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Lay summary 

In this paper we provide valuable insights into the evolution of primate brain size by demonstrating that relatively large brains are associated with high levels of social competition. Although overall levels of conflict increase in larger groups, the amount of aggression between each individual pair decreases, suggesting that primates in large groups can somewhat mitigate the damaging social costs of conflict. 
Large brains and groups associated with high rates of agonism in primates
Abstract 
Animals living in social groups will almost inevitably experience competition for limited resources. One consequence of competition can be agonism, an activity that is not only costly to participate in at the individual level, but potentially also at the group level due the detrimental effects that agonism can have on group stability and cohesion. Agonism rates across primate species have previously been associated with group size and terrestriality therefore primates, particularly those in large groups, should develop strategies to mitigate or counter-act agonism. Here, we use phylogenetically controlled analyses to evaluate whether the known relationship between brain size and group size may partially reflect an association between agonism and brain size in large groups. We find strong positive associations between group level agonism and two measures of brain size (endocranial volume and neocortex ratio) in 45 separate populations across 23 different primate species. In contrast, dyadic (pair-wise) rates of agonism are inversely associated with group size and not with brain size. Moreover, we find a distinct absence of relationships between agonism and the prevalence of prosocial, cooperative behaviors. That overall rates of agonism increase, but dyadic rates decrease with group size suggests that individuals in larger groups either can buffer aggression better or only species with low levels of dyadic conflict can maintain large groups. 
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Introduction
Across the animal kingdom, many species live in social groups characterized by frequent social interactions with conspecifics, coordinated activity, and communication between their members (Swedell 2012).  Gregariousness confers many benefits to the individual; predation risk decreases within a group through vigilance, selfish herd effects, and the ability to mob predators (Lima 1995; Swedell 2012). Individuals can also increase their reproductive output by collectively defending their territories and offspring, sharing resources, and by finding mates easily (Silk 2007; Willems et al. 2013). However, social living does also carry with it associated costs (Swedell 2012); largely given within-group competition for finite resources (Wheeler et al. 2013; Sterck et al. 1997; Wrangham 1980; Majolo et al. 2008). 

A primary mechanism by which animals compete for resources is through agonism (Sterck et al. 1997), an activity that is not only costly for an individual due to the direct risks of injury, and in some extreme cases even death; but also through the disruption of group stability and cohesion (Cords 1992; Flack et al. 2006). Behaviors deemed agonistic are all behaviors relating to conflict, comprising the behavioral categories of aggression, submission and intimidation (Kappeler and Pereira 1997). Agonism shapes animal societies through influencing dominance hierarchies, access to resources, and reproductive success of group members, as well as being the root cause for the evolution of various behavioral and anatomical characters in many taxa (Huntingford and Turner 1987; Sterck et al. 1997; Wheeler et al. 2013). 

Agonism across primate species has been demonstrated to increase with group size as a result of increasing competition over resources (Wheeler et al. 2013; Majolo et al. 2008). In fact, food competition is thought to impose an upper limit on group size (Janson and Goldsmith 1995), with foraging effort increasing and female fecundity decreasing as groups increase in size (Majolo et al. 2008). However, group size can be highly variable both within and between populations (Griessler et al. 2011); variation that is partly explained by individuals balancing the costs and benefits of sociality within a set of environmental challenges, such as food availability and predator density (Wrangham et al. 1993; Price and Stoinski 2007; Majolo et al. 2008; Griessler et al. 2011) but also by the demographic history of individual groups. 
Primates are a particularly interesting order in which to investigate the relationship between sociality and agonism given the considerable variation and complexity in social grouping between species (Sterck et al. 1997; Thierry 2000; Isbell and Young 2002; Sapolsky 2005). Primates are highly gregarious and as a result all primates live in some form of social community (Dunbar 1991; Wrangham et al. 1993; Isbell and Young 2002), including those species that often forage alone (e.g. nocturnal prosimians; Pimley, Bearder, & Dixson, 2005). Many diurnal primates form large, cohesive groups with strong social bonds between unrelated individuals, akin to that of pair bonds in other taxa (Dunbar and Shultz 2007a). 

