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Abstract The importance of behavioral flexibility for under-
standing primate ecology and evolutionary diversity is becom-
ing increasingly apparent, and yet despite the abundance of
long-term studies across diverse sampling localities, we still
do not understand the myriad factors responsible for among-
site variation in species’ social organization. The goals of our
study were to address this question via three main objectives:
to quantify social organization flexibility (i.e., across-site in-
traspecific variation) of well-studied primate species, test the
idea that closely related species exhibit similar levels of flex-
ibility, and test hypotheses explaining variation in social or-
ganization flexibility among primate species. We obtained
data for a total of 175 study sites from 32 primate species
representing all major primate clades. We employed phyloge-
netic principal components analysis to quantify social organi-
zation flexibility for each species. We quantified the phyloge-
netic signal in social organization flexibility and then evalu-
ated the best predictors of flexibility. We found that mean

group size was positively related to social organization flexi-
bility. Large social groups may be more flexible because the
foraging costs and predation risk associated with adding or
subtracting individuals are lower compared to small social
groups. There was some support that absolute brain size and
the presence of fission–fusion dynamics were also related to
high levels of social organization flexibility, suggesting that
cognitive ability and/or within-site behavioral flexibility may
also lead to increased variation across sites. Our results serve
as an early step in understanding the patterns and processes
related to social organization flexibility in primates and other
social mammals.

Keywords Socioecology . Behavior . Phylogenetic
generalized linear models . Biogeography . Geographic
variation

Introduction

Early comparative studies of animal behavior sought to un-
derstand the adaptive value of behavioral traits and how these
traits evolved (Lorenz 1950; Tinbergen 1963). These first
investigations compared behavioral patterns across species,
assuming that the traits displayed by a single group or popu-
lation were representative of the species’ “norm”; intraspecific
variation exhibited among populations was considered un-
important “noise” (Lorenz 1970; Mayr 1976). Some re-
searchers, however, argued that intraspecific behavioral vari-
ation was due to selective forces. Leyhausen (1965), for
example, proposed that the flexibility in the social behavior
of feral domestic cats (Felis domesticus) could be used as a
model system to understand behavioral variation. Soon after,
several additional species were also recognized for their high
degrees of behavioral flexibility (Struhsaker 1967).
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Eisenberg et al. (1972) were among the first to stress the
possible importance of intraspecific variation on a broad com-
parative scale by emphasizing the use of modal categories
when describing primate social structures. Later research also
incorporated intraspecific variation into the mating system
theory (Emlen and Oring 1977; Oring 1982). Intraspecific
variation in primates has since been examined at several
different levels of analysis, including among age/sex classes,
across seasons or generations (temporal) within a single site,
among groups within a single site, and among sites or popu-
lations (geographic) (Table 1). However, despite its impor-
tance to understanding broad-scale patterns of diversity, stud-
ies examining intraspecific variation in primate behavior and
ecology are comparatively sparse (Foster and Endler 1999;
Kappeler et al. 2013), and the large majority of comparative
studies have continued to focus on species’ norms (e.g., mean
values) at the interspecific level (Clutton-Brock and Harvey
1977; Terborgh 1983; Sterck et al. 1997; Lee 1999; Nunn
1999; Kamilar et al. 2010).

While broad-scale interspecific studies are critically impor-
tant for quantifying behavioral and ecological variation and
testing evolutionary hypotheses (e.g., social organization and
behavior: DiFiore and Rendall 1994; allomaternal care: Ross
and MacLarnon 2000; Thierry et al. 2000; Tecot et al. 2012;
social organization, ecology, and life history: Kamilar and
Cooper 2013), they fail to consider the variable selection
pressures at the intraspecific (i.e., population) level under
which primate sociality has evolved (Strier 2009). Moreover,
we have little idea how intraspecific variation translates into
patterns at the interspecific level (Chapman et al. 2002), or
whether similar factors drive intraspecific variation across
species. For instance, does increased across-site variation in
environmental conditions such as temperature or rainfall lead
to increased intraspecific variation in social organization? And
do these factors equally influence social organization flexibil-
ity across primate species? The goal of this study is to there-
fore incorporate measures of intraspecific variation in primate
social organization into a broader interspecific comparative
analysis to ask the question: Why do some primate species

vary more in their social organizations than others? We follow
the definition of social organization presented by Kappeler
and van Schaik (2002), “the size, sexual composition and
spatiotemporal cohesion of a society” (see “Methods” for
more details).

Socioecological theory predicts that variation in primate
social relationships should be explained by ecology, that is,
social relationships and associated aspects of social organiza-
tion should vary according to the diversity, abundance, and
distribution of food resources within a given habitat (van
Schaik 1989; Sterck et al. 1997; Koenig 2002). Likewise,
social organization should also depend, at least in part, on
the pressures exerted by the predator community (van Schaik
et al. 1983), a factor which should also vary across sites when
environmental conditions and associated habitats differ (Reed
and Bidner 2004). Accordingly, we predict that a species’
social organization should reflect the environment in which
it lives, and thus, species whose distributions include more
environmental variation (and by proxy, more habitat types)
should display greater social organization flexibility (i.e.,
greater geographic or across-site variation in their social orga-
nizations) than those restricted to one or a few habitat types
(Fig. 1). Furthermore, some species exhibit substantial spatio-
temporal variation in their grouping patterns within a given
site (i.e., fission–fusion social dynamics; sensu Aureli et al.
2008), patterns that have been, in part, related to environmen-
tal variables (e.g., within-site resource availability, predator
pressure) (Chapman et al. 1995; Lehmann and Boesch 2005).
Thus, we also predict that taxa that are typified by high levels
of within-site fission–fusion social dynamics should also dis-
play relatively greater across-site variation in their social
organization because their typical grouping patterns are al-
ready quite flexible.

In addition, we predict that species living at sites charac-
terized by high rainfall seasonality should exhibit relatively
higher levels of social organization flexibility because variable
environments may select for species with alternate ecological
strategies (Moran 1992; Lee and Kappeler 2003). This hy-
pothesis differs from the earlier environmental variation

Table 1 Types of intraspecific variation in primate behavior and ecology

Type of variation Traits Examples

Between age/sex classes Ontogeny of behavior and ecology, diet, ranging,
habitat use

Harrison (1983); Rose (1994); Kamilar and
Pokempner (2008)

Temporal—seasonal Diet, activity budget Terborgh (1983); Ganzhorn et al. (2003);
Brockman and van Schaik (2005)

Temporal—across generations Social organization, demography, life history Altmann (2000); Borries (2000); Kappeler and
Watts (2012)

Geographic—among groups within a site Social organization, life history, foraging,
reproductive output

Altmann and Alberts (2003); Borries et al. (2008)

Geographic—across sites or populations Social organization, diet, activity budget, culture Cords (2000); Struhsaker (2000); Ossi and
Kamilar (2006); Kamilar and Atkinson (2014)
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hypotheses because a species may be distributed among
one or a few, albeit highly seasonal habitat types, and
will therefore display high within-site, but little across-site
environmental variation.

Group size itself may also be an important predictor of
social organization flexibility. Janson and Goldsmith (1995)
found that the relative costs of foraging are lower in medium-
to large-sized groups than in small groups. Although they
suggest that this effect is stronger in frugivorous primates
(due to increased feeding competition), subsequent re-
searchers have argued that folivorous species may also expe-
rience strong feeding competition due to their selective con-
sumption of (young) leaves (Snaith and Chapman 2007). For
this reason, we predict that primates living in large social
groups should display greater social organization flexibility
because large social groups have fewer costs associated with
changes in group size.

