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Sex ratio theory provides a powerful source of testable predictions about sex allocation strategies. Although

studies of invertebrates generally support predictions derived from the sex ratio theory, evidence for

adaptive sex ratio biasing in vertebrates remains contentious. This may be due to the fact that most studies

of vertebrates have focused on facultative adjustment in relation to maternal condition, rather than

processes that might produce uniform sex biases across individuals. Here, we examine the effects of local

resource enhancement (LRE) and local resource competition (LRC) on birth sex ratios (BSRs). We also

examine the effects of sex differences in the costs of rearing male and female offspring on BSRs. We present

data from 102 primate species and show that BSRs are skewed in favour of the dispersing sex in species that

do not breed cooperatively, as predicted by the LRC model. In accordance with the LRE model, BSRs are

generally skewed in favour of the more beneficial sex in cooperatively breeding primate species. There is no

evidence that BSRs reflect the extent of sexual size dimorphism, an indirect measure of the costs of rearing

male and female offspring. These analyses suggest that adaptive processes may play an important role in

the evolution of BSRs in vertebrates.

Keywords: sex ratio; sex allocation; local resource competition; local resource enhancement;

sex ratio adjustment; primates
1. INTRODUCTION

Sex ratio theory represents one of the triumphs of

evolutionary theory. Studies of sex ratio adjustment in a

variety of invertebrate taxa provide strong support for

quantitative predictions derived from theoretical models

(Seger & Stubblefield 2002; West et al. 2005). By contrast,

vertebrate sex ratios provide a poor fit to theoretical

models (Cockburn et al. 2002; Uller 2006). This may

reflect the fact that most research on vertebrate sex ratios

has focused on Trivers & Willard’s (1973) model of

facultative adjustment in relation to maternal condition

(Clutton-Brock & Iason 1986; Brown & Silk 2002;

Cockburn et al. 2002) rather than processes that might

generate uniform biases across individuals, such as local

resource competition (LRC) and local resource enhance-

ment (LRE). LRC occurs when individuals of one sex are

philopatric and experience competition over access to

local resources, and is expected to favour the evolution of

birth sex ratios (BSRs) that are biased in favour of the sex

that disperses from the natal area (Hamilton 1967; Clark

1978; Silk 1984). LRE occurs in cooperatively breeding

species when there are differences in the effectiveness of

male and female helpers. If the benefits derived from

helpers do not vary markedly across parents, BSRs will be

expected to be biased in favour of the more helpful

sex (Gowaty & Lennartz 1985; Emlen et al. 1986; Pen &

Weissing 2000). Here, we examine the role of LRC and

LRE on BSRs within the primate order.
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There is some evidence that LRC generates male-

biased BSRs in primate species with male dispersal. The

intensity of competition over access to resources was

linked to BSRs in seven primate genera with female

philopatry (Johnson 1988). Johnson also showed that

BSRs were higher (more male-biased) in nine genera with

female-biased philopatry than in seven other genera

without female-biased philopatry when the extent of

home range overlap among females was taken into

account. Faust & Thompson (2000) compiled captive

birth records for 14 species of primates with known

dispersal patterns. In the 13 species with male dispersal,

the total number of male births significantly exceeded the

total number of female births. These studies suggest that

LRC has shaped BSRs in primates, but they have several

important limitations. First, both of these studies were

based on a relatively small sample of primate taxa. Second,

neither study systematically considered the effects of

phylogeny, which may distort the results of comparative

analyses. Third, only one female-dispersing species was

included in these analyses, limiting the power of

comparisons between BSRs in female-dispersing and

male-dispersing species. Fourth, both studies were based

on captive populations; it is possible that sex ratios may

vary between wild and captive populations (Glaston

1997). Fifth, these studies did not distinguish between

cooperatively and non-cooperatively breeding species,

potentially conflating the effects of LRC and LRE.

In cooperatively breeding species of birds, the extent of

the bias in BSRs is associated with differences in the

benefits derived from male and female helpers (Griffin

et al. 2005). Similarly, in alpine marmots (Marmota

marmota) and wild dogs (Lycaon pictus), BSRs are biased
This journal is q 2008 The Royal Society
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in favour of males, and males are more effective helpers

than females (Allainé 2004; Griffin et al. 2005; McNutt &

Silk 2008). In cooperatively breeding primates, males also

seem to be more active helpers and have more beneficial

effects on the reproductive performance of the breeding

female than do females (Garber et al. 1984; Baker et al.

1993; Koenig 1995; Bales et al. 2001). However, it is not

yet known whether BSRs are biased in cooperatively

breeding primates.