Furthermore, primates are unusual among mammals given their large brain to body size ratio (Armstrong 1983). The Machiavellian or ‘social brain’ hypothesis is an attempt to explain this evolutionary increase in relative brain size as a result of the cognitive demands required for survival within complex social groups (Dunbar 1991). Specifically it links primate cognition to the contrasting pressures of competition and cooperation between conspecifics (Seyfarth and Cheney 2015) –a hypothesis supported by various analyses linking the size of multiple brain structures to the size of the social group among primates (Shultz and Dunbar 2007; Reader et al. 2011) ADDIN EN.CITE <EndNote><Cite><Author>Shultz</Author><Year>2007</Year><RecNum>12</RecNum><DisplayText>(Shultz and Dunbar 2007)</DisplayText><record><rec-number>12</rec-number><foreign-keys><key app="EN" db-id="t50rfpa512fz01e520uxe9z3svffvtz9pdd0" timestamp="1412541552">12</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Shultz, Susanne</author><author>Dunbar, R.I.M</author></authors></contributors><titles><title>The evolution of the social brain: anthropoid primates contrast with other vertebrates</title><secondary-title>Proceedings of the Royal Society B: Biological Sciences</secondary-title></titles><periodical><full-title>Proceedings of the Royal Society B: Biological Sciences</full-title></periodical><pages>2429-2436</pages><volume>274</volume><number>1624</number><dates><year>2007</year><pub-dates><date>October 7, 2007</date></pub-dates></dates><urls><related-urls><url>http://rspb.royalsocietypublishing.org/content/274/1624/2429.abstract</url></related-urls></urls><electronic-resource-num>10.1098/rspb.2007.0693</electronic-resource-num></record></Cite></EndNote>. Social cognition in primates underpins behaviors such as maintaining social relationships, developing social strategies, tracking social behavior, coordinating group behaviors, and remembering relationships between group members (Whiten and Byrne 1988; Dunbar 1991; Barrett and Henzi 2005; Silk 2007; Seyfarth and Cheney 2015). 
Although agonism should result in fractured social relationships (Flack et al. 2006), and the dispersal of individuals e.g. during range defense (Garber et al. 1993), animals living in social groups must find mechanisms to maintain cohesive social groups (Aureli, 1997). One way primates do this, is by expressing specific behaviors that function to prevent the escalation of conflict and to repair damaged relationships (de Waal & van Roosmalen, 1979; de Waal & Yoshihara, 1983; Flack, de Waal, & Krakauer, 2005). Rates of agonistic and affiliative interactions within a social group are often a function of the degree relatedness between individuals (Abbott et al. 2003) and kin biases increase the incidence of prosocial behaviors including coalitionary support, policing, reconciliation, and post-conflict affiliation (e.g. grooming) (Abbott et al., 2003;  Aureli, 1997; Call, Aureli, & de Waal, 1999; Flack et al., 2005; Kappeler & Pereira, 1997; Silk, 2007). Along with agonism, genetic relatedness is important in determining the social structure of many primate groups, including that of humans (Dunbar and Spoors 1995; Silk 2002); influencing affiliation networks, breeding systems, dominance hierarchies, and the evolution of altruistic behavior (Silk 2009). 

Most research investigating the variation in primate agonism focus on the importance of ecological variables such as food competition and predation risk in determining agonism (Sterck et al. 1997; Barrett and Henzi 2005). Here, we take an alternative approach by assessing the relationship between agonism and evolutionary aspects of primate sociality: behavior and brain size.  We test the prediction that as primate brain size and rates of conflict mediatory behaviors increase, agonism is constrained.  We examine the rate of change in agonism across the primate tree, using phylogenetic analyses to identify branches at which significant changes in agonism occur. By assessing variance in agonism between populations of the same species, we are able to consider both the effect of evolved social and ecological variables. Owing to the differential selection pressures on males and females and the status of females as the drivers of primate social evolution (Lindenfors et al. 2004; Lindenfors 2005), our analyses focus on female-female agonism.
Methods

Data collection

We surveyed published literature for reported rates of female-female agonism among wild, unprovisioned primates including unpublished data reported in Wheeler et al. (2013).  Our data set is similar to that used in Wheeler et al. (2013) with some differences in group size and agonism rate in certain populations, where the reported rates differed from the original sources. We also include agonism rates derived from one additional source (Lu et al. 2008) for Hanuman langurs (Semnopithecus entellus). Data on social behaviors have previously been compiled by Shultz et al. (in review). Overall, our data comprises 45 populations in 23 species spanning 5 primate families (Table S1). 