Finally, beyond the far-reaching effects of a species’ ecol-
ogy, previous work has tied intertaxonomic differences in
social complexity, dietary flexibility, and the ability to adjust
to novel situations to a species’ cognitive capacity (Clutton-
Brock and Harvey 1980; Milton 1988; Dunbar 1992; Barton
2000). Thus, for our final hypothesis, we predict that larger
brained species, and by proxy species having relatively higher

cognitive abilities, should display greater across-site variation
in their social organizations than others.

We used a phylogenetic comparative approach to test these
predictions using a sample of 32 primate species for which
there are high quality data documenting their ecology and
social organization from several different study sites, as well
as reliable measures of both absolute and relative brain size.
We first quantified intraspecific variation in social organiza-
tion across studies/sites. We then examined this variation
within an evolutionary context by calculating its phylogenetic
signal. Finally, we tested several hypotheses explaining inter-
specific variation in social organization flexibility.

Methods

Ecological and social organization data were gathered from
the literature for 32 primate species from a total of 175 study
sites (Electronic SupplementaryMaterial Table 1). Our dataset
included 27 haplorhines, of which 16 species were catar-
rhines. The species included in this analysis were selected
on the basis of several criteria: (1) data were available from
a minimum of three study sites; (2) sites were characterized by
minimal anthropogenic disturbance (i.e., we avoided studies

Fig. 1 Figure illustrating our dependent variable, social organization flexi-
bility, and two of our predictor variables, environmental variation (used as a
proxy for habitat variation) and mean rainfall seasonality. In this example,
three species are found at three sites each. Species A exhibits the lowest level
of variation in social organization (i.e., social organization flexibility), species
B a moderate amount, and species C the highest amount. Increasing social
organization flexibility is defined as increasing variation in group size and

composition across sites. Species A also experiences the least amount of
across-site environmental variation, species B a moderate amount, and
species C the highest amount. Finally, species A experiences the highest
mean rainfall seasonality across sites, species B a moderate amount, and
species 3 the lowest amount. Note that fewer rain drop symbols indicate
higher rainfall seasonality. See “Methods” section for details
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in highly fragmented habitats and/or provisioned popula-
tions); (3) group size and composition could be accurately
determined from published accounts; and (4) data were avail-
able for all variables (described below).

Data were obtained from a variety of publications including
numerous dissertations (see Electronic supplementarymaterial).
As stated above, we minimized the inclusion of sites with
substantial habitat fragmentation, though we could not guaran-
tee that some sites exhibited some fragmentation. This is be-
cause fragmentation is quite widespread, though the level of
fragmentation varies substantially and is often not quantified
sufficiently, i.e., there is little consensus as to how much frag-
mentation is needed for a habitat to be called “fragmented.”
More importantly, we did not include data from sites where the
researchers believed that the degree of fragmentation substan-
tially altered group size and/or composition outside of the
natural range of variation for the species. In addition, to test
the sensitivity of our results to the inclusion of two relatively
highly fragmented sites (Colobus guereza at Limuru and
Alouatta seniculus at El Frio), we re-analyzed our data, exclud-
ing these two data points. The re-analyzed dataset yielded
nearly identical results.

The large majority of the 175 sites in our dataset are based
on habituated or semi-habituated groups (most at long-term
research sites and/or sites where dissertation data were col-
lected on the group(s)) or groups that the authors stated were
reliably counted (e.g., Chlorocebus aethiops at Lolui Island;
Piliocolobus badius at Sonjo), with a small number of sites
yielding data through relatively extensive surveys (e.g.,
Alouatta pigra at Tikal National Park; Gorilla gorilla at
Mbeli Bai; C. guereza at Kyambura Gorge). Two exceptions
to these criteria are relatively short-term studies of C. guereza
at Arusha and Pithecia pithecia at Saraca-Taquera National
Forest. We tested the sensitivity of our results to the short-term
data by re-analyzing the dataset without these populations.
Again, these analyses yielded nearly identical results.

Several primate clades have undergone extensive taxonom-
ic revisions during the last several years, resulting in the
elevation of subspecies and populations to species level status
(e.g., Rylands and Mittermeier 2009; Mittermeier et al. 2010).
As there is little consensus about the relationship between
biological and taxonomic diversity, we chose to employ a
taxonomic scheme that was most appropriate for our research
question. Specifically, the goal of our paper was to examine
variation among closely related taxa and not to make assess-
ments regarding species designations. We therefore adhered to
a “lumper” taxonomy to maximize the availability of within-
species data. In biological terms, this can be thought of as
designating populations to the same species if they have
experienced gene flow in the present or recent past. Our
taxonomic arrangement was adapted from Davies and Oates
(1994) for the colobine species, Jolly (1993) for Papio, and
Fleagle (1999) for the remaining taxa. To further investigate

the sensitivity of our results to taxonomy, we re-ran our
analyses while removing taxa that have since undergone sub-
stantial taxonomic revisions (and were therefore more likely
to have been influenced by the use of a lumper taxonomy),
including Cercocebus agilis, Papio hamadryas, and Eulemur
fulvus. The re-analyses generated qualitatively similar results
to our original analyses and led us to the same conclusions.

Quantifying across-site variation in social organization

For our dependent variable, social organization flexibility, we
quantified the across-site variation in a species’ social organi-
zation, which we define as “the size, sexual composition and
spatiotemporal cohesion of a society” (sensu Kappeler and
van Schaik 2002) (Fig. 1). For nearly all species, group
cohesion data were unavailable at the site level. Our calcula-
tions of social organization flexibility were thus limited to the
intraspecific variation present in group size and sexual com-
position across sampling localities. However, while we do not
explicitly incorporate group cohesion into our measure of
social organization flexibility, we broadly consider the
ability for certain taxa to exhibit regular fission–fusion
social dynamics in our predictors of social organization
flexibility (see below).

We first collated site-specific data for four variables related
to a species’ social organization: (a) group size, (b) number of
adult males in the group, (c) number of adult females in the
group, and (d) adult sex ratio. We defined group size as social
group size in species with cohesive grouping patterns and as
total community size in species having high levels of fission–
fusion social dynamics. We did not question the sources’
definition of an adult individual and variation in this definition
may introduce error in the dataset. We used mean values for
sites with data from multiple social groups. With these data,
we then used two methods to quantify social organization
flexibility.

Our first method calculates the weighted multivariate var-
iance for each species, a technique adopted from paleontolog-
ical research that has been used to examine multidimensional
morphospace (Wills et al. 1994) (see Electronic supplementa-
ry material Table 2 for example). For our purposes, this
method is particularly useful for two reasons. First,
variation-based methods such as this are less biased by sample
size; using this method thereby reduces the likelihood that our
estimation of a species’ social organization flexibility is sim-
ply a result of the number of research sites included per
species. Second, this method accounts for co-variation among
variables, e.g., group size and the number of females. Using
the data points from all species across all sites, we conducted a
principal components analysis (PCA) based on a correlation
matrix. The principal component scores were weighted based
on their respective component’s eigenvalue. This is essentially
weighing the PCA scores based on the amount of variance
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explained by their respective component. For each species, we
calculated the variance of the weighted principal component
scores from their respective study sites. This was done for
each principal component and then summed across compo-
nents for a species-specific weighted multivariate variance
(i.e., social organization flexibility) score. This approach has
been applied to cranial variation in primates (Fleagle et al.
2010) as well as ecological variation (Kamilar 2006a).

