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Abstract 

This dissertation presents three studies of the social and reproductive behavior 

and social structure of male chimpanzees (Pan troglodytes schweinfurthii) in Gombe 

National Park, Tanzania.   

I. In many species of non-human primates, males cooperate and form friendly 

social bonds while simultaneously competing with each other for dominance rank and 

mating opportunities.  While several studies reveal clear links between female bonds and 

correlates of fitness in female philopatric primate species, few have investigated whether 

bonds among males have measurable fitness benefits.   Further, no studies in 

chimpanzees have investigated the fitness effects of cooperative exchange, or contrasted 

the fitness effects of bond formation and cooperative exchange.  Here, I investigate 

whether 1) male social bonds, 2) position in affiliative and coalition networks, or 3) 

strategic exchange with other individuals of grooming for support or tolerance facilitate 

fitness benefits in one population of wild, free-ranging chimpanzees.  I generated 

measures of social connectedness, coalition formation, and grooming effort for each male 

in two-year periods from 1990 to 2011, and employed mixed models to determine 

whether, controlling for current rank and age, these measures predicted 1) rank change (a 

correlate of future reproductive output) and 2) reproductive success within each period.  I 

found that rank change was associated with betweenness in the network of coalition 

formation, but only weakly with social bonds and not at all with position in the network 

of social relationships.  I further found that rank change was predicted by grooming 
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effort, although this relationship depended on male dominance rank.  Surprisingly, 

reproductive success was not associated with social connectedness or with betweenness 

in coalitionary or social relationship networks. Instead, grooming effort strongly 

predicted reproductive success.  Thus it appears that males that occupy central positions 

in the coalition network, and those that groom others at a high rate, are more likely to rise 

in rank (if they are low-ranking to begin with).  However, males that successfully sire 

offspring groom others at a high rate.  These results suggest that, unlike in cercopithecine 

primates, social bonds do not enhance fitness in male chimpanzees, and instead males 

rely on grooming and coalition formation to improve their rank and reproductive success. 

II. Animals face both costs and benefits associated with living in groups.  When 

the costs of membership exceed the benefits, group fissions can occur.  Fissions are 

documented in a number of animal species, but are comparatively rare in male philopatric 

primates.  One of the few likely cases occurred in chimpanzees in 1973 in Gombe 

National Park, Tanzania, when the main study community split into two separate 

communities, Kasekela and Kahama. Over the next four years, the Kasekela community 

killed the adult males and one female of the Kahama community.  Here we use social 

network analysis to explore the process of community fission in chimpanzees by 

examining association, grooming, and ranging patterns.  We found that the two 

communities split from one original cohesive community, although one with incipient 

subgrouping patterns.  Subgrouping patterns in the grooming and association networks 

began to increase sharply beginning in 1971, and this period closely coincided with a 
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dominance struggle between three high-ranking males and with a peak in operational sex 

ratio. Finally, we found a relationship between post-split community membership and 

previous association, grooming and ranging patterns in most periods of analysis, a 

tendency that became more pronounced as the fission approached.  Thus, analysis 

suggests that the community began to split during a time of unusual sex ratio and a 

protracted dominance struggle, and that individuals remained with others with whom they 

preferentially associated in the previous years.  These results are contrasted with group 

fissions in other taxa, and provide clues to the costs and benefits of group membership in 

chimpanzees. 

III. In sexually reproducing animals, male and female reproductive strategies 

often conflict. In some species, males use aggression to overcome female choice, but 

debate persists over the extent to which this strategy is successful. Previous studies of 

male aggression toward females among wild chimpanzees have yielded contradictory 

results about the relationship between aggression and mating behavior. Critically, 

however, copulation frequency in primates is not always predictive of reproductive 

success. We analyzed a 17-year sample of behavioral and genetic data from the Kasekela 

chimpanzee community in Gombe National Park, Tanzania, to test the hypothesis that 

male aggression toward females increases male reproductive success. We examined the 

effect of male aggression toward females during ovarian cycling, including periods when 

the females were sexually receptive (swollen) and periods when they were not. We found 

that, after controlling for confounding factors, male aggression during a female’s swollen 
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periods was positively correlated with copulation frequency. However, aggression toward 

swollen females was not predictive of paternity. Instead, aggression by high-ranking 

males toward females during their nonswollen periods was positively associated with 

likelihood of paternity. This indicates that long-term patterns of intimidation allow high-

ranking males to increase their reproductive success, supporting the sexual coercion 

hypothesis. To our knowledge, this is the first study to present genetic evidence of sexual 

coercion as an adaptive strategy in a social mammal. 
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Simia quam similis turpissima bestia nobis! 

