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Abstract Several studies have documented the importance of social bonding for the
enhancement of individual fitness. However, little is known about how social relation-
ships develop through ontogeny, and whether their development follows the same
trajectory in males and females. Here we analyzed affiliative interactions (proximity,
social grooming, play) combined with demographic and genetic data in semi-free-
ranging rhesus macaques (Macaca mulatta) on Cayo Santiago over their first 4 yr of
life (from birth to sexual maturation) to understand how these interactions change
through development in both sexes. Generalized linear mixed models revealed that
social behaviors mostly followed different developmental trajectories in males and
females and were highly dependent on the social context. In particular, sex differences
in social behavior varied through development depending on the partner’s sex and age.
Females engaged in more social interactions than males, especially with other females,
and were more involved in grooming around the time of maturation. In contrast, males
interacted more with males and age peers, especially around maturation. Sex differ-
ences in social behavior varied through development, but also depended on rank,
partner’s rank, and kin line, although not consistently. High-ranking individuals,
especially older females, were generally preferred as social partners. Moreover, both
male and female individuals interacted mostly with maternal kin, although males also
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preferred paternal kin over nonkin. Importantly, most developmental changes in soci-
ality happened when individuals were ca. 2 yr old, suggesting that this might be a
milestone in the development of sociality in rhesus macaques. The only notable
exception to this pattern was play, which was more pronounced in males from the
beginning of their lives. We propose that play might serve as a trigger of sex differences
in social behavior, with sex differences emerging early in development and increasing
through time as males and females gradually grow into their adult social roles.
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Social relationships

Introduction

Several studies have shown that primates form strong and enduring social bonds with
their conspecifics (Lehmann and Boesch 2009; Silk et al. 2012). Although strong social
relationships are typically observed between genetically related individuals (Chapais
2001; Silk 2002a), long-term cooperative relationships are also common between
unrelated individuals (Seyfarth and Cheney 2012; Silk 2002b). The existence of strong
social relationships among nonkin has long been considered an evolutionary puzzle
(Cheney 2011; Clutton-Brock 2009; Seyfarth and Cheney 2012). However, recent
evidence has shown that the quality of social relationships plays a crucial role in
enhancing primates’ fitness even when social relationships involve nonkin. The quality
of female baboons’ social relationships, for example, positively affected their ability to
cope with stressful events (Crockford et al. 2008; Engh et al. 2006a, 2006b; Wittig
et al. 2008) and increased offspring survival (Silk et al. 2003, 2009) and longevity (Silk
et al. 2010). Similarly, enduring social relationships enhanced reproductive success in
male macaques (Schülke et al. 2010).

Given these premises, it is not surprising that group-living primates are characterized
by a complex network of social relationships. However, few studies so far have
explored how social relationships develop through ontogeny, and especially whether
sex differences exist in the development of these relationships. There is evidence that
some aspects of sociality change through development in a similar way for both sexes.
For example, both male and female Japanese macaques (Macaca fuscata) showed a
decrease in the variety of social behaviors exchanged with their mothers after the first
year of life and mostly groomed each other as they grew older (Nakamichi 1989).
Similarly, in chimpanzees (Pan troglodytes) the percentage of time dedicated to social
grooming of other group members increased with age for both male and female
juveniles (Lonsdorf et al. 2014), whereas in patas monkeys (Erythrocebus patas) the
time spent playing decreased with age in both sexes (Rowell and Chism 1986).

There is also evidence that patterns of social relationships differ between adult males
and females. In female philopatric species adult females have very strong social bonds,
e.g., rhesus macaques (Kapsalis and Berman 1996), capuchins (Cebus capucinus: Perry
1996), vervets (Cercopithecus aethiops: Seyfarth 1980), savannah baboons (Papio
cynocephalus: Seyfarth 1976; Silk et al. 1999). In male philopatric species, in contrast,
adult males form the strongest social bonds, e.g., red colobus (Colobus badius:
Struhsaker and Leland 1976), spider monkeys (Ateles geoffroyi: Slater et al. 2009),
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muriquis, Brachyteles arachnoids: Strier et al. 2002; chimpanzees: Gilby and
Wrangham 2008; Nishida 1979; Watts 2000a, b; cf. Lehmann and Boesch 2008, 2009).

In several primate species sex differences in bonding strength appear before adult-
hood (Cords et al. 2010; Nakamichi 1989; Nikolei and Borries 1997; Pereira 1988; van
Noordwijk et al. 1993; see Fedigan 1982), whereby the dispersing sex appears to form
looser social relationships from the first years of life onward (Andres et al. 2013; Frère
et al. 2010; Kulik unpub. data; Stumpf et al. 2009). Moreover, sex differences in play
are widespread in juveniles, with males playing generally more than females (Meredith
2013). The fact that sex differences are rather consistent across species and partially
emerge early on during infancy (Glick et al. 1986; Lonsdorf et al. 2014; Milton 2002;
Nakamichi 1989; cf. Eaton et al. 1986) might suggest that they are not flexible, but
preponderantly genetically encoded, or that environmental effects act prenatally or very
early in life (Cords et al. 2010; Lonsdorf et al. 2014; Roney and Maestripieri 2005). For
example, young male spider monkeys developed species-typical social patterns despite
any male model being present in the isolated population studied, which suggests
intrinsic sex differences in social behavior (Milton 2002; for a similar conclusion, see
Eaton et al. 1986; Roney and Maestriperi 2003).