By contrast, our second approach quantifies social organi-
zation flexibility by calculating the coefficient of variation for
each species’ respective PCA scores. Whereas the aforemen-
tioned variance method quantifies variation in an absolute
sense, this second method allowed us to better account for
the relative variation in group size among species. Consider,
for example, two species that are each represented by three
sites; one species has associated group sizes of 3, 4, and 5,
while the second species has associated group sizes of 25, 26,
and 27. Although the group size variances of these two species
are the same (variance = 1), the relative amount of variation in
group size is quite different. Adding or subtracting one indi-
vidual from a group of 26 represents a much smaller change
(i.e., percent difference) compared to a group of four individ-
uals. Using this method, the coefficient of variation (CV)
quantifies variability by calculating the standard deviation
divided by the sample mean. Variation in group size is thus
scaled to mean group size. In essence, this approach better
represents the relative cost of adding or subtracting individ-
uals from a group. Because group size heavily loads on PCA
axis 1, we calculated the CV for each species’ respective PCA
axis 1 scores. By doing so, we are capturing nearly all of the
variation in group size, while also keeping this variable di-
rectly comparable to our first multivariate variance approach.

Because we used a dataset that included several species, the
correlation matrix which served as the basis for our PCA may
have been influenced by phylogenetic effects (Catlett et al.
2010). We therefore used the method developed by Revell
(2009) to incorporate phylogenetic information into the PCA,
thereby producing phylogenetically adjusted PCA scores. We
used a primate consensus tree generated from the 10 K tree
website (Arnold et al. 2010), which was modified to include
multiple tips per species, with each tip representing a different
site. Polytomies were created for sites within species because
site-specific phylogenetic information was unavailable for
most species. All variables were transformed into z scores
and subsequently log (base 10)-transformed before being
entered into the PCA. These data transformations better fit
the assumptions of the analyses. The phylogenetic PCAs were
conducted with the phyl.pca function in the phytools package
(Revell 2012) for R (R Development Core Team 2012).

Finally, we explored the possibility that using a different
number of social groups per site to calculate the site-specific
group size and composition values influenced our calculations
of social organization flexibility. In theory, among-site

variation in group size and composition may be higher for
species with sites only containing single study groups due to
increased sampling error within a site. Yet, we examined the
relationship between the mean number of study groups per
site versus the amount of social organization flexibility exhib-
ited by a species and found no significant relationship.

Quantifying phylogenetic signal in social organization
flexibility

We calculated phylogenetic signal, or the degree to which a
trait (e.g., social organization flexibility) is correlated to phy-
logeny, by using Blomberg’s K (Blomberg et al. 2003;
Kamilar and Cooper 2013). K is measured on a scale from 0
to no theoretical maximum (though values are often not much
greater than 1), with 0 indicating that the trait is random with
respect to phylogeny, and 1 indicating that the trait perfectly
follows a Brownian motion model of evolution (i.e., closely
related species exhibit similar trait values and this similarity
declines with increasing phylogenetic distance). We random-
ized the data 1,000 times to generate a p value associated with
K. We used a species level primate consensus tree gener-
ated from the 10 K tree website (Arnold et al. 2010). The
data were analyzed using the phytools package (Revell
2012) for R (R Development Core Team 2012).

Predictors of social organization flexibility

Six predictor variables were included for each species: (1)
across-site environmental variation, (2) mean annual rainfall
seasonality, (3) absolute brain size, (4) relative brain size, (5)
mean group size, and (6) fission–fusion (presence/absence).

Much like our dependent variable, our first predictor vari-
able, across-site environmental variation, was a multivariate
composite of four environmental measures for each species
across the study sites included in our dataset. We obtained
climate data to quantify the environmental variation experi-
enced by each species from the same sites in which we have
social organization data. Climate variables included (a) mean
annual rainfall, (b) rain seasonality as measured by the r
statistic (Batschelet 1981), (c) mean minimum, and (d) mean
maximum monthly temperature. These four variables were
entered into a PCA and then the weighted multivariate vari-
ance based on the PCA components was calculated for each
species. This is the same method described for calculating
social organization flexibility. Environmental data for each
site were obtained from the WorldClim climate database
(Hijmans et al. 2005). The WorldClim database has been
frequently used in comparative ecology studies to quantify
abiotic conditions and, therefore, as a proxy for habitat char-
acteristics (e.g., Graham et al. 2012; Kamilar et al. 2012;
Kamilar and Beaudrot 2013). Furthermore, these data have
been well correlated with habitat types on the ground (e.g.,
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Kamilar et al. 2010). The climate data were extracted for the
geographic location of each site using ArcGIS 9.0.

Our second predictor variable, mean annual rainfall sea-
sonality, was calculated as the average r value across all study
sites for the respective species in the dataset. R is a circular
statistic that varies from 0 to 1, with 0 indicating an equal
amount of rainfall during every month of the year and a value
of 1 indicating that all rain falls within a single month. This
variable differs from the across-site environmental variation
variable because a species could be consistently found in
seasonal habitats, which would yield a high mean r value.
Yet, this would also yield a relatively low across-site environ-
mental variation score (see Fig. 1 for example).

Mean group size, our third predictor variable, was calcu-
lated as the mean group size for a species based on their
across-site dataset. Furthermore, we designated four species
as exhibiting regular fission–fusion social dynamics (predictor
variable four): Ateles belzebuth, Ateles geoffroyi, Pan
troglodytes, and Varecia variegata. These four species were
coded as a “1” for the fission–fusion variable, with the re-
maining species being coded as a “0.” The species we have
designated as fission–fusion all exhibit a similar form of group
cohesion (fission–fusion dynamics that occur on a daily basis)
that is relatively well understood and is considered the norm
for the species. More subtle forms of fission–fusion group
cohesion exist (Aureli et al. 2008) but are less well
documented/understood in terms of whether it is a species’
typical trait and/or how frequently it occurs when it is present in
a population. Not accounting for other species that may show
some form of fission–fusion groupings should increase our
type II error when investigating a possible relationship between
fission–fusion and across-species variation in group size and
composition. For baboons (Papio hamadyras sensu lato), we
constrained our sample to include only savanna populations to
reduce the potential confounding effect of including
P. hamadryas sensu stricto groups that exhibited substantially
different social cohesion characteristics.

Finally, we defined species absolute and relative brain size
based on female brain size data from Isler et al. (2008).
Relative brain size data were generated from the Isler et al.
(2008) dataset and calculated as phylogenetic residuals
(resulting from a phylogenetic reduced major axis regression
(pRMA) of female brain size versus female body mass). The
pRMAmodel was performed using the phyl.RMA function in
the phytools package (Revell 2012) for R (R Development
Core Team 2012).

Phylogenetic models predicting social organization flexibility

We used three approaches to determine which variables best
predict species’ social organization flexibility. First, we con-
ducted a series of bivariate linear models between each pre-
dictor variable and our measure of social organization

flexibility. Second, if more than one predictor variable was
statistically significant (p<0.05), then we conducted addition-
al models that simultaneously included these “significant”
variables. Finally, we also performed a full model analysis
that included all predictor variables. We note that the full
model should be interpreted with caution considering the ratio
of predictor variables (six) to total sample size (32 species).
Conducting analyses including more than one predictor vari-
able allowed us to investigate the importance of each inde-
pendent variable while accounting for the effects of the other
predictors. To check for high degrees of multicollinearity in
our models, we calculated variance inflation factor (VIF)
values for all predictors that were used in models with more
than one independent variable. VIF values were low in all
cases. VIF values were below 1.5 for variables in models with
two or three predictors. VIF values were below 2.2 for all
variables in the full model.

We used Akaike’s Information Criterion with the small
sample size correction (AICc) (Burnham and Anderson
2002) for selecting the best models that explained social
organization flexibility. This method has several advantages
over a stepwise modeling approach, including relying less on
the importance of p values. Most importantly, AICc ranks
models by balancing the explanatory power of the model
versus the number of predictors in the model (with the latter
possibly leading to overfitting the model). The model with the
lowest AICc value is considered the best and all models within
two AICc units of this best model are also treated as equally
good (Burnham and Anderson 2002). Using AICc (and related
metrics) for model selection is becoming increasingly common
in comparative biology research (Kamilar et al. 2010, 2013;
Garamszegi 2011; Tecot et al. 2012).