“The ape, vilest of beasts, how like to us!” 

- Ennius, 2nd  c. BCE
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1. Introduction 

Across the animal kingdom, living in groups is a widespread solution to the 

challenges of survival and reproduction.  Group living is hypothesized to protect against 

predation and infanticide, facilitate territorial defense, aid in finding mates, and improve 

foraging and hunting efficiency (Alexander, 1974; Dunbar, 1988; Krause & Ruxton, 

2002; Pitcher, Magurran, & Winfield, 1982; van Schaik & Kappeler, 1997).  However, 

group living presents an additional set of challenges: members of groups must compete 

for access to food and mates, and are more likely to be exposed to socially-transmitted 

pathogens (Alexander, 1974; Altizer et al., 2003; Andersson, 1994; Dunbar, 1988; Krause 

& Ruxton, 2002; Møller, Dufva, & Allander, 1993).  Thus to enjoy the benefits of group 

membership, social animals must maintain cohesion with group-mates despite competing 

with them for resources (Krause & Ruxton, 2002).  These competing interests produce a 

complex combination of cooperation and competition within and between groups that 

interact to influence individual fitness and shape social structure.   

In most species of social mammals, males disperse at sexual maturity 

(Greenwood, 1980; Pusey & Packer, 1987a), most probably to avoid the costs of 

inbreeding and competition with kin (Gandon, 1999; Perrin & Mazalov, 1999, 2000).  

This pattern of dispersal yields groups wherein females tend to be more closely related to 

each other, and consequently more social, than are males.  Males, in turn, compete for 

access to females.  This pattern is common among primates, particularly cercopithecines 

(e.g. ringtail lemurs, Lemur catta: Sussman, 1992; capuchin monkeys, Cebus capucinas: 

Jack & Fedigan, 2004; savannah baboons, Papio cynocephalus: Alberts, 1995; reviewed 
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in: Kapsalis, 2003).  Chimpanzees, however, exhibit significantly different patterns of 

dispersal and sociality, and thus present an opportunity to test some of the underlying 

assumptions of hypotheses regarding sociality. 

Unusually among primates and other mammals, chimpanzees display the pattern 

of male philopatry and female dispersal (Boesch & Boesch-Achermann, 2000; Goodall, 

1986; Nishida & Kawanaka, 1972; Pusey, 1979).  Researchers have suggested that in 

eastern chimpanzees (Pan troglodytes schweinfurthii), ecology and the exigencies of 

maternal care together increase the costs of grouping for females beyond those for males, 

which selects against female gregariousness (Wrangham, 2000).  Females establish “core 

areas”, where they spend much of their time when alone and presumably have a foraging 

advantage (Miller et al., 2013; Pusey & Schroepfer-Walker, 2013; Williams, Pusey, 

Carlis, Farm, & Goodall, 2002; Wrangham & Smuts, 1980).  Males in turn cooperate to 

defend a larger territory that includes the ranges of many females (Boesch & Boesch-

Achermann, 2000; Goodall, 1986; Goodall et al., 1979; Manson & Wrangham, 1991; 

Mitani, Watts, & Amsler, 2010; Pusey, 1979; Sugiyama, 2004; Wrangham, 1979).   

Recent research suggests that territorial expansion is associated with increased 

food availability and reduced inter-birth intervals for females within the group (Williams, 

Oehlert, Carlis, & Pusey, 2004).  Accordingly, territorial competition is intense.  