Agonism

The difficulty with using previously published data for a cross-species analysis lies primarily in the different definitions used by researchers when classifying agonism.  In this study, we included all behaviors considered aggressive or submissive, as well as spatial displacements. Observer bias may still occur between studies although, we not been able to account for this bias. 

We only included agonism rates calculated from sources that recorded agonistic interactions between adult females during focal observations. When rates of agonism are calculated from data collected by other sampling methods e.g. ad libitum sampling or all occurrence sampling it is likely that either group size will be overestimated, or the number of agonistic events will be underestimated as particularly in large groups not all individuals will be visible at all times. Furthermore, it is likely that more subtle expressions of agonism would be missed during all occurrence sampling, further underestimating the agonism rate, and biasing associations between group size and agonism (Wheeler et al. 2013). Rates of agonism will vary between different contexts so where possible, we corrected for time spent feeding if rates of agonism during feeding and non-feeding times were given in the source. If rates of agonism per focal female were not given in the text, we calculated rates of agonism based on the number of interactions and observation hours. As agonism is considered to be competition driven, it is likely that variation between populations will affect the rate of agonism. As such, we attempted to compare rates of agonism between populations and groups where possible however for 5 populations, rates used in analyses were taken from the mean value between populations. 

We also examined how an individual’s dyadic rate of agonism varies within a population. Rates of agonism have previously shown to increase with group size (Wheeler et al. 2013) however, this does not tell us about the amount of agonism an individual will receive. We did not consider the directionality of agonism as this analysis was beyond the scope of our investigation. 

Behavioral measures, brain size variables, and group size 
While Dunbar (1991) previously identified the neocortex volume as a predictor for group size there remains much debate over the most appropriate measure of brain size as a proxy for cognitive ability (Reader et al. 2011). We therefore considered two measures of brain size, the neocortex ratio (the size of the neocortex relative to the rest of the brain) and the endocranial volume (total brain size; ECV); both correlate strongly with primate performance in laboratory tests as well as with ecological measures of primate cognition including tool use and social learning (Reader and Laland 2002; Deaner et al. 2007).To test for any confounding effects of the relationship between brain and body size, we also included total body size as an additional factor in our PGLS analyses examining the role of the ECV. Furthermore, we ran a secondary analysis examining the role of the relative neocortex size when controlled for brain size. Species values have previously been compiled and published by Stephan et al. (1981) and Isler et al. (2008). In regression models in which both brain and body size were considered, we carried out our analyses on values from the same sources. 
We assigned species a binary score of 1 or 0 dependent on whether they exhibited the following behaviors or not: female philopatry (Shultz, Opie, & Atkinson, 2011), policing, coalitions, collective action, or deception (Shultz et al., unpublished). For all behavioral measures excluding female philopatry, species were only included if there had been more than 25 papers published on their behavior and/or ecology. 
Group size has previously been shown to be positively associated with female agonism (Wheeler et al. 2013). Group size values were taken directly from the sources used to calculate agonism rates. If the data came from multiple groups, or if group size varied over the observation period, we used the mean group size. In the case of primates belonging to fission-fusion societies where group size and composition can vary within the community (Chapman et al. 1993), group size was calculated from the mean party size. 

We also investigated an individuals’ dyadic of agonism by using the following calculation:
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This value allows us to see how much agonism one individual is involved with, with every other member of the group e.g. how diffused agonism is throughout the group. As Wheeler has previously demonstrated, there is a significant positive association between group size and agonism however there has been no further work investigating the patterns of dyadic agonism within a social group. We used the ratio of males to females as an estimate for a female’s competition for desirable males. We calculated this value using values stated in the source for numbers of adult males or females. If male group size was not given, we omitted that population from our analyses.

Attempts to mitigate bias driven by sampling effort have been made through the use of species average values for brain and body size variables, binary scores for presence or absence of prosocial behaviors and the individual treatment of population group size and agonism rates.