The goal of our study was to predict why some primate
species exhibit more social organization flexibility than
others. Therefore, we needed to utilize a phylogenetic com-
parative method to accommodate our interspecific dataset.
Comparative studies have benefited from the implementation

Table 2 Results of phylogenetic principal components analysis quanti-
fying intraspecific social organization flexibility

Comp 1 Comp 2 Comp 3 Comp 4

Component loadings

Group size −0.915 0.172 0.365 −0.002
No. of adult females −0.927 0.278 −0.245 −0.055
No. of adult males −0.779 −0.609 −0.131 0.064

Adult sex ratio −0.061 0.994 −0.075 0.055

Component eigenvalues

Eigenvalue 2.308 1.466 0.216 0.010

% variance 57.7 36.6 5.4 0.3

% cumulative variance 57.7 94.3 99.7 100.0
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of statistical methods that reduce the nonindependence of
residuals in models that include data from evolutionarily
related species (Felsenstein 1985; Nunn 2011). The method
that has gained the most acceptance and use is phylogenetic
generalized least squares models with Pagel’s lambda (Pagel
1999; Freckleton et al. 2002). Lambda varies continuously
from 0 to 1. Avalue of 0 indicates that the error structure of the
model is completely independent of phylogeny, resulting in a
model that is equivalent to a standard linear model. A lambda
value of 1 indicates that the model’s residuals perfectly follow
a Brownian motion model of evolution, being equivalent to an

analysis using phylogenetically independent contrasts. We
used a likelihood approach to determine lambda. We obtained
a consensus tree from the 10 K trees website (Arnold et al.
2010) that included all the species in our study. We produced
diagnostic plots for each analysis to examine if the assump-
tions of the analyses were met. We considered species with
phylogenetic residuals greater than an absolute value of 3 to
be an outlier. If outliers were present, then we re-ran the
analysis without the outlier species. All phylogenetic general-
ized linear models were conducted with the caper package
(Orme et al. 2012) for R (R Development Core Team 2012).

Fig. 2 Plot of phylogenetic principal components analysis (pPCA)
representing social organization flexibility across 32 primate species.
Plots are separated by phylogenetic group (lemurs (a), platyrrhines (b),

cercopithecines (c), colobines (d), and apes (e)) to enable better visuali-
zation of the results, though each plot represents the same multivariate
space. Details about the pPCA results can be found in Table 1
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All continuously measured variables were log-transformed
before analysis. Variables were transformed to better meet
the assumptions of the analyses.

Results

Quantifying social organization flexibility and phylogenetic
signal

Our social organization phylogenetic PCA produced two
components that exhibited eigenvalues greater than 1 and

explained more than 94 % of the variation in the dataset.
Group size and the number of adult males and females loaded
most heavily on component 1, with adult sex ratio loading
heavily on component 2 (Table 2; Fig. 2a–e).

Species that exhibited the lowest levels of social organiza-
tion flexibility included Hylobates lar, Saguinus fuscicollis,
Lemur catta, and Indri indri. Species that displayed the highest
levels of within-species variability in social organization in-
cluded V. variegata, C. agilis, P. troglodytes, and P. hamadryas
(Fig. 2; Electronic Supplementary Material Table 3). We found
that social organization flexibility exhibited a low to moderate
amount of phylogenetic signal (K=0.364) that was significantly
greater than 0 (p=0.038) (Fig. 3).

Fig. 2 (continued)
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Predicting social organization flexibility

Three of our six predictor variables were statistically signifi-
cant predictors of social organization flexibility when using
bivariate PGLS models (Tables 3 and 4). These predictors
included absolute brain size, group size, and the presence of
fission–fusion social dynamics, which were all positively
related to the degree of social organization flexibility. Group
size was the best predictor, exhibiting a p value of <0.001 and
the lowest AICc value within each set of the models (Fig. 4).
The bivariate models varied greatly in terms of their Pagel’s
lambda values, ranging from a low of 0 to a high nearing 1.
Our results were consistent regardless of our method to quan-
tify social organization flexibility (Tables 3 and 4). In other
words, species with high mean group size values show
more across-site variation in social organization from an
absolute perspective (defined by the weighted variance
measure) and also scaled to group size (via the coefficient
of variation metric).

We conducted four additional PGLS models that contained
various combinations of our three best predictor variables
(Tables 3 and 4). All four models produced p values <0.05,
yet the importance of the individual variables within these
models varied substantially. Group size was the only variable
that was significantly related to social organization flexibility.
Both absolute brain size and fission–fission dynamics
exhibited p values that were statistically significant or
approached p=0.05 in the model that did not contain group
size (model 8 in Tables 3 and 4). The full model was statisti-
cally significant (p=0.003 and p<0.001 depending on our

measure of flexibility), yet only one variable (group size)
within the model was a significant predictor of social organi-
zation flexibility.

In terms of model selection, the PGLS model with the
lowest AICc value only contained group size as the lone
predictor (Tables 3 and 4). Two additional models exhibited
AICc values within (or nearly within) two units of this best
model and should be treated as similarly well-supported.
These two models were absolute brain size + group size
(model 7 in Table 3) and group size + fission–fusion (model
9 in Table 4). Cebus capucinus was an outlier in several
models, though re-running the analyses without this species
produced similar results.

Discussion

The goal of this paper was to answer the question—why do
some primate species exhibit more social organization flexi-
bility than others? We found that mean group size was the
most consistent predictor of social organization flexibility
(i.e., across-site variation in social organization) followed by
absolute brain size and the presence of regular fission–fusion
social dynamics. This was true regardless of our method of
quantifying social organization flexibility (using a weighted
multivariate variance or coefficient of variation approach).
Interestingly, the importance of these variables is independent
of the other predictors, including our measures of environ-
mental variation.

Fig. 2 (continued)
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Social organization flexibility in a phylogenetic context

We found a significant phylogenetic signal associated with a
species’ social organization flexibility, indicating that closely
related species often display similar levels of flexibility. Taxa
with the least flexibility in their social organizations include four
of five lemur species, some NewWorld monkeys (S. fuscicollis
and C. capucinus), one colobine (Nasalis larvatus), and both
hylobatid species (H. lar and Symphylangus syndactylus). Taxa
exhibiting moderate flexibility comprised many New World
(especially the atelids) and some Old World monkeys. Old
World monkeys and great apes showed the greatest social
organization flexibility. In addition, a New World saki monkey
(P. pithecia) and the ruffed lemur (Varecia) also exhibited
substantial flexibility.

Our results are consistent with previous studies that have
also found a phylogenetic component associated with aspects
of social organization at the interspecific (Shultz et al. 2011)
and intergeneric levels (DiFiore and Rendall 1994). It is
important to note that while our predictive analyses “con-
trolled for” phylogeny, phylogenetic signal can be quantified
in a trait itself (in this case, social organization flexibility).
Using PGLS analyses account for phylogenetic autocorrelation
in model residuals, not in the traits themselves.

We found that Old World monkeys exhibit high levels of
social organization flexibility, perhaps not surprising consid-
ering that many cercopithecines are considered ecological
generalists (macaques and baboons in particular). While our
results may initially appear contradictory to DiFiore and
Rendall (1994), who found lower than expected variation in
OldWorld monkey social behavior and organization given the
species’ varied environmental conditions, their analysis was
conducted at the genus level and, thus, did not explicitly
account for inter- and intraspecific variation. Consequently,
the contrasting results between our study (focused on the
subgeneric level) and theirs (focused on the generic level)
clearly illustrate the different biological patterns present at
varying taxonomic or phylogenetic scales.