There is also evidence that important sex differences in social behavior emerge later
in infancy (Japanese macaques: Eaton et al. 1986; Nakamichi 1989; patas monkeys:
Rowell and Chism 1986; blue monkeys (Cercopithecus mitis stuhlmanni): Cords et al.
2010; chimpanzees: Lonsdorf et al. 2014). Through ontogeny, for example male
monkeys decreased the time spent with their mothers more than females did
(Japanese macaques: Eaton et al. 1986; Nakamichi 1989; patas monkeys: Rowell and
Chism 1986), but increased the time spent with male age peers (Nakamichi 1989).
Moreover, through ontogeny females increased the time spent grooming and decreased
the time spent playing more than males did (Eaton et al. 1986; Nakamichi 1989), and
male chimpanzees reached a peak in social play earlier than females (Lonsdorf et al.
2014). Further, males began to show increased distances from their mothers at the end
of their infancy and thereafter maintained farther distances than females (Lonsdorf et al.
2014). In blue and patas monkeys, females were found in spatial proximity of other group
members more often than males, especially when older (Cords et al. 2010; Rowell and
Chism 1986). Through ontogeny blue monkey females also associated with infants more
than males did, whereas males preferentially associated with other juvenile males (Cords
et al. 2010). Depending on their sex and age, therefore, young individuals flexibly use a
variety of behavioral strategies to interact with their partners, possibly to best fit the sex-
specific social roles that are typical of their adult lives (Eaton et al. 1986; Nakamichi 1989).

Although previous studies provide valuable information on the development of
social relationships in both sexes, they also have important limits. For example,
statistical constraints did not allow exact determination of when sex differences in
social behavior appear during ontogeny. Moreover, social behavior in nonhuman
primates varies depending on the partners’ sex, kinship, rank, and age, which needs
to be taken into account to understand how social preferences develop during ontogeny
and how sex-specific differences arise depending on the social context (Cords et al.
2010) Adult philopatric females, for example, preferentially interact with other females
(Kapsalis and Berman 1996; Perry 1996; Seyfarth 1976, 1980; Silk et al. 1999).
Moreover, philopatric females bias their bonds toward maternal kin (Chapais 2001;
Silk 2002a, 2009) and in some species also toward paternal kin as compared to nonkin
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(Charpentier et al. 2007; Widdig et al. 2001, 2002), in particular, when maternal kin are
not available (Silk et al. 2006). Primates also compete to interact with high-ranking
individuals (Schino 2001; Seyfarth 1977; Tiddi et al. 2012), and preferentially interact
with age peers if partners of different ages are present in the group (Nakamichi 1989;
Suomi 2005; Widdig et al. 2001). All of this evidence suggests that, depending on the
composition of their social group, primates actively select their interaction partners
(Berman et al., 1997; Lonsdorf et al. 2014; Silk et al. 2006; Suomi 2005). Although
sociality plays such an important role in primate social systems, no study has so far
analyzed how sex differences in social behavior change from birth to maturation while
taking partners’ sex, age, rank, and kinship into account.

We conducted our study on rhesus macaques, which live in multimale, multifemale
groups, with females being philopatric (Gouzoules and Gouzoules 1987) whereas
males disperse at puberty (Colvin 1983; Lindburg 1969). Breeding is seasonal
(Drickamer 1974), and both males and females mate with several partners (Lindburg
1971). Given the complexity of their social life, rhesus macaques are therefore an ideal
model to study how sex differences in social behavior emerge during ontogeny.

The aim of this study was therefore to investigate sex differences during the
development of social relationships. We extended previous studies by analyzing
affiliative behavior observed between birth and sexual maturation, i.e., covering the
entire developmental phase, in relation to several important predictors and using
powerful multivariate statistical tools. Long-term behavioral data allowed us to inves-
tigate whether sex differences are present since birth or whether they develop through
time as a function of the social context and experience acquired. In particular, we
observed affiliative behavior (proximity, grooming, and play) and analyzed whether
affiliation patterns follow different developmental trajectories in males and females.
Based on the literature reviewed in the preceding text, we hypothesized most social
behaviors to gradually differ between sexes through development (H1), with philopatric
females being more socially integrated than males especially around maturation. In
particular, we predicted females to increase the frequency of (H1a) grooming and (H1b)
spatial proximity through development, more than males, and (H1c) males to play more
than females, especially in the first years of life. We also hypothesized that the
development of sex differences in social behavior to strongly depend on the social
context (H2). In particular, we predicted focal subjects to preferentially interact with
partners having (H2a) the same sex, (H2b) a similar age and (H2c) being maternally
related, across all behaviors observed. Finally, we predicted high-ranking focal subjects
and partners to be more involved in social interactions than low-ranking conspecifics
(H2d).