Statistical analyses

All analyses were carried out using R 3.0.2 (R Core Team 2013). We transformed our data to ensure that the assumptions based on parametric statistical analyses were met. Female rates of agonism were square root transformed while dyadic rates of agonism, ECV, body size and group size were log10 transformed. Given that our measures of agonism were not normally distributed, our coefficient of variation (CV) for both measures was calculated as:
[image: image2.emf]
Phylogeny
Our phylogenetic tree (Figure S1) was constructed using a consensus tree downloaded from the 10K Trees Project (version 3, Arnold et al. 2010). This tree was pruned to contain only the species for which we had data; adding polytomic branches to species with multiple populations. This polytomic tree was used for all analyses apart from MEDUSA analyses in which the tree was coerced into a binary format, with each additional population retaining the branch lengths from the original population. On three occasions where species names used in the text did not appear on our phylogenetic tree, we used alternate, closely related species for our analyses (Table S2).
Modelling rates of evolutionary trait change (MEDUSA)

We identified branches and clades at which there are shifts in the rate of agonism using the trait MEDUSA (Modelling rates of evolutionary diversification using stepwise AIC) method (Thomas and Freckleton 2012). This analysis allows us to identify the location and magnitude of major changes in trait diversification without making a priori assumptions based on species history.  The model works by assigning a single-rate Brownian rate of trait evolution across the phylogenetic tree before analyzing the tree at every node; evaluating the relative likelihood of each added heterogeneous birth-death rate given the data. If the likelihood is improved, the added rate is fixed, and the model continues its iteration throughout the tree. The MEDUSA analysis will return a user-defined number of improved models, which have been selected based on their Akaike Information Criterion (AIC) value corrected for a small sample size (AICc).  The model will continue accepting new parameters until the threshold change in AICc has been reached. This threshold is calculated internally, and is based on the size of the tree. For a tree of 45 tips, a threshold change in AICc of 2.61 is appropriate.

Locations of rate change can either be single branches or whole clades, with a user-defined minimum and maximum clade size. In our analysis we used a minimum clade size of 1 (branches) and a maximum clade size of 2, which allowed our model to search small clades. Given the size of our dataset, we set the maximum number of returned models at 4. 

Phylogenetic comparative analyses

We carried out phylogenetic generalized least-squares (PGLS) regression analyses to test for the associations between our behavioral factors and female agonism using the caper package in R (Orme et al. 2013). PGLS analyses incorporate the strength of phylogeny into standard least squares analyses. We did not carry out any other analyses to examine the effects of our independent variables on female agonism as PGLS analysis is more appropriate in detecting causes of variance across a taxonomic group when compared to more simple analyses (Wheeler et al. 2013). We use a stepwise factor selection process, only including significant variables (p<0.05) from bivariate models into subsequent multivariate analyses. We estimated the effect of the phylogeny (Pagel’s λ) using a maximum likelihood (ML) approach for each variable. Low λ values are associated with evolution of a specified trait independent of the shared phylogenetic history between species. We further assessed the significance of the ML λ model estimate using likelihood ratio tests with comparisons to models with λ values set at either 0 or 1. Additional multivariate analyses with both body size and brain size variables as independent variables were carried out to assess whether any associations between the variables and female agonism were solely residual from the association between brain and body size. We use a two-pronged approach to assess the suitability of each our models, referring to both the p-value and R2adj during our model selection process.
To mitigate any effects of collinearity between variables included in our multivariate models we did not enter variables that were highly correlated (Spearman’s rank >0.8) into our PGLS models together. Furthermore, we assessed collinearity between factors in our final models by calculating variance inflated factors (VIFs); where factors with VIF >10 are considered significantly collinear (Quinn and Keough, 2002). VIFs for multivariate models 1 and 3 (Table 1) were 1.22 and 1.11, indicating low collinearity between variables in the models.
Results
Rates of diversification