Predicting social organization flexibility

The relationship between mean group size and social
organization flexibility may be related to the costs of adding
group members at small group sizes. Janson and Goldsmith
(1995) found that relative ranging costs, a proxy for changes
in relative fitness due to adding an individual to a social group,
were higher for frugivores in small social groups and de-
creased as group size increased. Therefore, it is possible that
species with relatively larger groups show greater social orga-
nization flexibility because of the lower relative costs associ-
ated with altering group size. By contrast, if the relative cost of
adding an individual to a small group is great, then this should
constrain social organization flexibility in species with rela-
tively small group sizes.

Group size (and social organization) is also often related to
mating system. In species that have evolved a system of
territoriality and social monogamy (e.g., gibbons, siamangs,
indri, some Saguinus), we tend to see less social flexibility.
Opie et al. (2013) found that social/mating system (along with
harem polygyny) is a derived state which likely evolved
alongside social organization. Therefore, we may expect that
monogamous species would exhibit little flexibility in social
organization across localities.

In addition to group size, there was some support that
absolute brain size and the presence of fission–fusion dynam-
ics were also related to high levels of social organization
flexibility, suggesting that cognitive ability and/or group co-
hesion may also lead to increased variation across sites.
Previous studies have suggested that limited cognitive ability,
especially neocortex size, is an important constraint on soci-
ality and group size (Dunbar 1992). Although we did not
directly incorporate data on neocortex size into our analyses,
we did find that brain size, a correlate of neocortex size
(Deacon 1990; Aiello and Dunbar 1993), was positively as-
sociated with social organization flexibility. This result is not
surprising, as larger brains are thought to increase a species’
ability to remember the identities of social partners and to

Fig. 3 Amount of social organization flexibility in a phylogenetic
context
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navigate among their associated social relationships (reviewed
in Dunbar 1998). Consequently, this same cognitive ability
may allow species to adjust their social organization in re-
sponse to local conditions, including variation in habitat struc-
ture, predator communities, dietary resources, and/or demo-
graphic characteristics. Of course, it is also possible that in
species where demographic variability leads to frequent
changes in group composition across sites, selection
pressures may lead to increased cognitive ability and/or
the adoption of fission–fusion social dynamics. It is
currently not possible to disentangle correlation from
causation at this time.

Once group size exceeds the ecological or cognitive limits
of the species, groups are expected to either fission or adopt
fission–fusion social dynamics (Dunbar 1996). That is, there
is likely some threshold at which expanding group size or
increased cognitive complexity (Isler and van Schaik 2009)
can become prohibitively costly. Larger groups can suffer

from increased feeding competition (Janson 1988, 1992),
and/or increased conspicuousness to predators (Stephens and
Krebs 1986) or increased risk from infanticidal males (Borries
1997; Crockett and Janson 2000). Thus, the ability or tenden-
cy for large groups to fission under particular social or eco-
logical conditions may therefore allow certain species more
flexibility in their social organization across sites (e.g., ruffed
lemurs: Vasey 2003) and also within sites across seasons or
interannually (e.g., Schaffner et al. 2012). Confidently identi-
fying the mechanisms shaping spatiotemporal patterns in
group cohesion is difficult to ascertain without quality data
related to predation risk and resource availability.
Unfortunately, these data are not available for most species
at most sites.

Contrary to expectations, we did not find a statistically
significant effect of environmental variation on social organi-
zation flexibility, though the relationship was in the expected
direction. For the taxa included in this study, primate species

Table 3 Results of phylogenetic models predicting social organization flexibility based on a weighted multivariate variance approach

Model Predictor Slope t value p value r2 Lambda AIC

1 Environmental variation 0.152 1.313 0.199 0.054 0.000 35.45

2 Mean rain seasonality 0.188 0.524 0.604 0.009 0.959 34.80

3 Absolute brain size 0.661 2.295 0.029 0.149 0.947 29.96

4 Relative brain size 0.621 0.867 0.393 0.024 0.951 34.33

5 Fission–fusion 0.418 2.086 0.022 0.127 0.926 30.94

6a Group size 0.801 5.062 <0.001 0.461 0.000 17.49

7a Combined model A <0.001 0.465 0.000 19.50

Absolute brain size + 0.092 0.485 0.631

Group size 0.761 4.218 <0.001

8 Combined model B 0.016 0.219 0.936 29.58

Absolute brain size + 0.538 1.870 0.071

Fission–fusion 0.317 1.589 0.112

9a Combined model C <0.001 0.462 0.000 19.70

Group size + 0.785 4.547 <0.001

Fission–fusion 0.045 0.252 0.802

10a Combined model D <0.001 0.466 0.000 21.46

Absolute brain size + 0.089 0.459 0.649

Group size + 0.748 3.895 <0.001

Fission–fusion 0.038 0.213 0.833

11 Full model 0.003 0.505 0.000 27.96

Environmental variation 0.086 0.860 0.398

Mean rain seasonality −0.313 −0.762 0.453

Absolute brain size 0.185 0.801 0.431

Relative brain size −0.690 −1.248 0.224

Fission–fusion 0.036 0.192 0.849

Group size 0.844 3.771 0.001

Sample size equals 32 species for all models. The model with the lowest AIC value is considered best and all models within twoAIC units are considered
equally good. These models are in italics. Note that model 7 is 2.01 AIC units from the best model
aCebus capucinus was an outlier in several analyses. Re-analyzing the dataset without this species produced similar results
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with populations living in several different habitat types were
equally as flexible in their social organizations as those found
in only a narrow range of habitats. This result was unexpected,
given that resource availability is among the primary factors
thought to influence primate social organization. Several stud-
ies have shown that environmental factors are intimately tied
to plant diversity and abundance (Murphy and Lugo 1986;
Chapman et al. 1999). Because almost all primates rely on
plant parts as their major dietary constituent, then environ-
mental factors influencing variation in habitat characteristics
such as plant diversity, abundance, and distribution should
have a significant impact on a species’ behavioral ecology,
including its population density and biomass (Oates et al.
1990), the size and composition of social groups (Snaith and
Chapman 2007; Teichroeb and Sicotte 2009; but see
Chapman and Pavelka 2005), and the resulting patterns (i.e.,
degree and type) of intra- and intergroup food competition

(van Schaik 1989; Isbell 1991; Sterck et al. 1997; Koenig
2002). Thus, one might expect species living in diverse hab-
itats with varying degrees of resource availability to exhibit
correspondingly diverse responses in terms of group size,
composition, and feeding competition. For example, there is
evidence to suggest that variation in resource availability, and
perhaps also predator pressure, has helped to shape the size
and composition, as well as the nature of social relationships
and ranging patterns across various chimpanzee communities
(discussed in Lehmann and Boesch 2005). Communities char-
acterized by high resource abundance (and low predator pres-
sure) supported larger communities of more socially bonded
individuals than sites with lower/more patchily distributed
resources (and greater predation threat).