Materials and Methods

Study Population and Subjects

We conducted our study on the rhesus macaque population of Cayo Santiago, a 15.2-ha
island offshore Puerto Rico. All monkeys on the island are direct descendants of the
409 founder animals captured in India at various locations in 1938 (Rawlins and
Kessler 1986). Although no individual has been added to the population except through
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natural births, pedigree data show no evidence of inbreeding over time (Widdig unpub.
data). The population is managed by the Caribbean Primate Research Center (CPRC)
and is partly provisioned; however, ca. 50 % of feeding time is spent on natural
vegetation (Marriott et al. 1989). Demographic data including the date of birth, date
of death and sex of focal subjects, as well as group membership and the number of
maternal kin have been continuously recorded by CPRC census takers since 1956.
Male dispersal was noted by census takers and subsequent group membership was
checked for ≥2 mo after dispersal: if the dispersing male remained in the same new
group during that time, the first day he was seen in the new group was defined as the
date of immigration. The interbirth interval for females in this population is ca. 1 yr,
with females mostly giving birth to a single offspring (Rawlins and Kessler 1986).
Infants can be easily assigned to nonoverlapping birth cohorts, although infants from
the same cohort can differ up to 6 mo in age. Data from captivity report that in rhesus
macaques females reach sexual maturation between 2.5 and 3.5 yr of age (Zehr et al.
2005) and males between 3 and 3.5 yr of age (Dixson and Nevison 1997). In our study
population, the youngest reported mother was 2.9 yr old (Bercovitch and Berard 1993)
and the youngest sire was 3.8 yr old (Bercovitch et al. 2003), although substantial
interindividual variation in sexual maturation is expected (Bercovitch and Goy 1990).
Males were leaving their natal group between 3 and 5.5 yr of age (median age = 4.5 yr)
(Berard 1990).

During the study period (from October 2004 to August 2008), our study troop
(group R) consisted of 78.53 ± 5.77 (mean ± SD) adult females and 47.87 ± 7.11 (mean
± SD) adult males across study years. Starting immediately after birth, we followed all
55 focal subjects (26 females and 29 males) born in the birth cohort 2005 (hereafter
focal subjects). A total of 28 focal subjects (15 females, 13 males) survived until they
reached maturation and the study was completed, while 13 died during the study period
for unknown reasons and 16 subjects were removed by the CPRC owing to colony
management. Over the entire study period group R consisted of a total of 522 potential
social partners for our focal subjects (hereafter focal partners). All group members,
including focal subjects, were recognized on an individual basis using natural markings
and tattoos.

Behavioral Data

Using focal animal sampling (Altmann 1974), we collected a total of 3543 observa-
tional hours over the entire study period, resulting in 64.42 ± 37.33 h (mean ± SD;
range 8.3–95.3 h) per focal subject. We recorded no more than one 20 min sample per
day and focal subject, with focal observations being evenly distributed over the day and
balanced weekly among subjects. During each sample we continuously recorded
affiliative interactions between the focal and all other group members. In this study,
we particularly analyzed data on grooming and play. In addition, we recorded spatial
proximity, i.e., neighbors of the focal subject within a 2.0 m range, based on point time
samples taken every 4 min (including the start) during focal samples. For each
interaction involving the focal subject we also recorded whether or not the mother of
the focal subject was present within a 2.0 m range of the focal subject. Finally, we
collected ad libitum data (Altmann 1974) on displacement, aggression, or submission
among adult males and females to construct dominance hierarchies (see later). A.
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Widdig, D. Langos, and two field assistants collected the data. Interobserver reliability
tests ranged between 90 and 97 %, with subsequent assistants conducting simultaneous
focal samples with A. Widdig or D. Langos, respectively (Kaufman and Rosenthal
2009). We used Psion WorkaboutTM handhelds and processed the collected data with
Observer software (version 5.0). All observers were blind to paternity across the entire
study period.

Parentage Assignment and Determination of Kinship

For parental assignment we used the long-term genetic database of this population,
which was first implemented in 1992 and continuously extended since (Kulik et al.
2012; Nürnberg et al. 1998; Widdig et al. 2001, 2006). Nearly the entire present
population has been systematically sampled by collecting hair, blood, tissue, or fecal
samples for DNA extraction. For our study we were able to sample all 55 focal subjects
plus 445 of all 522 (95.79 %) individuals belonging to our study group during this
study.

We derived maternity from long-term field observations and it was genetically tested
whenever a sample was available. For all 55 focal subjects we were able to
genetically confirm the behaviorally assigned mother. We determined paternity by
using a combination of exclusion and likelihood analyses, considering as potential
sires all mature males present on the island around conception for a given infant. We
also assigned maternal and paternal grandparents to increase the power of our kinship
data. Based on these parentage assignments we used pedigree information up to the
grandparental generation to establish kin relationship for all dyads (classified either as
maternal kin, paternal kin, or nonkin). For more details on how parentage assignment
and determination of kinship were implemented, please see the Electronic
Supplementary Material (ESM).