Competition between groups can impose heavy costs on individuals, including severe 

wounding and death (Manson & Wrangham, 1991; Wilson et al., 2014; Wrangham, 

1999).  Because of these costs, and the fact that group size is associated with success in 

territorial competition (Manson & Wrangham, 1991; Mjungu, Wilson, Foerster, & Pusey, 
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2015; Wrangham, 1999), chimpanzee territoriality likely selects for adaptations that 

allow individuals to live in large groups. 

Indeed, among eastern chimpanzees, males are generally more gregarious than 

females, cooperate in a range of contexts, and form strong and enduring social bonds 

(Gilby & Wrangham, 2008; Goodall, 1986; Mitani, 2009; Muller & Mitani, 2005; 

Pepper, Mitani, & Watts, 1999; Wrangham & Smuts, 1980), although sex differences in 

gregariousness are less pronounced at some sites (Lehmann & Boesch, 2008; Sugiyama, 

1988; Wakefield, 2008).  Moreover, when the external pressure of between-group 

competition is relaxed due to community isolation, male tolerance and cooperation can be 

significantly reduced (Sugiyama, 1999, 2004).  Nevertheless, there are likely additional 

benefits to male sociality; males cooperate strategically with select community members 

in order to compete for access to females within their social groups (Muller & Mitani, 

2005).    

Another adaptation that facilitates the formation of large groups is fission-fusion 

social organization, whereby chimpanzees form temporary and fluid subgroups, or 

“parties”, that vary in composition over the course of a day (Boesch & Boesch-

Achermann, 2000; Chapman, Chapman, & Wrangham, 1995; Goodall, 1986).  Because it 

means that every member of a community is rarely together at once, this social 

organization may allow chimpanzees to avoid some of the costs normally associated with 

large group size, such as increased feeding and mate competition.  In the extreme, large 

group size may produce more long-term (though still incomplete) subgrouping, as seen in 

the “neighborhoods” in the unusually large Ngogo community in Kibale National Park, 
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Uganda (Mitani & Amsler, 2003).   

Yet despite these purported functions of male sociality in chimpanzees, explicit 

tests of the functional significance of cooperation, and the relationship between 

cooperation, competition, and social structure, are rare.  Additionally, male reproductive 

strategies in chimpanzees have generated considerable controversy.  In this dissertation I 

present research on several communities of eastern chimpanzees in Gombe National 

Park, Tanzania, a project begun by Jane Goodall in 1960 that continues to the present 

(Goodall, 1986; Wilson, 2012).  I utilize an extensive long-term database of behavioral, 

demographic, and genetic data to investigate the ultimate function of cooperation in male 

chimpanzees, the nature and proximate causes of an unprecedented community fission, 

and the genetic consequences of coercive male reproductive tactics.  In this introductory 

chapter I will review patterns of competition and cooperation in chimpanzees in relation 

to social structure and summarize the remaining chapters of this dissertation. 

1.1 Relationships between males: competition and cooperation 

1.1.1 Competition between males 

As in most mammals, chimpanzee females invest more resources in offspring than 

do males.  Therefore, the rate of potential reproduction is higher in males than in females, 

leading to a male-biased operational sex ratio (the ratio of reproductively active males to 

reproductively active females) and thus competition among males for access to females 

(Clutton-Brock & Parker, 1992; Mitani, Gros-Louis, & Richards, 1996; Trivers, 1972; 

see Chapter 3 for historical data on operational sex ratios in Gombe).  Because of this, 

females compete primarily for access to food resources while males compete primarily 
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for access to mates (Pusey & Schroepfer-Walker, 2013; van Hooff & van Schaik, 1994; 

Wrangham, 1979). 

Male chimpanzees display a number of sexually-selected traits that suggest high 

levels of male-male competition, including sexual dimorphism, an indicator of pre-

copulatory competition, and large testes, which facilitate post-copulatory sperm 

competition (Andersson, 1994; Peter M. Kappeler & van Schaik, 2004; Møller, 1988).  