In addition to shaping the vegetative characteristics of a
locale, environmental factors may also be related to the pred-
ator community at a site. If different habitat types contain

Table 4 Results of phylogenetic models predicting social organization flexibility based on a coefficient of variation approach

Model Predictor Slope t value p value r2 Lambda AIC

1 Environmental variation −0.033 −0.483 0.632 0.008 0.947 19.07

2 Mean rain seasonality 0.505 1.863 0.072 0.104 0.936 15.77

3 Absolute brain size 0.552 2.653 0.012 0.190 0.880 12.56

4 Relative brain size 0.859 1.623 0.086 0.081 0.906 16.54

5 Fission–fusion 0.434 2.987 0.006 0.229 0.853 11.05

6a Group size 0.791 9.785 <0.001 0.761 0.000 −25.46
7a Combined model A <0.001 0.761 0.000 −23.18

Absolute brain size + 0.004 0.040 0.968

Group size 0.790 8.531 <0.001

8 Combined model B 0.001 0.325 0.882 9.01

Absolute brain size + 0.415 2.055 0.049

Fission–fusion 0.348 2.406 0.022

9a Combined model C <0.001 0.765 0.000 −23.60
Group size + 0.772 8.794 <0.001

Fission–fusion 0.056 0.617 0.542

10a Combined model D <0.001 0.765 0.000 −21.60
Absolute brain size + −0.001 −0.001 0.994

Group size + 0.772 7.871 <0.001

Fission–fusion 0.056 0.605 0.55

11 Full model <0.001 0.777 0.000 −14.33
Environmental variation 0.009 0.171 0.866

Mean rain seasonality 0.023 0.108 0.915

Absolute brain size 0.070 0.590 0.561

Relative brain size −0.285 −1.000 0.327

Fission–fusion 0.045 0.467 0.644

Group size 0.798 6.905 <0.001

Sample size equals 32 species for all models. The model with the lowest AIC value is considered best and all models within twoAIC units are considered
equally good. These models are in italics
aCebus capucinus was an outlier in several analyses. Re-analyzing the dataset without this species produced similar results

Behav Ecol Sociobiol

Author's personal copy



different types and abundances of predators, then this would
directly impact the social organization of the primates
inhabiting those locations. In fact, predation risk has been
argued as a primary force driving the formation of animal
social groups (Crook 1970; Alexander 1974; Terborgh and
Janson 1986). Unfortunately, predation pressure is difficult to
measure, particularly on a large, comparative/cross-site scale
(Janson 2003). Likewise, although there is a large body of
literature detailing the human exploitation of primates (Oates
2013), it is equally difficult to quantify intersite human hunt-
ing pressure, despite its demonstrated impact on primate
grouping patterns (e.g., Papworth et al. 2013).

Although our environmental variables have been success-
fully used in the past to predict various aspects of primate
biology (Hemingway and Bynum 2005; Nunn et al. 2005;

Ossi and Kamilar 2006; Kamilar and Beaudrot 2013), incor-
porating climate data from years that did not specifically
match our social organization data (as these data were often
absent from the literature) may have introduced a significant
amount of “error” that obscured any relationship, especially
given our relatively small sample size.

All species exhibit at least some constraints to their social
organization variation (Chapman and Pavelka 2005; Ossi and
Kamilar 2006; Chapman and Rothman 2009; Thierry 2013).
Therefore, some species may be found in a wide range of
habitats and environmental contexts and display social orga-
nization variation across these environments, yet the degree to
which social organization varies may not match the degree of
environmental variation. For instance, baboons are found in a
wide array of habitats and vary in their social organization
(Kamilar 2006b), though no population is known to regularly
form monogamous social groups or groups with a highly
skewed adult sex ratio. In addition, a previous study showed
that across-population variation in Eulemur social organiza-
tion was best predicted by phylogeny and not local environ-
mental factors (Ossi and Kamilar 2006). Taxonomically
broader studies also found that many components of social
organization are correlated to phylogeny (DiFiore and Rendall
1994; Kamilar and Cooper 2013). Finally, other researchers
place less importance on ecological factors for directly driving
variation in mammal (including primate) social structure
(Lukas and Clutton-Brock 2013). They argue that variation
in the ability of males to defend access to females is a more
important factor leading to variation in social systems and,
consequently, social organization. Our results may lend sup-
port to certain aspects of this idea.

This current paper complements previous studies in that we
found at least some degree of social organization flexibility in
many species, though even these species have limits to this
variation (Ossi and Kamilar 2006; Kappeler et al. 2013;
Thierry 2013). Our findings improve our understanding of
the factors driving social organization flexibility in primates
and begin to address the possible reasons for why some
species exhibit more flexibility than others. Future work
would benefit from the inclusion of additional site-specific
variables, such as resource availability; the presence, density,
and diversity of predator communities; and anthropogenic
pressures such as hunting, as well as climatic variables spe-
cific to the region at the time of the study.
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Fig. 4 The relationship between mean group size and social organization
flexibility across primates. a Social organization flexibility was quantified
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tion flexibility was quantified based on a coefficient of variation approach

Behav Ecol Sociobiol

Author's personal copy



References

Aiello LC, Dunbar RIM (1993) Neocortex size, group size, and the
evolution of language. Curr Anthropol 34:184–193

Alexander RD (1974) The evolution of social behavior. Ann Rev Ecol
Syst 5:325–383

Altmann J (2000) Models of outcome and process: predicting the number
of males in primate groups. In: Kappeler PM (ed) Primate males:
causes and consequences of variation in group composition.
Cambridge University Press, Cambridge, pp 236–237

Altmann J, Alberts SC (2003) Variability in reproductive success viewed
from a life-history perspective in baboons. Am J Hum Biol
15:401–409

Arnold C, Matthews LJ, Nunn CL (2010) The 10kTrees website: a new
online resource for primate phylogeny. Evol Anthopol 19:114–118

Aureli F, Schaffner CM, Boesch C, Bearder SK, Call J et al (2008)
Fission-fusion dynamics: new research frameworks. Curr
Anthropol 49:627–646

Barton RA (2000) Primate brain evolution: cognitive demands of forag-
ing or of social life? In: Boinski S, Garber PA (eds) On the move:
how and why animals travel in groups. University of Chicago Press,
Chicago, pp 204–237

Batschelet E (1981) Circular statistics in biology. Academic Press,
London

Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic signal in
comparative data: behavioral traits are more labile. Evolution 57:717–745

Borries C (1997) Infanticide in seasonally breeding multimale groups of
Hanuman langurs (Presbytis entellus) in Ramnagar (South Nepal).
Behav Ecol Sociobiol 41:139–150

Borries C (2000) Male dispersal and mating season influxes in Hanuman
langurs living in multi-male groups. In: Kappeler PM (ed) Primate
males: causes and consequences of variation in group composition.
Cambridge University Press, Cambridge, pp 146–158

Borries C, Larney E, Lu A, Ossi K, Koenig A (2008) Costs of group size:
lower developmental and reproductive rates in larger groups of leaf
monkeys. Behav Ecol 19:1186–1191

Brockman DK, van Schaik CP (eds) (2005) Seasonality in primates:
studies of living and extinct human and non-human primates.
Cambridge Univ Press, New York

Burnham KP, Anderson D (2002) Model selection and multi-model
inference. Springer, New York

Catlett KK, Schwartz GT, Godfrey LR, Jungers WL (2010) “Life history
space”: a multivariate analysis of life history variation in extant and
extinct Malagasy lemurs. Am J Phys Anthropol 142:391–404

Chapman CA, Pavelka M (2005) Group size in folivorous primates:
ecological constraints and the possible influence of social factors.
Primates 46:1–9

Chapman CA, Rothman JM (2009)Within-species differences in primate
social structure: evolution of plasticity and phylogenetic constraints.
Primates 50:12–22

Chapman CA, Wrangham RW, Chapman LJ (1995) Ecological con-
straints on group-size—an analysis of spider monkey and chimpan-
zee subgroups. Behav Ecol Sociobiol 36:59–70

Chapman CA, Wrangham RW, Chapman LJ, Kennard DK, Zanne AE
(1999) Fruit and flower phenology at two sites in Kibale National
Park, Uganda. J Trop Ecol 15:189–211

Chapman CA, Chapman L, Cords M, Gathua J, Gautier-Hion A et al
(2002) Variation in the diets of Cercopithecus species: differences
within forests, among forests, and across species. In: Glenn M,
Cords M (eds) The guenons: diversity and adaptation in African
monkeys. Kluwer Acad/Plenum Publ, New York, pp 325–350

Clutton-Brock TH, Harvey PH (1977) Primate ecology and social orga-
nization. J Zool 183:1–39

