interspecific variation in ASR and OSR across
primates. Most research in this context has focused on mor-
phological correlates of male—male competition, assuming
that body size and weapons mediate components of sex
roles related to competition. For example, controlling for
body size and phylogeny, Mitani et al. [149] found that
OSR (taking female time outs into consideration) is a strong
predictor of sexual size dimorphism across 18 polygynous
primate species, with the degree of sexual size dimorphism
reflecting evolutionary advantages for larger males in com-
peting with rivals or excluding them from a group
altogether. However, similar analyses revealed no correlation
between OSR and canine dimorphism [156], even though
sexual selection on canine size appears to be stronger than
on body size [157]. Because estimates of OSR are not perfect
[156] and only available for relatively few haplorrhine pri-
mates, more detailed comparative analyses are indicated to

resolve this apparent discrepancy between interspecific
variation in canine and body size dimorphism.

Male reproductive skew provides another example of a vari-
able that is influenced by sex ratios. The priority-of-access
model predicts that the dominant male in a multi-male group
monopolizes reproduction [158], but it does not take the
number of males in a group into account. An extended version
of this model explicitly included the number of rivals, but
not the number of females, and found this to be the only predic-
tor of reproductive skew in phylogenetically controlled species
comparisons [159]. Thus, mating skew decreases as the number
of males increases, making it more difficult for the dominant
male to monopolize females. Studies of individual species
also demonstrated this effect in mandrills [160] and chimpan-
zees [161]. Single-species studies indicated that the number of
females can also be a powerful predictor of male reproductive
skew [162], whereas the degree of reproductive synchrony
had variable effects on measures of skew in comparative studies
[159,163,164]. Additional males can also contribute to an
increase in the dominant’s tenure length [165] or reduce the
risk that a group will be taken over by outside males and the
dominant expelled [166,167]. In these situations, the presence
of additional males also reduces mating skew, presumably
through a concession mechanism [168], but such an effect is
not obligate, for example, in Verreaux's sifakas [169].

When the number of co-resident male rivals is large and
the expected mating rates of subordinates are low, alternative
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reproductive tactics may evolve. Theoretical models predict
that with increasingly male-biased ASR, mate guarding,
rather than roaming or competing, will be favoured [170]. In
several invertebrates, the fitness benefits of mate guarding
indeed increase with increasing ASR, even favouring the evol-
ution of monogyny [171,172]. Such flexible responses within
species (level 3) have been observed in Soay sheep [52,173],
and recent models suggest the importance of a similar mechan-
ism in humans [25]. In group-living primates, where females
are clumped and receptive asynchronously, the dominant
male may use mate guarding as a reproductive tactic to exclude
rivals [160,174]. In an exceptionally large chimpanzee commu-
nity with unusually many males, mate guarding was indeed
more common than in other communities, but also performed
by coalitions of males [153]. The proportion of males in the
adult population in this community was also about twice as
high as in other communities. Male—female friendships in sev-
eral Old World monkeys (see above) may functionally
correspond to extended mate guarding. Increased mate selec-
tivity may represent another variation on this theme [175],
but there is as of yet little evidence from primate studies sup-
porting this notion [129]. Other alternative male reproductive
tactics, including dispersal decisions, temporary influxes of
males from all-male groups, coercive or surreptitious mating
and coalition formation, have been described [176], but they
have not yet been systematically linked to variation in ASR.

The fact that female primates and other mammals not only
compete with each other for food, but also in the context of
reproduction has only recently been fully appreciated
[1,82,85,86,177]. Sex ratios may play an important role
in this context as well because female-biased ASRs may
exacerbate this competition by increasing the number of
competitors relative to males when female mammals com-
pete directly for access to mates and paternal investment
[82,83,178]. In a solitary ground squirrel, female mating fail-
ure varied indeed predictably with changes in the colony’s
ASR: a female’s probability of breeding increased under
more male-biased OSR and it was independent of local
female density [150]. Among primates, increases in female
aggression were observed among sexually receptive females
in baboons [142], and in one population increases in female
aggression were prompted by more female-biased ASR
[143], indicating intrasexual competition for indirect paternal
investment. In some group-living lemurs, female reproduc-
tion is compromised in larger groups, and some females
are forcefully evicted by their relatives above a critical
group size [179], but it is not yet known whether variation
in ASR predicts any of these events. Similarly, we do not
know whether primate females exercise more mate choice,
e.g. by sampling more potential mates, when the ASR is
more male-biased [129]. The level of female polyandry may
also increase with increases in male bias in the ASR because
this will reduce the risk of infanticide and provide other
benefits of polyandry [180], but also increase the prevalence
of sexually transmitted disease [181]. Despite numerous poss-
ible predictions, only one study has compared the effects of
different sources of variation on rates of female agonism
across primates, revealing that female group size is the best
and only significant predictor thereof, but ASR was not
considered in these analyses [182].