MEDUSA analysis identified 7 nodes at which significant increases in the rate of diversification occurred, leading to variable changes in female agonism (Figure 1a). All of these rate shifts were associated with higher rates of female agonism. Interestingly, the majority of identified nodes terminate in branches leading to populations rather than species, highlighting the vast amount of intra-specific variation even within species. Multiple populations of chacma baboons (Papio ursinus) were highlighted to have significant increases in agonism relative to the background rate (nodes 40 and 63, Figure 1a, Table S3). Mountain gorillas (Gorilla beringei), black and white ruffed lemurs (Varecia variegata), and capuchins (Cebus capucinus) were also identified as having marked rates of diversification in agonism between populations (ML rate range = 13.14-46.90, nodes 32, 45, 79, 83; Figure 1a, Table S3), although at an order of magnitude lower than that of the population with the maximum rate of diversification (baboon population 4; ML rate range = 1000.0, node 63; Figure 1a, Table S3).  Given that our maximum number of identified models was limited to 4, retuned ΔAICc values indicate that there are likely additional models that could also be considered. Interestingly, the only node identified through MEDUSA that did not terminate in a species population was the node at the basal branch leading to all new world and old world primates (node 47, Figure 1a, Table S3). 
Repeating the MEDUSA analysis using rates of dyadic agonism identified 7 nodes with increased rates of diversification 20-200 times the background rate (Table S3). Similarly to our results for individual rates of agonism, nodes identified all terminated in populations, which encompassed black and white ruffed lemurs, mountain gorillas, Japanese macaques (Macaca fuscata), and hanuman langurs (Semnopithecus entellus) (Figure 1b). Black and white ruffed lemurs were, perhaps surprisingly, identified as the species with the highest rates of diversification, at rates 60-200 times that of the background rate (Table S3). The majority of nodes identified in MEDUSA analyses for both measures of agonism terminate in populations rather than clades, suggesting a potentially strong association between ecology and dyadic and individual rates of agonism. Furthermore, variation in rates of dyadic agonism between populations is significantly lower than that in individual rates of agonism (CV of 22.98% and 148.40%, respectively; Levene’s test: F1,88=25.66, p=<0.001), highlighting the possibility of constraints to agonism between individuals.
Phylogenetic linear models
When analyzing individual rates of agonism, larger brains as a whole were indicative of increased agonism. We identify significant positive associations between both of our brain size variables – ECV and the neocortex ratio, albeit with no phylogenic signal for either (λ=0.00; Table 1). Like Wheeler et al. (2013), we find significant positive associations between female agonism and group size (F1,43 = 11.07, p = 0.002; Table 1); an association without statistically significant ties to the phylogenetic tree   (λ=0.31; pλ=0=0.62). This association however, is reversed by the inclusion of body size in the model. The positive association between ECV, group size and agonism function independently of one another indicated by both variables remaining significant in multivariate analyses (Table 1). This multifactorial relationship builds on the significant associations of single-factor models by increasing the R2adj values. Surprisingly, neither our measure of group composition, nor any of our behavioral variables are able to predict rates of agonism (Table 2). 
Interestingly, we find a very significant negative relationship between group size and dyadic agonism (F1,43= 13.81, p<0.001; Table 3); although our ML λ estimate was high (λ=0.658), likelihood ratio tests indicate that this value was not statistically different from models in which λ was fixed at 0 (pλ=0=0.07). Although none of our cognitive variables showed significant associations with dyadic agonism (p>0.05; Table 3), a second behavioral measure, collective action, did (F1,28= 4.59, β±SE =0.75±0.35, R2adj=0.11, p=0.04, λ=0.54; Table 4). Our ML λ estimate of 0.54 was statistically different from models in which λ was fixed at 0 and 1 (pλ=0=0.047;pλ=1<0.001).
Discussion
Both brain size and neocortex ratio were positively associated with group level rates of agonism. This relationship between the ECV and agonism functioned independently from group size suggesting a potential direct relationship between agonism and cognitive capacity. Larger neocortices have previously been argued to result from increasing social pressures (Dunbar and Shultz 2007b).  Our results support this inference, but also particularly highlight the role of female relationships in primate social and cognitive evolution (Lindenfors et al. 2004; 2007). Species with larger neocortex ratios also have more efficient social networks, and should be better able to develop social strategies to regulate these relationships (Pasquaretta et al. 2014). 

Our results offer further insights into the social brain hypothesis as conversely, we did not find any significant associations between prosocial and cooperative behaviors and agonism. No relationship between agonism and behaviors traditionally considered to mediate conflict in primates, such as policing, deception and coalition formation challenge our assumptions about the function of these behaviors. They may perhaps have other roles, for example, to repair and maintain relationships after conflict. Or the lack of relationship may suggest that they counter-act increasing levels of competition in large groups, but cannot completely offset it. This is circumstantially supported by the negative correlation between group size and dyadic rates of agonism: individuals in larger groups effectively reduce pair-wise levels of agonism, but not enough to completely prevent group level agonism increasing with group size. Differing ecological and social challenges will also influence which behaviors are expressed (van Schaik et al. 1999); it may be relevant to compare the incidence of agonistic behavior to prosocial behavior to account for this, controlling for the presence of desirable resources. This, in combination with the association between agonism and brain size suggests that primates invest in cognition to offset competition among conspecifics rather than for cooperation.