Clutton-Brock TH, Harvey PH (1980) Primates, brains and ecology. J
Zool 190:309–323

Cords M (2000) The number of males in guenon groups. In:
Kappeler PM (ed) Primate males: causes and consequences
of variation in group composition. Cambridge University
Press, Cambridge, pp 84–96

Crockett CM, Janson CH (2000) Infanticide in red howlers: female group
size, male membership, and a possible link to folivory. In: van Schaik
CP, Janson CH (eds) Infanticide by males and its implications.
Cambridge Univ Press, Cambridge, pp 75–98

Crook JH (1970) Social organization and environment: aspects of con-
temporary social ethology. Anim Behav 18:197–209

Davies AG, Oates JF (1994) Colobine monkeys: their ecology, behaviour
and evolution. Cambridge University Press, New York

Deacon TW (1990) Fallacies of progression in theories of brain-size
evolution. Int J Primatol 11:193–236

R Development Core Team (2012) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, http://cran.r-project.org/

DiFiore A, Rendall D (1994) Evolution of social organization: a reap-
praisal for primates by using phylogenetic methods. Proc Natl Acad
Sci U S A 91:9941–9945

Dunbar RIM (1992) Neocortex size as a constraint on group size in
primates. J Hum Evol 20:469–493

Dunbar RIM (1996) Determinants of group size in primates: a general
model. In: Runciman WG, Smith JM, Dunbar RIM (eds) Evolution
of social behaviour patterns in primates and man. P Brit Acad, Vol.
88. Oxford University Press, New York, pp 33–57

Dunbar RIM (1998) The social brain hypothesis. Evol Anthropol
6:178–190

Eisenberg JF, Muckenhirn NA, Rudran R (1972) The relation be-
tween ecology and social structure in primates. Science 176:
863–874

Emlen ST, Oring LW (1977) Ecology, sexual selection, and the evolution
of mating systems. Science 197:215–223

Felsenstein J (1985) Phylogenies and the comparative method. Am Nat
125:1–15

Fleagle JG (1999) Primate adaptation and evolution, 2nd edn. Academic
Press, San Diego

Fleagle JG, Gilbert CC, Baden AL (2010) Primate cranial diversity. Am J
Phys Anthropol 142:565–578

Foster SA, Endler JA (1999) Geographic variation in behavior: perspec-
tives on evolutionary mechanisms. Oxford University Press, Oxford

Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and
comparative data: a test and review of evidence. Am Nat 160:
712–726

Ganzhorn JU, Klaus S, Ortmann S, Schmid J (2003) Adaptations to
seasonality: some primate and nonprimate examples. In: Kappeler
PM, Pereira ME (eds) Primate life histories and socioecology. Univ
Chicago Press, Chicago, pp 132–144

Garamszegi LZ (2011) Information-theoretic approaches to statistical
analysis in behavioural ecology: an introduction. Behav Ecol
Sociobiol 65:1–11

Graham CH, Parra JL, Tinoco BA, Stiles G, McGuire JA (2012)
Untangling the influence of ecological and evolutionary factors on
trait variation across hummingbird assemblages. Ecology 93:
S99–S111

Harrison MJS (1983) Age and sex differences in the diet and feeding
strategies of the green monkey, Cercopithecus sabaeus. Anim
Behav 31:969–977

Hemingway C, Bynum N (2005) The influence of seasonality on primate
diet and ranging. In: Brockman DK, van Schaik CP (eds)
Seasonality in primates: studies of living and extinct human and
non-human primates. Cambridge University Press, Cambridge,
pp 57–104

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high
resolution interpolated climate surfaces for global land areas. Int J
Climatol 25:1965–1978

Behav Ecol Sociobiol

Author's personal copy

http://cran.r-project.org/


Isbell LA (1991) Contest and scramble competition: patterns of female
aggression and ranging behavior among primates. Behav Ecol 2:
143–155

Isler K, van Schaik CP (2009) The expensive brain: a framework for
explaining evolutionary changes in brain size. J Hum Evol
57:392–400

Isler K, Kirk EC, Miller JMA, Albrecht GA, Gelvin BR, Martin RD
(2008) Endocranial volumes of primate species: scaling analyses
using a comprehensive and reliable dataset. J Hum Evol 55:967–978

Janson CH (1988) Food competition in brown capuchin monkeys (Cebus
apella): quantitative effects of group size and tree productivity.
Behaviour 105:53–76

Janson CH (1992) Evolutionary ecology of primate social structure. In:
Smith EA, Winterhalder B (eds) Evolutionary ecology and human
behavior. Aldine de Gruyter, New York, pp 95–130

Janson CH (2003) Puzzles, predation, and primates: using life history to
understand selection pressures. In: Kappeler PM, Pereira ME (eds)
Primate life histories and socioecology. University of Chicago Press,
Chicago, pp 103–131

Janson CH, Goldsmith ML (1995) Predicting group size in primates:
foraging costs and predation risks. Behav Ecol 6:326–336

Jolly CJ (1993) Species, subspecies, and baboon systematics. In: Kimbel
WH, Martin LB (eds) Species, species concepts, and primate evo-
lution. Plenum, New York, pp 67–107

Kamilar JM (2006a) Geographic variation in primate behavior and ecol-
ogy: from populations to communities. Dissertation, Stony Brook
University

Kamilar JM (2006b) Geographic variation in savanna baboon (Papio)
ecology and its taxonomic and evolutionary implications. In:
Lehman SM, Fleagle JG (eds) Primate biogeography. Springer,
New York, pp 169–200

Kamilar JM, Atkinson QD (2014) Cultural assemblages show nested
structure in humans and chimpanzees but not orangutans. Proc
Natl Acad Sci U S A 111:111–115

Kamilar JM, Beaudrot L (2013) Understanding primate communities:
recent developments and future directions. Evol Anthropol
22:174–185

Kamilar JM, Cooper N (2013) Phylogenetic signal in primate be-
haviour, ecology, and life history. Phil Trans R Soc B 368:
20120341

Kamilar JM, Pokempner AA (2008) Does body mass dimorphism in-
crease male–female dietary niche separation? A comparative study
of primates. Behaviour 145:1211–1234

Kamilar JM, Bribiescas RG, Bradley BJ (2010) Is group size related to
longevity in mammals? Biol Lett 6:736–739

Kamilar JM, Muldoon KM, Lehman SM, Herrera JP (2012) Testing
Bergmann’s rule and the resource seasonality hypothesis in
Malagasy primates using GIS-based climate data. Am J Phys
Anthropol 147:401–408

Kamilar JM, Heesy CP, Bradley BJ (2013) Did trichromatic color vision
and red hair color co-evolve in primates? Am J Primatol 75:740–751

Kappeler PM, van Schaik CP (2002) Evolution of primate social systems.
Int J Primatol 23:707–740

Kappeler PM,Watts DP (eds) (2012) Long-term field studies of primates.
Springer, New York

Kappeler PM, Barrett L, Blumstein DT, Clutton-Brock TH (2013)
Constraints and flexibility in mammalian social behaviour: intro-
duction and synthesis. Phil Trans R Soc B 368:20120337

Koenig A (2002) Competition for resources and its behavioral conse-
quences among female primates. Int J Primatol 23:759–783

Lee PC (1999) Comparative primate socioecology. CambridgeUniversity
Press, New York

Lee PC, Kappeler PM (2003) Socioecological correlates of phenotypic
plasticity of primate life histories. In: Kappeler PM, Pereira ME
(eds) Primate life histories and socioecology. The University of
Chicago Press, Chicago, pp 41–65

Lehmann J, Boesch C (2005) Bisexually bonded ranging in chimpanzees
(Pan troglodytes verus). Behav Ecol Sociobiol 57:525–535