Pre-copulatory male-male competition is frequent and often intense, and results in the 

establishment of dyadic dominance relationships between community members.  The 

collective set of all dominance relationships in a community is termed the “dominance 

hierarchy”.  Among male chimpanzees, these hierarchies are usually linear, and agonistic 

interactions can lead to reversals in the hierarchy (Boesch & Boesch-Achermann, 2000; 

Foerster et al., 2016; Goodall, 1986; Muller, 2002; Newton-Fisher, 2004; Sakamaki & 

Hayaki, 2015).  Hierarchies vary over time and by community from “egalitarian” to 

“despotic”, depending on the degree to which individuals differ from one another in their 

likelihood of winning dominance interactions (de Vries, Stevens, & Vervaecke, 2006a; 

Kaburu & Newton-Fisher, 2015a; van Schaik, 1989).   

It has been theorized that dominance relationships between dyads reduce the need 

for continual aggressive competition (Altmann, 1962; Drews, 1993).  However, in 

chimpanzees several lines of evidence suggest that the costs of competition between 

males are particularly high.  Rates of aggression towards other males are higher among 

higher-ranking males, and remain high even during periods of hierarchy stability (Boesch 

& Boesch-Achermann, 2000; Muller, 2002; Muller & Mitani, 2005; Muller & 
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Wrangham, 2004a).  This increased aggression was associated with increased levels of 

stress hormones in males of the Kanyawara community of Kibale National Park, Uganda, 

suggesting a proximate energetic cost to dominance competition (Muller & Wrangham, 

2004b).  In some extreme cases male-male competition can even result in intra-

community killings (Kaburu, Inoue, & Newton-Fisher, 2013).   

Given the costs of male dominance competition, one would expect significant 

benefits associated with high rank.  Indeed, reproductive success is often correlated with 

high rank among male chimpanzees (Boesch, Kohou, Néné, & Vigilant, 2006; Feldblum 

et al., 2014; Newton-Fisher, Emery Thompson, Reynolds, Boesch, & Vigilant, 2010; 

Wroblewski et al., 2009; Chapter 2).  However, siring success is not monopolized 

entirely by the alpha male.   

Models of mating skew predict incomplete monopolization of reproductive 

success by the alpha male under most circumstances.  The “priority of access” model 

posits that because males cannot usually monopolize mating access to more than one 

female at once, the degree of reproductive skew is determined by the number of male 

competitors and the number of synchronously receptive females (Altmann, 1962; Dunbar, 

1988).  In chimpanzees, patterns of reproductive skew generally follow the predictions of 

the priority of access model (Boesch et al., 2006; Newton-Fisher et al., 2010; Wroblewski 

et al., 2009), although low-ranking males are more successful than expected, and young 

males in particular tend to sire offspring more than would be predicted by this model 

(Feldblum et al., 2014; Wroblewski et al., 2009; Chapter 2). 

Deviation from the strict predictions of the priority of access model is likely the 
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result of alternative competitive strategies among males, as well as demographic and 

social factors.  Among chimpanzees, high ranking males do not have complete control 

over mating opportunities (Bray, Pusey, & Gilby, 2016), an effect likely exacerbated as 

the number of male competitors increases (Alberts, 2003; Alberts, Buchan, & Altmann, 

2006; Boesch et al., 2006; Cowlishaw & Dunbar, 1991).  Thus, high-ranking males may 

not always be able to monopolize copulations even with lone estrous females, or may be 

compelled to allow allies mating access to females in exchange for support (Section 1.1.2 

below; Bray et al., 2016; Clutton-Brock, 1998; Duffy, Wrangham, & Silk, 2007).  Low-

ranking males may also increase their reproductive success via “sneak” copulations, 

thereby avoiding retaliation by a high-ranking male, or via sperm competition 

(Wroblewski et al., 2009).  Finally, if a male is closely related to a number of females in a 

group he may sire fewer offspring than expected due to post-copulatory processes (K. K. 

Walker et al., 2017). 