It also possible that sex differences in the costs of

rearing male and female offspring might contribute to

variation in BSRs across species. According to Fisher

(1930), mothers will balance the overall investment in

male and female offspring. This means that if one sex is

more costly to rear than the other, BSRs will be biased in

favour of the less costly sex. In primates, where adult males

are often considerably larger than females, we would

expect more dimorphic species to have lower (less male-

biased) BSRs. Johnson (1988) did not find a significant

effect of sexual dimorphism on BSRs in primates, but his

analysis was restricted to a relatively small number of

primate genera.

Here we examine the effects of LRC, LRE and the

extent of sexual dimorphism on BSRs. These analyses

extend the previous studies of the effects of dispersal

patterns on BSRs by drawing on a considerably larger

dataset and employing phylogenetic methods for analysis.

If sex differences in investment affect BSRs in primates,

then the extent of sexual dimorphism will be expected to

be negatively related to BSRs. If LRC shapes BSRs, then

species in which females are the primary dispersers are

expected to have lower (less male-biased) BSRs than

species in which males are the primary dispersers. The

species in which both males and females disperse are

expected to have intermediate BSRs, as long as both sexes

disperse over equal distances and impose similar competi-

tive costs on mothers and their resident offspring. If LRE

shapes BSRs in cooperatively breeding primates and the

benefits of helping do not vary substantially across groups,

then we would expect these species to have male-biased

BSRs because males seem to be the more helpful sex.
2. MATERIAL AND METHODS
We compiled information about BSRs from a variety

of sources (see electronic supplementary material). We

collated published information on the numbers of males

and females born in wild and captive populations in primates

by (i) surveying all issues of specialized primatology journals

published between 1990 and 2005, (ii) carrying out keyword

searches of the ISI Web of Knowledge, using the terms ‘sex

ratio’, ‘BSR’ and ‘sex allocation’, and (iii) using published

reports that were discovered in searches linked to previous

analyses of the effects of maternal rank on BSR (Brown & Silk

2002; Silk et al. 2005), and cross checking sources of data

mentioned in any these publications.

We obtained unpublished information about BSR by

(i) soliciting information from the directors of long-term field

research projects, directors of captive primate colonies and

stud book keepers, (ii) posting a request for unpublished data

on the Primate-Science e-mail list, administered by Primate

Info Net (National Primate Research Center, University of

Wisconsin–Madison), and (iii) requesting permission to reuse

unpublished information solicited for previous analyses. Only
Proc. R. Soc. B (2008)
datasets with at least 10 births of known sex were included.

Where more than one report from a specific field site or

captive colony was available, only the study with the largest

sample size was included.

For all of the species in our database, we compiled

subsidiary information about dispersal patterns, body size

dimorphism and group size mainly from published sources.

The adult body size dimorphism was calculated as ln(male

weight)Kln(female weight). We included group size in the

analyses as a potential confounding variable. Dispersal

patterns were classified into three categories as follows:

species in which females are the primary dispersers and males

are philopatric (or in which females disperse further than

males); species in which both sexes disperse; and species in

which males are the primary dispersers and females are

philopatric (or in which males disperse further than females).

This classification scheme treats dispersal as a categorical

phenomenon, and not a quantitative one. This is problematic

to the extent that it ignores the possibility of sex differences in

dispersal probabilities or dispersal distances in species in

which both sexes disperse. However, quantitative estimates of

sex differences in dispersal frequency and dispersal distance

are not available for most species.

(a) Analysis

We defined BSR as the proportion of male births (number of

male births divided by the number of male births plus the

number of female births). Births of unknown sex were

reported in 66% of the samples, and on average accounted

for 15G0.01% of all births in these cases. We did not include

births of unknown sex in our estimates of BSR, which is

equivalent to assuming that there were no biases in assign-

ment to the unknown category.

Ascertainment bias may affect the analysis in two ways.

First, females may be more likely to be classified as ‘unknown’

than males because their genitalia are less conspicuous or

readily classified. Second, infants may be systematically

misidentified as males or females. Such biases could distort

the results of our analyses. However, biases in ascertainment

are likely to have a bigger impact on the estimates of BSRs in

wild populations with poor visibility than in captive popu-

lations where animals can be inspected at a close range. If data

obtained from wild and captive populations generate similar

patterns, we can have more confidence in the results.

A substantial fraction of the BSR data came from captive,

semi-free ranging or provisioned populations (NZ145

samples). If captivity systematically affects BSRs, the use of

captive data could bias the analysis. Therefore, we also present

the results of analyses based on data derived from 72 samples

of wild populations representing 42 species. We used the

binomial test to determine whether the number of male and

female births for each species differed significantly from unity.