Establishing Dominance Hierarchies

We calculated the male dominance hierarchy using the Elo method (Elo 1978;
Neumann et al. 2011) and an R function written by L. Kulik. In this way, we estimated
individuals’ competitive abilities by considering agonistic interactions sequentially
over time, whereby the outcome of these interactions continuously updated the scores
used to estimate competitive abilities (Neumann et al. 2011). The results we obtained
from the Elo method correlated highly (Spearman’s rank correlation: N = 65 individ-
uals, ρ = 0.64, P < 0.001) with other commonly used ranking methods such as I&SI,
which minimizes the number of inconsistencies (I) within a dominance matrix and
subsequently the strength of inconsistencies (SI) (de Vries 1998; Neumann et al. 2011).
The adult female hierarchy was also based on the outcome of dyadic agonistic
interactions collected in 1997 and calculated using the I&SI method (de Vries 1998;
as used in Widdig et al. 2001). Given that the dominance relationships among sexually
mature females were largely stable over time (as confirmed via ad libitum sampling
over our entire study period), we assigned focal subjects an individual rank according
to the rank of their mother, with offspring of the same female ranking directly below
their mother and inverse to birth order (Chapais 1992; Datta 1988; Pereira 1995). We
calculated the individual rank on a daily basis to control for minor rank changes due to
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births and deaths. We standardized the ranks of males and females (including focal
subjects) separately per day to a range from 0 to 1 (lowest to highest ranking).

Data Analyses

To analyze what affects the ontogeny of sociality in immature rhesus macaques we used
generalized linear mixed models (GLMMs; Baayen 2008). For each of three different
behaviors, i.e., grooming, play, and proximity, we calculated a model with an identical
set of predictors (see below). Data preparation included several steps. For each behavior
we first determined the frequency of events for each day and dyad involving a focal
subject and any of the individuals present in our study group based on the demographic
records. We further differentiated between interactions with mothers being within or
outside of a 2.0 m range from the focal subject. As most of the derived frequency
values were 0, we transformed these values into a binary variable by setting all values
>0 to 1. We then calculated the frequency of all these daily values over 3 mo periods
(determined based on the focal subject’s age), leading to a total of 301,694 data points,
i.e., including one data point per quarter for each potential focal-partner dyad per
mother-presence condition.

To model the probability of grooming (or other behaviors, respectively), we used the
number of days with grooming vs. the number of days without grooming (or play, or
shared spatial proximity) for each 3 mo period as the binomial response variable. To
analyze whether focal subject’s sociality toward group members varied through ontog-
eny, we included subject age (averaged over the 3 mo period) in our model. Moreover,
for each subject we included squared age (as the relation between subject age and
grooming was expected to be nonlinear), sex, rank, and number of maternal kin (up to
the grandparent generation, 10.72 ± 6.55; mean ± SD). For social partners we included
partner’s rank, age difference between focal subject and partner (as age peers prefer-
entially associate with each other: see Widdig et al. 2001), and kin relation between
focal subject and partner, i.e., maternal kin, paternal kin, nonkin. As a control variable
we included the mother’s presence, as mothers can influence the behavior of focal
subjects, e.g., by exerting control over social partners (Langos et al. 2013). We also
included sex ratio and group size (averaged over the 3 mo period) as control variables,
as they have been shown to also affect focal subjects’ social behavior (Berman et al.
1997). Finally, we included the identity of both focal subject and partner as random
effects into the model. We did not control for proximity in grooming and play because
although both behaviors necessitate close proximity, close proximity does not auto-
matically lead to grooming or play and each behavior thus provides different informa-
tion about social relations than proximity per se.

We expected several interactions between these main effects to be significant, as the
study explored sociality over a long time frame, from birth to maturation of focal
subjects. Specifically, we included six three-way interactions, each of them including
the focal subject’s age/age squared (to explore ontogenetic changes in sociality) and the
focal subject’s sex (as sociality might vary between the philopatric and dispersing sex).
As a third variable in the three-way interactions, we included 1) partner’s rank, 2)
subject’s rank, 3) partner’s sex, 4) age difference between subject and partner, or 5) kin
relation between subject and partner, as each of these variables might affect sociality in
primates (Range and Noë 2002; Seyfarth 1976, 1977); subject’s rank (Schino 2001;
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Seyfarth 1977); partner’s sex (Perry 1996; Seyfarth, 1976; Silk et al. 2006); age
difference (Widdig et al. 2001); kin relation (Chapais 2001; Silk 2002a, 2009; Smith,
2014); and 6) mother’s presence, which was included as a control and not interpreted
(cf.Mundry 2014). To achieve a valid model we also included all two-way interactions
covered by these interactions.