1.1.2 Cooperation and social bonds between males 

Despite intense competition, cooperation is frequently observed in male 

chimpanzees.  Kinship plays only a limited role in structuring this cooperation (Goldberg 

& Wrangham, 1997; Langergraber, Mitani, & Vigilant, 2007; Mitani, Merriwether, & 

Zhang, 2000; Mitani, Watts, Pepper, & Merriwether, 2002), so that many chimpanzee 

social relationships involve cooperation between unrelated individuals.  For purposes of 

this introduction, I define cooperation as any act that benefits another individual, 

regardless of the immediate cost or benefit to the actor (Dugatkin, 1997; Gilby, 2012; van 

Schaik & Kappeler, 2006).  Cooperative behavior among non-kin can be selected for if 
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the short-term cost of performing the act is offset by either an immediate or delayed 

benefit.  When the benefit to the cooperator is immediate, this is called mutualism, and 

when the cooperator receives a delayed benefit from the recipient of the cooperative act, 

this is called contingent reciprocity or exchange (Dugatkin, 1997; Gilby, 2012).   

Correlational studies of wild chimpanzees suggest that males exchange 

contingently a number of different cooperative behaviors, such as coalitionary support 

(Gomes & Boesch, 2011; Watts, 2002), meat sharing (Mitani & Watts, 2001), and mating 

opportunities (Bray et al., 2016; Duffy et al., 2007).  Most commonly reported as an 

exchange commodity, however, is grooming.  Grooming is frequently exchanged 

reciprocally within dyads for grooming (Arnold & Whiten, 2003; Gomes & Boesch, 

2011; Kaburu & Newton-Fisher, 2015a; Watts, 2002), for agonistic support in within-

group aggressive encounters (Kaburu & Newton-Fisher, 2015a; Watts, 2002), and 

potentially also for support during territorial behavior (Watts & Mitani 2001).   

Several recent studies suggest that patterns of cooperative exchange are 

influenced by the stability or steepness of the male hierarchy.  In two communities of 

eastern chimpanzees that differed primarily in dominance hierarchy steepness, the degree 

to which male grooming was exchanged for coalitionary support and mating 

opportunities varied predictably with hierarchy despotism (Kaburu & Newton-Fisher, 

2015a, 2015b).  Further, in a study of captive chimpanzees, exchange of grooming for 

support depended on the presence of a clear alpha (Hemelrijk & Ek, 1991).  Collectively, 

these studies suggest that power differentials between individuals influence their relative 

values as trading partners.  This suggests that, in chimpanzees, at least some cooperative 



 

 

9 

behaviors may be traded according to the rules of a biological market, which applies 

many of the laws of economic markets to cooperative exchange in non-human animals 

(Hammerstein & Noe, 2016; Noë & Hammerstein, 1994).   

Recently, researchers have noted that traditional models of reciprocal exchange in 

animal societies are unrealistic.  In particular, theoretical and empirical work suggests 

that cognitive limitations preclude a system of strict tit-for-tat reciprocation because of 

the tendency to forget or misattribute the behavior of past partners and to discount the 

value of future benefits (Hammerstein, 2003; Stevens & Hauser, 2004; Stevens, Volstorf, 

Schooler, & Rieskamp, 2010).  Given these cognitive limitations to tit-for-tat 

cooperation, researchers have proposed that a more likely system for maintaining 

cooperation is the less cognitively demanding process of emotion-based tracking of 

relationships, or “emotional bookkeeping” (Aureli & Schaffner, 2002; Aureli & Whiten, 

2003; McElreath et al., 2003; Schino & Aureli, 2009).  This mechanism may result in the 

differentiated social relationships often observed among social animals.  Relationships 

thus maintained, which are characterized by friendly and equitable interactions of diverse 

type and are both strong and stable over time, are termed “social bonds” (Ostner & 

Schülke, 2014; Silk, Cheney, & Seyfarth, 2013).  These bonds may facilitate and be 

maintained by the exchange of cooperative behaviors (Schino & Aureli, 2009).  Recent 

evidence for an emotional bookkeeping mechanism underlying social bonds comes from 

a study of hormonal responses to grooming, in which levels of urinary oxytocin increased 

after grooming bouts between individuals with strong social bonds, but not after 

grooming bouts between non-bonded individuals (Crockford et al., 2013).   
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Importantly, most examples of cooperative exchange in the wild seem to take the 

form of nearly cost-free acts such as grooming, top-down coalitions (sensu Chapais, 

1995), food sharing, and tolerance (Schino & Aureli, 2009; Watts, 2002, but see Boesch 

& Boesch-Achermann, 2000).  Thus, these acts could serve primarily to maintain social 

bonds rather than represent a costly tradable commodity (Schino & Aureli, 2009).  Yet 

whether chimpanzees cooperate to receive reciprocated favors, or whether they cooperate 

to build and maintain social bonds, remains uncertain.  Tests of the fitness effects of 

social bonds and cooperative exchange are needed to better understand the function of 

cooperation in chimpanzees. 