Finally, variation in ASR is also expected to have consequen-
ces for how males and females adapt their interactions
to variable proportions of potential mates and rivals. These
links between ASR variation and social interactions have
been systematically explored in agent-based models, and
results of these models have been compared with behavioural
variation across several macaque species. Specifically, an
increase in the proportion of males in the models resulted
in higher rates of more intense aggression, which in turn
prompted a greater differentiation of dominance values in
both sexes, resulting in an increase in the proportion of females
that dominate males [183]. Subsequent analysis of inter-sexual
dominance relations in macaques confirmed that the degree of
female dominance in despotic species, but not in more egali-
tarian species, increases with the percentage of males in the
group, either because they have to deal with aggressive
males or because of an increase in female aggression. More
male-biased ASR can also lead to more male harassment of
females, which can contribute to increased female mortality
and, hence, a stronger male bias in ASR [184,185], but these
effects have not yet been demonstrated in primates. Because
male sexual coercion can provide males with increased prob-
ability of paternity, for example, in chimpanzees [186], its
potential variation with ASR is to be expected, however.
In mountain gorillas, male—female associations were weaker
in groups with more males [187], suggesting that association
patterns are also sensitive to variation in ASR. A sudden
change in ASR in a baboon group due to the death of half of
the adult males from tuberculosis also led to a more relaxed
dominance hierarchy and an increase in male—female affilia-
tion [188]. Because this pacific culture persisted after the
ASR returned to values before the outbreak, a causal role of
the change in ASR is not established, however. Thus, patterns
of inter-sexual association, affiliation and aggression appear
to be sensitive to ASR variation, but more research is clearly
indicated to substantiate these relationships.

A final point relates to the fact both sexes might derive
benefits from a biased ASR. Males not only benefit from an
increase in the number of potential mates, but females may
also derive direct fithess benefits from an increase in the
number of males in their group. These benefits are primarily
related to the risks of infanticide and predation and therefore
also affect male—female relations in the context of sexual selec-
tion. First, additional males, especially in modally single-male
groups, can reduce the risk of takeover and subsequent infan-
ticide by outside males [137], thereby also providing a direct
benefit to females with dependent infants. Second, additio-
nal males afford better protection from predators through a
combination of mechanisms, and with increasing predation
risk, the ASR becomes indeed less female-biased across species
[189,190]. Single-species studies of populations with temporal
variation in ASR demonstrate these effects more directly: for
example, with a shift towards more female-biased ASR,
female mortality due to predation increased in chacma
baboons [143]. Furthermore, males may also participate in
other potentially costly group activities, such as inter-group
encounters, to improve their status as cooperation partners
for females, who may return the service by offering other ser-
vices like sex [191]. If this interpretation is correct, the
frequency or costs of such male services should also vary
with ASR.



4. Conclusion

This review indicated that existing theoretical models examin-
ing the evolution of sex roles can only offer broad guidance for
studies examining sex role variation across and within species
of primates and other mammals. To make progress with such
taxon-oriented studies, three points should be acknowledged.
First, even though the number of adult males and females
is typically estimated by averaging SSRs because of the diffi-
culties of sampling outside males, ASR estimates should be
preferred. Additional behavioural data, preferably from
long-term studies, may provide the required details, and the
utility of demographic modelling for estimating mammalian
ASRs could be explored. Second, ASR not only influences
sex roles, but especially the competitive component of sex
roles may affect ASR, creating a dynamic feedback. Third,
lineage-specific life-history traits, like mammalian gestation
and lactation, may constrain flexibility in parental care, and
species-specific variation in such life-history traits may

impact the OSR through its effects on time out from reproduc- [ 9 |

tion. Whether ASR or OSR is a better and more meaningful
predictor of sex role variation, and how individuals perceive
either one, remains to be determined empirically. Thus,
next-generation modelling should appreciate key aspects of
taxon-relevant natural history. The scant available evidence
from primate field studies indicates that they are indeed sensi-
tive to variation in ASR, inviting additional behavioural and
comparative studies focusing on the causes and consequences
of sex ratio variation.
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