Our dataset was likely to show temporal autocorrelation (ac, i.e., residuals of data
points recorded closer to one another in time could be more similar to one another than
data points recorded further apart). This might lead to the violation of the assumption of
independent residuals and thus devalue the reliability of the model. Therefore, we
included two ac terms, one for the focal subject and one for the partner, to account
clearly for temporal ac in the data (for more details, please see ESM). We fitted the
models in R (version 2.15.0, R Development Core Team 2012) using the function lmer
from the R package lme4 (Bates et al. 2011). The models revealed the probabilities of
grooming, play, or spatial proximity, respectively, as we modeled the proportions of
days with grooming (or other behaviors, respectively) out of the total of all possible
days. The GLMM was fitted with binomial error structure and logit link function. For
eachmodel, we determined the statistical significance of the full model by comparing its
fit with that of the null model (comprising only the random effects and the autocorre-
lation terms) by using a likelihood ratio test (LRT; Dobson 2002) available as R function
anova, package stats. We also tested all terms in the models for their statistical signif-
icance by running additional LRTs, comparing the fit of the full model with that of a
reduced model lacking the particular term of interest but comprising all the other terms.
If an interaction did not reveal significance, we removed it from the model to reliably
interpret the lower terms included. Such removal was done only if the full-null model
comparison revealed significance (Barr et al. 2013; Schielzeth and Forstmeier 2009).

To check that the model assumptions were satisfied, we calculated variance inflation
factors (VIFs; Quinn and Keough 2002) by running models without the random effects.
The results revealed that collinearity was not an issue (largest VIF = 1.78). We
determined VIFs using the function vif of the R package car (Fox and Weisberg
2011). We considered P-values ≤ 0.05 significant. Although the incorporation of
random slopes into the model and a model stability estimation would reveal more
reliable P-values (Barr et al. 2013), we had to forgo this because of computational
power leading to the unfeasible calculation time of ca. 400 days. Likewise we had to
drop analyses on the initiation and reciprocity in maintaining social relations, which
would have required the incorporation of computation-intensive four-way-interactions.

Results

Overall, we were able to extract a total of 11,256 grooming (0.59 ± 1.55; mean ± SD
per focal subject and day) and 5540 play events (0.52 ± 1.81; mean ± SD per focal
subject and day) between the focal subjects and their partners over the study period. In
addition, we observed on average 1.43 ± 1.13; mean ± SD focal partners within 2 m
proximity to a focal subject in 62,367 recorded point time samples.

Null vs. full model comparisons revealed that the set of predictor variables used had
a clear influence on the respective behavioral responses for each of our three models
(LRT for proximity: χ2 = 75,790.0, d.f. = 50, P < 0.001; grooming: χ2 = 9284.6, d.f. =
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50, P < 0.001; play: χ2 = 8981.1, d.f. = 50, P < 0.001). The full results of each model
are reported in ESM (Tables SI, SII and SIII).

Our analyses revealed several significant three-way interactions of focal subject’s
age; focal subject’s sex; and one social context variable, i.e., partner’s sex, age
difference, focal subject’s rank, partner’s rank, or kin line, indicating that social
behaviors largely followed different developmental trajectories depending on the
subject’s sex and the social context. In the following we present the detailed results
depending on the social context variable.

Effect of the Partner’s Sex

We found a significant three-way interaction of focal subject’s age, focal subject’s sex,
and partner’s sex for all behaviors (for proximity: LRT: χ2 = 434.16, d.f. = 2, P < 0.001;
grooming: LRT: χ2 = 27.236, d.f. = 2, P < 0.001; play: LRT: χ2 = 32.189, d.f. = 2, P <
0.001). Both sexes had a higher probability of proximity, grooming, and play with
female partners, although male subjects switched their preference to male partners at
around 2 yr of age. While the probability of shared proximity generally declined over
time (Fig. 1), it increased for grooming (especially in females; Fig. S1) and play
(Fig. S2). We found that only for play had male focal subjects higher probabilities

Fig. 1 The development of sex differences in proximity, depending on the partner’s sex, in rhesus macaques
from 2004 to 2008 on Cayo Santiago, Puerto Rico. The lines represent the calculated model and the points the
binned and averaged observed values.
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than females from a very early age, preferentially playing with other males (and with
females only in the very first months of their lives).

Effect of Age Difference Between the Focal Subject and the Partner

Sex differences in social behavior during development depended on the age difference
between focal subject and social partner for all three behaviors (three-way interaction
focal subject’s age × focal subject’s sex × age difference, for proximity: LRT: χ2 =
48.634, d.f. = 2, P < 0.001; grooming: LRT: χ2 = 10.672, d.f. = 2, P = 0.005; play:
LRT: χ2 = 60.39, d.f. = 2, P < 0.001). In general, female focal subjects were closer to
social partners (Fig. S3) and were involved in more grooming events (Fig. 2) than male
focal subjects. Both sexes interacted more with age-peers than with other animals. This
preference increased for grooming over time, with a peak around 2 yr, although
grooming between female focal subjects and nonpeers generally increased. For prox-
imity (Fig. S3), the preference of both sexes for age peers was high at an early age and

Fig. 2 The development of sex differences in grooming, depending on the age difference between focal
subject and partner, in rhesus macaques from 2004 to 2008 on Cayo Santiago, Puerto Rico. The points
represent the mean response for each cell (white points have a mean below and black points have a mean
above the plane representing the model).
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decreased over time. In contrast, the probability of play with peers was already higher
for male subjects than for females at the very beginning of their lives, and until they
were older (Fig. S4).