Leyhausen P (1965) Communal organization of solitary mammals. Sym
Zool S 14:249–263

Lorenz K (1950) The comparative method in studying innate behavior
patterns. Sym Soc Exp Biol 4:221–268

Lorenz K (1970) Studies in animal and human behavior. Methuen,
London

Lukas D, Clutton-Brock TH (2013) The evolution of social monogamy in
mammals. Science 341:526–530

Mayr E (1976) Evolution and the diversity of life. Harvard University
Press, Cambridge

Milton K (1988) Foraging behaviour and the evolution of primate intel-
ligence. In: Byrne R, Whiten A (eds) Machiavellian intelligence.
Clarendon Press, Oxford, pp 285–305

Mittermeier RA, Louis EE, RichardsonM, Schwitzer C, Langrand O et al
(2010) Lemurs of Madagascar, 3rd edn. Conservation International,
Washington D.C

Moran N (1992) The evolutionary maintenance of alternative pheno-
types. Am Nat 139:971–989

Murphy PG, Lugo AE (1986) Ecology of tropical dry forest. Annu Rev
Ecol Syst 17:67–88

Nunn CL (1999) The number of males in primate social groups: a
comparative test of the socioecological model. Behav Ecol
Sociobiol 46:1–13

Nunn CL (2011) The comparative method in evolutionary anthropology
and biology. University of Chicago Press, Chicago

Nunn CL, Altizer SM, Sechrest W, Cunningham AA (2005) Latitudinal
gradients of parasite species richness in primates. Divers Distrib 11:
249–256

Oates JF (2013) Primate conservation: unmet challenges and the
role of the international primatological society. Int J Primatol
34:235–245

Oates JF, Whitesides GH, Davies AG,Waterman PG, Green SM, Dasilva
GL, Mole S (1990) Determinants of variation in tropical forest
primate biomass: new evidence from west Africa. Ecology 71:
328–343

Opie C, Atkinson QD, Dunbar RIM, Shultz S (2013) Male infanticide
leads to social monogamy in primates. Proc Natl Acad Sci U S A
110:13328–13332

Oring LW (1982) Avian mating systems. In: Farner DS, King JR, Parkes
KC (eds) Avian biology. Academic Press, New York, pp 1–92

Orme CDL, Freckleton RP, Thomas GH, Petzoldt T, Fritz SA, Isaac NJB
(2012) caper: comparative analyses of phylogenetics and evolution
in R, http://cran.r-project.org/web/packages/caper/index.html

Ossi KM, Kamilar JM (2006) Environmental and phylogenetic correlates
of Eulemur behavior and ecology (Primates: Lemuridae). Behav
Ecol Sociobiol 61:53–64

Pagel M (1999) Inferring the historical patterns of biological evolution.
Nature 401:877–884

Papworth S, Milner-Gulland EJ, Slocombe K (2013) Hunted woolly
monkeys (Lagothrix poeppigii) show threat-sensitive responses to
human presence. PLoS One 8:e62000

Reed KE, Bidner LR (2004) Primate communities: past, present, and
possible future. Am J Phys Anthropol 47:2–39

Revell LJ (2009) Size-correction and principal components for interspe-
cific comparative studies. Evolution 63:3258–3268

Revell LJ (2012) phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol Evol 3:217–223

Rose LM (1994) Sex differences in diet and foraging behavior in white-
faced capuchins (Cebus capucinus). Int J Primatol 15:95–114

Ross C, MacLarnon A (2000) The evolution of non-maternal care in
anthropoid primates: a test of hypotheses. Folia Primatol 71:93–112

Rylands A, Mittermeier RA (2009) The diversity of the New World
primates (Platyrrhini): an annotated taxonomy. In: Garber PA,
Estrada A, Bicca-Marques JC, Heymann EW, Strier KB (eds)

Behav Ecol Sociobiol

Author's personal copy

http://cran.r-project.org/web/packages/caper/index.html


South American primates: comparative perspectives in the study of
behavior, ecology, and conservation. Springer, New York, pp 23–54

Schaffner CM, Rebecchini L, Ramos-Fernandez G, Vick LG, Aureli F
(2012) Spider monkeys (Ateles geoffroyi yucatenensis) cope with the
negative consequences of hurricanes through changes in diet, activity
budget, and fission–fusion dynamics. Int J Primatol 33:922–936

Shultz S, Opie C, Atkinson QD (2011) Stepwise evolution of stable
sociality in primates. Nature 479:219–222

Snaith TV, Chapman CA (2007) Primate group size and interpreting
socioecological models: do folivores really play by different rules?
Evol Anthropol 16:94–106

Stephens DW, Krebs JR (1986) Foraging theory. Princeton University
Press, Princeton

Sterck EHM,Watts DP, van Schaik CP (1997) The evolution of female social
relationships in nonhuman primates. Behav Ecol Sociobiol 41:291–309

Strier KB (2009) Seeing the forest through the seeds: mechanisms of
primate behavioral diversity from individuals to populations and
beyond. Curr Anthropol 50:213–228

Struhsaker TT (1967) Social structure among vervet monkeys
(Cercopithecus aethiops). Behaviour 29:83–121

Struhsaker T (2000) Variation in adult sex ratios of red colobus monkey
social groups: implications for interspecific comparisons. In: Kappeler
PM (ed) Primate males: causes and consequences of variation in group
composition. Cambridge University Press, Cambridge, pp 108–119

Tecot SR, Baden AL, Romine N, Kamilar JM (2012) Infant parking and
nesting, not allomaternal care, influence Malagasy primate life
histories. Behav Ecol Sociobiol 66:1375–1386

Teichroeb JA, Sicotte P (2009) Test of the ecological constraintsmodel on
ursine colobus monkeys (Colobus vellerosus) in Ghana. Am J
Primatol 71:49–59

Terborgh J (1983) Five New World Primates: a study in comparative
ecology. Princeton University Press, Princeton

Terborgh J, Janson CH (1986) The sociobiology of primate groups. Annu
Rev Ecol Syst 17:111–135

Thierry B (2013) Identifying constraints in the evolution of primate
societies. Philos T Roy Soc B 368:20120342

Thierry B, Iwaniuk A, Pellis S (2000) The influence of phylogeny on the
social behaviour of macaques (Primates: Cercopithecidae, genus
Macaca). Ethology 106:713–728

Tinbergen N (1963) On aims and methods in ethology. Z Tierpsychol 20:
410–433

van Schaik CP (1989) The ecology of social relationships amongst female
primates. In: Standen V, Foley RA (eds) Comparative socioecology.
Blackwell, Oxford, pp 195–218

van Schaik CP, van Noordwijk MA, de Boer RJ, den Tonkelaar I (1983)
The effect of group size on time budgets and social behaviour in
wild long-tailed macaques (Macaca fascicularis). Behav Ecol
Sociobiol 13:173–181

Vasey N (2003) Varecia, ruffed lemurs. In: Goodman SM, Benstead JP
(eds) The natural history of Madagascar. Univ Chicago Press,
Chicago, pp 1332–1336

Wills MA, Briggs DEG, Fortey RA (1994) Disparity as an evolutionary
index: a comparison of Cambrian and recent arthropods.
Paleobiology 20:93–130

Behav Ecol Sociobiol

Author's personal copy


	What drives flexibility in primate social organization?
	Abstract
	Introduction
	Methods
	Quantifying across-site variation in social organization
	Quantifying phylogenetic signal in social organization flexibility
	Predictors of social organization flexibility
	Phylogenetic models predicting social organization flexibility

	Results
	Quantifying social organization flexibility and phylogenetic signal
	Predicting social organization flexibility

	Discussion
	Social organization flexibility in a phylogenetic context
	Predicting social organization flexibility

	References