To assess the factors that affect BSR, we carried out partial

regression analyses using Alan Grafen’s Phylogenetic

Regression programme implemented in the SAS statistical

software package (http://users.ox.ac.uk/wgrafen/phylo/index.

html, v. 7.0). The phylogeny used in these analyses was

created in the Newick style from the previously published

primate supertree (Purvis 1995; Purvis & Webster 1999). As

branch lengths were not available for all parts of this tree, we

allowed the phylogenetic regression programme to set branch

lengths using the default method. In addition, we allowed the

scaling parameter, r, to be set by the programme using

the maximum-likelihood method.

http://users.ox.ac.uk/~grafen/phylo/index.html
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For analyses of LRC, we excluded cooperatively breeding

species. We did not conduct phylogenetic analyses of

predictions derived from LRE because all of the cooperatively

breeding primate species are members of a single subfamily.

We used one-way ANOVAs to assess differences in BSRs

and size of groups between cooperative and non-cooperative

breeders.
m
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Figure 1. The meanCs.e. of BSRs in species in which females
are the primary dispersers (nZ8 species), both sexes disperse
(11 species) and males are the primary dispersers (37 species)
are shown. Only species with samples of births which exceed
100 were used to construct this graph.
3. RESULTS
The final dataset was composed of 217 samples represent-

ing 102 species and 45 genera, providing a total of 77 294

births. The estimates of BSRs ranged from 0.36 in woolly

spider monkeys (Brachyteles arachnoides) to 0.77 in

western tarsiers (Tarsius bancanus; meanGs.e.: 0.53G
0.07; see table 1 in the electronic supplementary material).

A similar distribution of values was observed in samples

derived from wild populations (meanZ0.50G0.02, range

0.26–0.76, NZ42). BSRs deviate significantly from unity

in 35 out of the 102 species we surveyed (35%; table 1 in

the electronic supplementary material), which is far more

than expected by chance if species are considered as

independent data points (binomial, p!0.0001).

The accuracy of BSR estimates is likely to be affected

by the size of the sample on which the estimates are based

(Palmer 2000). The number of births of known sex for

each species ranged from 17 to nearly 12 000, with an

average of 753G159. In wild populations, the sample

sizes of births of known sex ranged from 12 to 3021, with

an average of 283G89. The magnitude of sex ratio

skews was negatively related to the sample size (all data:

rZK0.2043, nZ102, pZ0.0394; wild data: rZK0.2940,

nZ42, pZ0.0588), with the largest skews coming from

species with the smallest numbers of births. However,

in samples with more than 100 births, there is no effect

of sample size on the magnitude of sex ratio skews

(rZK0.1996, nZ68, pZ0.1029; wild data: rZK0.2067,

nZ17, pZ0.4261). Thus, samples that exceed 100

provide reliable estimates of BSRs.
4. SEXUAL SIZE DIMORPHISM
No relationship was found between BSR and sexual size

dimorphism (F1,76Z0.151, pZ0.699). This result held

when the analyses were confined to species with samples of

100 or more births (F1,69Z0.0795, pZ0.779). An analysis

of data from wild populations also failed to find a

significant relationship between BSR and sexual size

dimorphism (F1,34Z0.792, pZ0.380).
5. LOCAL RESOURCE COMPETITION
BSR was found to differ significantly across dispersal

categories (F2,67Z5.421, pZ0.007). On average, BSRs are

biased towards females in species in which females are the

primary dispersers, unbiased in species in which both

the sexes disperse and biased in favour of males in species

in which males disperse (figure 1). The relationship also

held when the analysis was restricted to BSRs from wild

populations (F2,34Z4.251, pZ0.022). The relationship

remained when the analyses were restricted to species with

samples of 100 or more births (F2,60Z4.451, pZ0.016).

However, group size may contribute to these differences

because species in which both sexes disperse live in smaller

groups than other species (F2,65Z10.486, p!0.001).
Proc. R. Soc. B (2008)
When group size was controlled in the analyses, the

relationship between BSR and dispersal category remained

significant (figure 2; F2,67Z3.881, pZ0.025). This result

also held when using sex ratios from wild populations

(F2,33Z4.408, pZ0.020), and remained as a trend when

restricted to species with large samples of births (more

than 100 births: F2,59Z2.994, pZ0.058).
6. LOCAL RESOURCE ENHANCEMENT
Our dataset included 10 cooperatively breeding species.

The average sex ratio of these species was 0.54G0.01

(nZ9 species with a sample size greater than 100).

Cooperatively breeding species had significantly higher

sex ratios than other species in which both sexes disperse

(0.50G0.01, nZ11 species with sample size greater than

100; one-way ANOVA: F1,18Z5.02, pZ0.038), although

they lived in groups of approximately the same size (one-

way ANOVA: F1,18Z0.06, pZ0.809). We are unable to

replicate this analysis with data from wild populations

because we have data for only two cooperatively breeding

species in the wild.