Effect of the Focal Subject’s Rank

The focal subject’s rank had a different effect depending on the social behavior.
Generally, the older the focal subjects were, the more high-ranking focal subjects were
involved in social interactions. For grooming and play, this effect was much more
pronounced in females (three-way interaction focal subject’s age × focal subject’s sex ×
focal subject’s rank, for grooming: LRT: χ2 = 6.492, d.f. = 2, P = 0.039; play: LRT: χ2

= 11.352, d.f. = 2, P = 0.003). Grooming increased in the first 2 yr for male and female
focal subjects independently of their rank (but generally more for females), and later
decreased, except for high-ranking female focal subjects (Fig. 3). In males the proba-
bility of play decreased over time slightly more for high-ranking focal subjects (Fig. 4).

Fig. 3 The development of sex differences in grooming, depending on the focal subject’s rank, in rhesus
macaques from 2004 to 2008 on Cayo Santiago, Puerto Rico. The points represent the mean response for each
cell (white points have a mean below and black points have a mean above the plane representing the model).
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In females, the probability of play remained constant for low-ranking focal subjects and
decreased over time for high-ranking focal subjects (after reaching a peak around 2 yr),
so that around maturation low-ranking focal subjects played more than high-ranking
ones (Fig. 4). In both sexes, high-ranking focal subjects had a higher probability of
spatial proximity (two-way interaction focal subject’s age × focal subject’s rank: LRT:
χ2 = 124.08, d.f. = 2, P < 0.001), with low-ranking focal subjects having a lower
probability of sharing proximity as they got older (Fig. S5).

Effect of the Partner’s Rank

The partner’s rank had a different effect depending on the social behavior. Both male
and female focal subjects were closer to high-ranking partners throughout ontogeny,
but this tendency decreased over time, especially for male focal subjects (three-way
interaction focal subject’s age × focal subject’s sex × partner’s rank: LRT: χ2 = 7.309,
d.f. = 2, P = 0.026; Fig. 5). As both sexes got older, the probability of play with low-
ranking partners decreased, while the probability of play with high-ranking partners

Fig. 4 The development of sex differences in play, depending on the focal subject’s rank, in rhesus macaques
from 2004 to 2008 on Cayo Santiago, Puerto Rico. The points represent the mean response for each cell (white
points have a mean below and black points have a mean above the plane representing the model).
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increased (two-way interaction focal subject’s age × partner’s rank: LRT: χ2 = 14.349,
d.f. = 2, P = 0.001; Fig. S6). Finally, the probability of grooming with low or high-
ranking partners was balanced across focal subject’s sex and focal subject’s age.

Effect of Kin Line

The kin line had a different effect depending on the social behavior. In general, there
were higher probabilities for all behaviors to happen with maternal kin, with a peak of
interactions around 2 yr of age. In the first year, both sexes had a similar probability of
being in proximity to maternal kin, but then the probability decreased, especially for
male focal subjects (three-way interaction focal subject’s age × focal subject’s sex × kin
line: LRT: χ2 = 13.515, d.f. = 4, P = 0.009; Fig. 6). Spatial proximity with paternal kin
and nonkin was generally low in both sexes and across the four years (Fig. 6).
Similarly, focal subjects of both sexes had a higher probability of grooming and play
with maternal kin (two-way interaction focal subject’s age × kin line, for grooming:

Fig. 5 The development of sex differences in proximity, depending on the partner’s rank, in rhesus macaques
from 2004 to 2008 on Cayo Santiago, Puerto Rico. The points represent the mean response for each cell (white
points have a mean below and black points have a mean above the plane representing the model).
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LRT: χ2 = 24.455, d.f. = 4, P < 0.001; play: LRT: χ2 = 29.894, d.f. = 4, P < 0.001),
while the probability of grooming and play was very low for interactions with paternal
kin and nonkin (Figs. S7 and S8). Considering only maternal kin, the probability of
grooming decreased through ontogeny, especially for males (two-way interaction focal
subject’s sex × focal subject’s age LRT: χ2 = 27.852, d.f. = 2, P < 0.001; Fig. 7).
Independently of age, female focal subjects had a higher probability than male focal
subjects of exchanging grooming with maternal kin, while males preferred paternal kin
over nonkin as grooming partner more than females did (two-way interaction focal
subject’s sex × kin line: LRT: χ2 = 9.077, d.f. = 2, P = 0.011; Fig. S9). Male focal
subjects had a higher probability of play with maternal and paternal kin as compared to
female focal subjects independently of age, while both sexes showed roughly the same
probability of play with nonkin (two-way interaction focal subject’s sex × kin line:
LRT: χ2 = 33.016, d.f. = 2, P < 0.001; Fig. 8).

Discussion

In rhesus macaques, social behaviors largely followed different developmental trajec-
tories in males and females (supporting H1). Females had a higher probability of
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proximity (H1b) and grooming than males, especially around maturation (H1a), where-
as play was already more pronounced in males than in females at the very beginning of

Fig. 7 The development of grooming (only maternal kin are shown), depending on kin line, in rhesus
macaques from 2004 to 2008 on Cayo Santiago, Puerto Rico. The lines represent the calculated model and the
points the binned and averaged observed values.
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their lives (H1c). The development of these sex differences was not homogeneous, but
strongly depended on the social context (supporting H2), with social interactions
preferentially involving partners having the same sex (H2a), a similar age (H2b), being
maternally related (H2c), and high-ranking (H2d). Notably, most developmental chang-
es in social behavior took place when individuals were ca. 2 yr old, suggesting that this
might be a milestone in the development of sociality in this species.