While Wheeler et al. (2013) posit that the increasing density of conspecifics would increase the frequency of all social interactions - not just agonism - we find a strong negative association between group size and dyadic agonism (Table 3) indicating that although whole group agonism increases with group membership, agonism between individual dyads decreases (Figure 1b; Table 3). This further highlights that although females may not necessarily use the evolved, prosocial behaviors we considered such as reconciliation or policing as much as previously thought to mediate agonism; the negative effects of agonism on social relationships may simply be limited by directing less agonism towards other individuals. It is likely that the dominance hierarchy and social structure of the females will determine the exact direction of agonism between individuals.  It may perhaps be unsurprising that the occurrence of collective group movements (collective action) was significantly associated with dyadic agonism (Table 2), given that group-level cooperation is one of the hallmarks of social living (Swedell 2012), and the subsequent success of these movements strongly influences individual fitness (King and Sueur 2011; Seltmann et al. 2013). In groups collective decisions can often be problematic given the different interests and energetic states of each individual, especially in primate societies where variable dominance hierarchies and social relationships between individuals complicate decision making (King and Sueur 2011). 

Female fitness is dependent on her access to resources and often, her social relationships within the group (Lindenfors et al. 2007; Pusey and Schroepfer-Walker 2013). Remarkable variation in agonism between species, but also between populations may function to highlight this - especially within chacma baboons and white-headed capuchins (Figure 1a).  Rates of agonism ranging between 0.81-2.9 events per hour in chacma baboons may be reflective of differing levels of competition across populations. This competition could be directly over food resources or between females for desirable males (Wasser and Starling 2005; Huchard and Cowlishaw 2011). Baboons have long been known to live in despotic societies with strict hierarchies in which agonism is not uncommon (Silk 2002; Silk 2007). White-faced capuchins were identified as a branch with particularly high levels of agonism, which is somewhat surprising given their social system, where much of the competition between females was thought to be reduced through the reproductive suppression of subordinate females (Schaffner and Caine 2000). 
Given the significant role of agonism in influencing energy intake, reproductive success, social cohesion, and ultimately fitness in gregarious animals (Deag 1977; Clutton-Brock and Huchard 2013), it is of importance to understand the factors influencing and mediating agonism. We, in conjunction with Wheeler et al. (2013) highlight the interplay between of both social and ecological variables in influencing agonism; negative associations between agonism and group size when body size is included in the model speak further to the role of ecology. As body size increases so do energetic requirements (and therefore competition for limited resources), limiting the size of the group in a given area (Janson and Goldsmith 1995). As primate cognition cannot simply be divided into social and non-social components (Seyfarth and Cheney 2015),it may be advantageous to extend analyses to incorporate ecological and sociological variables, exploring the relative strength of each variable, as well as any potential interactions particularly when considering population differences. 

Our reliance on previously published data for our study, and our strict requirements for source inclusion in the analysis means we have included limited sample of primate species. Thus, the results are potentially sensitive to the coverage of species for which data are available. That said, the included species cover most major taxonomic families, with species situated in a diverse array of ecological niches and exhibiting a vast range of social structures. We believe that the diversity of species included in our analyses provide valuable insights into the importance of ecological and social variables on agonism. Given that high levels of agonism are found in different families, we feel that our results are robust to sampling issues. However, the inclusion of additional species into our analyses may lend further support to our inferences, particularly to inferring nodes or branches associated with evolutionary rate changes.  
Nevertheless, we believe that our results provide valuable insights into the social brain hypothesis by highlighting a potential alternate mechanism used by primates to mediate conflict.  While our findings support an association between primate cognition and social competition, large brains seemingly do not entirely mediate agonism or social cooperation. Our data however, do suggest that large brains may help reduce dyadic agonism such that there is less aggression between each pair of individuals in large groups of large-brained primates. 
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Tables
	Model 
	Factors
	β±SE
	d.f.
	R2adj
	p
	ML λ

	1
	log10 ECV  
	0.43±0.13
	2,41
	0.47
	0.002
	0.00N.S., *

	
	log10 group size
	0.47±0.13
	
	
	0.001
	

	2
	log10 ECV
	0.62±0.13
	1,42
	0.32
	<0.001
	0.00 N.S., *

	3
	log10 group size  
	-0.20±0.06
	2,41
	0.22
	0.001
	0.00 N.S., *

	
	log10 body size
	0.10±0.04
	
	
	0.02
	

	4
	log10 group size
	0.52±0.16
	1,43
	0.19
	0.001
	0.31 N.S., *

	5
	log10 body size
	0.31±0.15
	1,42
	0.07
	0.05
	0.48 *,*

	6
	Neocortex ratio
	0.34±0.09
	1,22
	0.39
	0.001
	0.00 N.S., *

	
	