We could not use phylogenetic methods to assess sex

ratio biases in cooperatively breeding species because all

cooperatively breeding species belong to the same

subfamily. However, we can evaluate BSR for one species

within the subfamily that does not breed cooperatively,

Callimico goeldii. For this species, the sex ratio is 0.51

(nZ1890 births), which falls just outside the 95% CI

of the mean BSR for cooperatively breeding members of

the subfamily.
7. DISCUSSION
BSRs in primate groups conform to predictions derived

from LRC and LRE models, but not to predictions based

on sex differences in investment costs. BSRs are not linked

to the extent of sexual dimorphism within species,

suggesting that BSRs do not reflect differences in the

costs of rearing male and female offspring or that

http://rspb.royalsocietypublishing.org/
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Figure 2. BSRs plotted against group size for those species in
which females disperse (nZ12 species; diamond), males
disperse (46 species; triangle) and both sexes disperse (22
species; circle). Cooperatively breeding species were excluded
from this graph.

1764 J. B. Silk & G. R. Brown Primate birth sex ratios

 on March 23, 2011rspb.royalsocietypublishing.orgDownloaded from 
investment costs need to be measured in a more sophisti-

cated way in primates (Brown 2001), as has already been

done for social insects (Boomsma 1989).

As predicted from the LRC model, dispersal patterns

were linked to BSRs in primate groups that do not breed

cooperatively. Species in which females are the primary

dispersers had female-biased BSRs, species in which males

are the primary dispersers had male-biased BSRs and

species in which both sexes dispersed were unbiased.

Although male dispersal predominates within the primate

order (Pusey & Packer 1987), female dispersal has evolved

in several distantly related taxa, including spider and

woolley monkeys (Ateles, Lagothrix and Brachyteles), red

colobus (Piliocolobus badius), various langurs and leaf

monkeys (Trachypithecus spp.), hamadryas baboons (Papio

hamadryas) and both species of chimpanzee (Pan troglo-

dytes, Pan paniscus). In each case, female-dispersing species

have lower sex ratios than other closely related species.

Sex ratios are biased towards males in cooperatively

breeding primate species. This corresponds to reports

which indicate that males are more active and effective

helpers than females in these species (Garber et al. 1984;

Baker et al. 1993; Koenig 1995; Bales et al. 2001). Thus,

females seem to bias BSR in favour of the more beneficial

sex, as predicted by some forms of the LRE model. BSRs

are higher in the cooperatively breeding members of the

subfamily Callitrichinae than in the only member of

the subfamily that does not breed cooperatively.

The patterns of BSRs reported here may result from

the selection on genetic factors that bias BSRs in a

species-typical manner or from facultative adjustment by

individual females to prevailing social or ecological

conditions. There is some evidence that female primates

facultatively adjust BSRs in response to the current levels

of LRC. Over a 30-year period, BSRs tracked fluctuations

in population density in a population of wild red howler

monkeys, Alouatta seniculus (Rudran & Fernandez-Duque

2003). BSRs were female-biased when population

densities were low and groups were small, but became
Proc. R. Soc. B (2008)
progressively more male-biased as population densities

increased, groups became larger and competition among

females over recruitment opportunities became more

intense.

It might also be profitable for females to facultatively

adjust their BSRs in relation to the size of their groups.

Griffin et al. (2005) predicted that groups with fewer

numbers of helpers would produce relatively more of the

more helpful sex. In wild dogs, Lycaon pictus, sex ratio

biases are most pronounced in litters produced by young

mothers (Creel et al. 1998; McNutt & Silk 2008). We do

not yet know whether maternal age or group size affects

BSR in cooperatively breeding primates, but this would be

an interesting issue to investigate.

The data presented here suggest that LRC and LRE

have more consistent impacts on BSRs in the primate

order than does variation in maternal condition (Brown &

Silk 2002; Silk et al. 2005). This corresponds to the results

of broader comparative analyses, which show that sex

ratio manipulation is generally more responsive to

forces that shape sex ratios at the population level, than

to forces that adjust sex ratios in relation to environmental

conditions that have sex-specific effects on offspring (West

et al. 2005). LRC may play an important role in shaping

BSRs in a wide range of mammalian taxa. Sex biases in

philopatry occur in species as diverse as white-nosed coatis

(Nasua narica: Gompner et al. 1997), spotted hyenas

(Crocuta crocuta: van Horn et al. 2003) and sperm whales

(Physeter macrocephalus: Christal & Whitehead 2001).

Also, in a number of species that are normally categorized

as ‘solitary’, adults typically forage alone, but kin occupy

overlapping home ranges (Waser & Jones 1983). For

example, female brushtailed possums (Trichosurus vulpe-

cula) settle within their mothers’ home ranges and

compete for access to den sites, while males disperse

further. In areas in which the extent of competition for

dens is high, sex ratios are more strongly biased in favour

of males (Johnson et al. 2001). Thus, it may be profitable

to explore further the effects of competition and

cooperation on BSRs in mammals.
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