Sex differences in social behavior varied through development depending on the
partners’ sex: female focal subjects generally had a higher probability of being in
proximity to and, at later ages, of grooming female partners (H2a). This probability was
generally higher for female than for male focal subjects, increasing around maturation
for females’ grooming (H1a), but not for proximity (partially rejecting H1b). These
findings confirm that philopatric females have stronger social bonds than dispersing
males, and that this is so already prior to sexual maturation (blue monkeys: Cords et al.
2010; Japanese macaques: Nakamichi 1989; patas monkeys: Rowell and Chism 1986;
long-tailed macaques: van Noordwijk et al. 1993). Interestingly, females seems to
become more independent through ontogeny, as the probability of shared proximity
was decreased through time, but at the same time to become strongly integrated in the
group, as the probability of grooming increased around sexual maturation.

Social behavior varied through development depending on the focal subject’s sex
and partner’s age. Both sexes preferred to be closer to age peers than to nonpeers over
time (H2b), but males more drastically reduced spatial proximity to nonpeers as
compared to females, especially around sexual maturation (H1b). Age proximity is
clearly an important factor for promoting social bonds (Janus 1989; Widdig et al.
2001), and in earlier studies male infant macaques were found to form closer social
bonds with their age peers (Berman 1982; Nakamichi 1989; Suomi 2005), which have
a higher chance of sharing the same father (Altmann 1979). Given that males ca. 2 yr of
age also start preferentially being in proximity to and grooming other males (H2a),
interactions with male age peers around sexual maturation might be a male strategy to
increase their chances to disperse with paternal kin (Albers and Widdig 2013; Widdig
et al. 2004). Reduced integration in the maternal family, together with a high attraction
for male age peers and other factors, might favor male dispersal around sexual maturity
(Nakamichi 1989). Female focal subjects, in contrast, preferred to groom age peers
especially at ca. 2 yr of age, but then increased the probability of grooming with
nonpeers around maturation, suggesting that age peers might not be as important for
females at this age (partially rejecting H2b). Finally, both male and female focal subjects
preferred to play with age peers (H2b), as they possibly match best in terms of body size
and social skills (Fagen 1981; Fairbanks 1993; Maestriperi and Ross 2004).

Through ontogeny, the probability of being in spatial proximity remained constant
for high-ranking individuals in both sexes, while it generally decreased for low-ranking
individuals (H2d). These results confirm that high-ranking individuals are the preferred
partners in social interactions (Chapais 1983; de Waal and Luttrell 1986; Fairbanks
1980; Mehlman and Chapais 1988; Oki and Maeda 1973; Pereira 1988; Seyfarth 1976,
1977; Silk et al. 1981; Tiddi et al. 2012), especially when they approach sexual
maturation and might more effectively provide agonistic support and other rank-
related benefits (Seyfarth 1977; Tiddi et al. 2012). Similarly, female focal subjects
had a higher probability of grooming than males, especially as they got older (H1a), but
only high-ranking female focal subjects continuously increased the probability of
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grooming throughout development (H2d). In contrast, low-ranking females and males
played slightly more than high-ranking individuals around sexual maturation (partially
rejecting H2d). Given that social play promotes social integration in infants (Bekoff and
Byers 1998; Fagen 1981; Koyama 1985; Meaney et al. 1985), it is possible that low-
ranking individuals, having limited access to others as compared to high-ranking
individuals, might rely more on play to explore possibilities of social bonding with
others (Baldwin and Baldwin 1974; Fairbanks 1993; Maestriperi and Ross 2004;
Nakamichi 1989; cf. French 1981).

Individuals generally preferred to be in spatial proximity to high-ranking partners,
but were not preferentially involved in grooming with them. It is plausible that the
ability to discriminate among partners becomes more selective through ontogeny, as
primates acquire the social skills that allow them to interact with group members in the
complex ways adults do (Bergman et al. 2003; Cheney and Seyfarth 1986, 1999; Gunst
et al. 2010; Lonsdorf and Ross 2012; Ross and Jones 1999; Suomi 2005; Tomonaga
et al. 2004). Very young infants might not have the ability to differentiate between low-
and high-ranking partners, and may acquired it only as they get older, playing less with
low-ranking partners. At the very beginning of the infants’ live, the higher probability
of proximity to high-ranking partners might be a simple by-product of spatial proximity
to their adult mothers, who likely prefer to interact with high-ranking partners (Chapais
1983; de Waal and Luttrell 1986; Fairbanks 1980; Mehlman and Chapais 1988; Oki
and Maeda 1973; Pereira 1988; Seyfarth 1976; Silk et al. 1981). Alternatively, it might
be that very young infants can already discriminate partners, but they are too young to
impose their partner preferences toward other group members. In both cases, individ-
uals would become more selective only when getting older. Future studies should
address whether specific cognitive changes correspond to the increased preference for
high-ranking partners.