	
	
	
	
	


Table 1. Summary statistics for PGLS analyses examining the association between brain size, group size and female agonism. We carried out analyses on 45 separate populations in 23 species. We present the regression coefficient and standard error (β±SE) as well as the maximum likelihood estimate for lambda (λ) and R2 adjusted (R2adj) values. Using likelihood ratio tests we assessed the significance of our ML λ values incomparison to models with λ bounded at it’s lower and upper bounds. Superscripts indicate if ML values are significant (*) or not significant (N.S.) from 0 or 1 respectively. Models are ranked based on their R2adj values.  Bold p-values denote significant factors.  We present multivariate models only if all variables are significant (p<0.05). Excluded models can be found in Table S4. In two factor models, top row β, SE and P values correspond to the first variable, while the bottom row values correspond to the second variable. Endocranial data from Isler et al. 2008; neocortex data from Stephan et al. 1981.  
	Model 
	Factors
	β±SE
	d.f.
	R2adj
	p
	ML λ

	1
	Female philopatry
	0.10±0.14
	1,42
	-0.01
	0.46
	0.58*,*
	

	2
	Male:Female ratio
	-0.32±0.61
	1,12
	-0.06
	0.61
	0.00 N.S., *
	

	3
	Collective action
	0.53±0.27
	1,28
	0.09
	0.06
	0.63*,*
	

	4
	Deception
	-0.08±0.14
	1,29
	-0.02
	0.59
	0.00 N.S., *
	

	5
	Coalitions
	0.09±0.15
	1,24
	-0.03
	0.56
	0.69*,*
	

	6
	Policing
	-0.06±0.15
	1,23
	-0.04
	0.70
	0.67*,*
	


Table 2. Summary statistics for PGLS analyses examining the association between demographic and behavioral factors on female agonism. The data used in analyses and column headings are as in Table 1. 
	Model 
	Factors
	β±SE
	d.f.
	R2adj
	p
	ML λ

	1
	log10 group size
	-0.25±0.07
	43
	0.23
	<0.001
	0.66

	2
	log10 ECV
	0.44±0.82
	42
	0.00
	0.29
	0.75

	3
	Neocortex ratio
	0.34±0.24
	21
	0.04
	0.17
	0.42


Table 3. Summary statistics for PGLS analyses examining the association between brain size, group size and dyadic agonism. The dataset used in analyses and column headings are as in Table 1. 
	Model 
	Factors
	β±SE
	d.f.
	R2adj
	p
	ML λ

	1
	Male:Female ratio
	-1.32±0.79
	12
	0.12
	0.12
	0.00 N.S., *

	2
	Female philopatry
	-0.15±0.22
	41
	-0.01
	0.51
	0.83 N.S., *


	3
	Collective action
	0.75±0.35
	28
	0.11
	0.04
	0.54.*, *

	4
	Policing
	-0.21±0.21
	23
	0.0005
	0.32
	0.53 N.S., *

	5
	Coalitions
	-0.19±0.21
	24
	-0.01
	0.38
	0.59.*, *

	6
	Deception
	-0.12±0.22
	29
	-0.03
	0.59
	0.67.N.S., *


Table 4. Summary statistics for PGLS analyses examining the association between demographic and behavioral factors on dyadic agonism. The data used in analyses and column headings are as in Table 1. 
Figure legends

Figure 1. Phylogenetic continuous map illustrating rates of a) female agonism and b) dyadic female agonism among 45 different populations of primates.  Rates of agonism range from 2.9 events per hour per focal female (pink terminal nodes) to 0.009 events hour per focal female (green) (CV: 148.40%) while female dyadic agonism ranged from 0.007 to 0.562 events per hour (CV: 22.98%). Node labels denote branches (circles) or clades (squares) with significant rate shifts as identified through MEDUSA analysis (a complete set of results from this analysis, including ML rates of diversification is included in table S3). All identified rate shifts were diverse (red-orange) relative to the background rate. 
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