The kin line also affected the probability of grooming and play through develop-
ment, but in a similar way for both sexes. Individuals interacted mostly with maternal
kin, i.e., being in proximity, playing and grooming with maternal kin more than with
paternal kin and nonkin (H2c). However, proximity and grooming with maternal kin
decreased for both sexes (especially for males) over time, as the number of unrelated
partners in their social networks likely increased. These results are not surprising, as
mothers (but not fathers) continuously associate with their offspring even after
weaning. Accordingly, individuals become more familiar with maternal kin and tend
to interact more with maternal than with paternal kin (Widdig 2007, 2013). However,
male individuals were also more affiliative to paternal kin than nonkin, confirming that
some species recognize paternal kin (Charpentier et al. 2007) from an early age.
Females, in contrast, did not preferentially interact with paternal kin as compared to
nonkin, and also had a higher probability than males to be closer to maternal kin. This
is in line with the idea that male infants are less integrated than female infants in their
matrilineal family (Eaton et al. 1986; Kulik unpub. data; Nakamichi 1989) and
therefore have to search for alternative social partners outside of their maternal family.

Our results suggest that major developmental changes in social behavior might
happen in rhesus macaques at ca. 2 yr of age. Although sex differences in play behavior
appeared in the first year of life, it was only around 2 yr of age, for example, that
individuals showed a peak in grooming. After 2 yr of age, males preferred to be closer
to males and groom with them, while females no longer preferred to groom age peers.
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These are crucial changes that might allow individuals to best prepare for their social
role depending on their sex (Koyama 1985; Nakamichi 1989; Roney and Maestriperi
2003, 2005; Suomi, 2005). These results therefore suggest that around 2 yr of age
individuals might experience a social Brevolution,^ in which sex differences in social
behavior become stronger and individuals start behaving more similar to adults.
Around this time, rhesus macaques might have possibly acquired the cognitive and
emotional skills and experiences that are required to interact with group members in the
complex ways adults do (cf. Cheney and Seyfarth 1986, 1999; Gunst et al. 2010; Ross
and Jones 1999; see Lonsdorf and Ross 2012; Tomonaga et al. 2004). Indeed, other
studies on rhesus macaques (Suomi 2005) and other macaque species with a similar life
history (Eaton et al. 1986; Gunst et al. 2013; Nakamichi 1989; Suomi 2005) have
reported important changes in social interactions around this age, suggesting that this
might be a key milestone in the development of sociality in macaques. It is tempting to
consider this life stage as a Bprepubertal phase,^ in which important hormonal changes
start taking place (Stephens and Wallen 2013). We suggest that in this phase macaques,
like human adolescents (Beltz and Berenbaum 2013; Blakemore et al. 2009; Liben
et al. 2002; Negriff and Susman 2011), might be finally able to produce the behavioral
patterns typical of adulthood, but do so with higher intensity. Future studies should
address the possible benefits of such an increase in the intensity of social interactions,
and whether these changes are also accompanied by other important changes in
cognitive and emotional skills, as shown in humans (Beltz and Berenbaum 2013).

Although most behavioral patterns drastically changed shortly before 2 yr of age,
play constituted an important exception. Play did indeed differ between sexes from the
very beginning, being more pronounced in males throughout ontogeny, especially in
the first years of life (H1c); as in Koyama 1985; Lonsdorf et al. 2014; Nakamichi 1989.
This is also in line with other studies showing that males play more than females do
(rhesus macaques: Brown and Dixson 2000; Japanese macaques: Eaton et al. 1986;
blue monkeys: Förster and Cords 2005; olive baboons, Papio anubis: Owens 1975;
chimpanzees: Lonsdorf et al. 2014; gorillas, Gorilla gorilla: Brown, 1988; reviewed in
Fagen 1993; Roney and Maestriperi 2003). This very early emergence of sexual
differences in social play suggests that play might have an important role as a trigger
of future sex differences in social behavior. During play, individuals learn to respond
appropriately to others’ behavior and practice subsequent adult skills (Burghardt 2005;
Kuczaj and Horback 2013). By playing differently, individuals of both sexes learn
different responses, incur different experiences, and possibly also develop different
ways of interacting with others. Future studies should further explore this hypothesis
and the potential role of play as a trigger of sex differences in social behavior.
Moreover, future studies could more carefully differentiate how different forms of play,
e.g., with more or less physical contact, develop in both sexes depending on the social
context.

In conclusion, our study showed important changes in the development of ma-
caques’ social behavior, which were mostly different in females and males and highly
dependent on the social context. Although the first sex differences in social behavior
appeared in the first year of life, especially in terms of play, sex differences steadily
increased throughout infancy. This suggests that the first years of development repre-
sent the first social arena to practice sex-specific social roles, with males and females
further differentiating their behavior and gradually growing into their social roles. In the
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future it will be necessary to explore how the development of social bonding is related
to changes in individuals’ fitness, and the extent to which the psychological and
emotional changes occurring in nonhuman primates during the prepubertal phase are
comparable to those that occur in humans. Given the importance of the social context
for the emergence of sex differences in social behavior, future studies will also benefit
from taking social context into account in their analyses.
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