1.1.3 Studies of male relationships in this dissertation 

In Chapter 2 I present an investigation of the functional effects of social bonds, 

agonistic support, and individual grooming effort (often interchanged for support or 

tolerance) among Gombe males.  In this study, I contrasted three hypotheses: the social 

bonds hypothesis, which states that individuals invest selectively in long-term social 

bonds, which facilitate increased fitness; the indirect ties hypothesis, which states that 

individuals leverage their position in the networks of relationships or coalition formation 

to increase their fitness; and the grooming exchange hypothesis, which states that 

individuals strategically exchange grooming for tolerance or support from others, which 

affords them increased fitness.  This is the first test of the fitness correlates of social 

bonds in males of a male philopatric primate species, and the first effort to contrast the 

functional effects of bond formation and cooperative exchange. 

Chapter 3 describes the relationship between male affiliative behavior and the 
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events preceding a particularly striking example of between-group competition in 

Gombe.  During a five-year period beginning in 1973, members of the original study 

community separated into two distinct communities, and the members of one were 

observed or suspected to have killed off the male members of the other.  Contemporary 

observers believed that the initial division represented the fission of a cohesive 

community, although some wondered if the original study community was actually two 

separate communities, brought together by provisioning (Bygott, 1974; Goodall, 1986; 

Goodall et al., 1979).  Using association and grooming data from before the division and 

recent techniques from the field of social network analysis, we first tested whether the 

division of the original Gombe study community indeed represented the fission of a 

discrete community.  We then investigated whether pre-division association patterns 

predicted post-division group membership, and potential catalysts of the division.  This 

project sheds light on the factors that influence community cohesion, as well as how male 

affiliation influences group choice during permanent community division.  More 

generally, it illuminates areas of tension between cooperation and competition in 

chimpanzee society. 

1.2 Male-female sexual conflict 

In addition to engendering male mate competition, differential parental 

investment means that male and female reproductive interests often fail to align, resulting 

in sexual conflict (Clutton-Brock & Parker, 1992; Trivers, 1972).  In most sexually 

reproducing species, including chimpanzees, males benefit by maximizing their mating 

opportunities, leading them to compete with each other for access to females.  Females 
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benefit in turn by choosing to mate with the “best” males.  As described in the previous 

section, competition among chimpanzee males for mates is intense and complex, but the 

extent to which females exercise mate choice has proven controversial. 

More recently, researchers have identified sexual coercion as the third pillar of 

sexual selection (Clutton-Brock & Parker, 1995; Smuts & Smuts, 1993).  Sexual coercion 

is the use of aggression or threat of aggression, often by males, to overcome mate choice 

by the opposite sex and increase the aggressor’s likelihood of reproduction with the 

victim (Smuts & Smuts, 1993).   This can be direct, when males use aggression to coerce 

a female into mating, and indirect, when a male uses aggression to prevent a female from 

mating with other males.  Further, this coercion can operate immediately, as in forced 

copulation (e.g. orangutans, Pongo pygmaeus: Galdikas, 1985) or delayed, as a pattern of 

long-term intimidation that causes a female to alter her behavior.  The definition of 

sexual coercion contains a behavioral (aggression) and a functional (reproductive 

success) component, so coercion cannot be identified by observing only the immediate 

behavior of aggressor and target (Smuts & Smuts, 1993).  Thus coercion is often 

overlooked and likely under-reported, as short-term observation could lead to the 

mistaken conclusion that the observed distribution of mating behavior represents female 

choice. 

 Yet despite the difficulty of studying this phenomenon, sexual coercion has now 

been reported in a number of species, including weevils (Euscepes postfasciatus: Sato & 

Kohama, 2007), dolphins (Tursiops spp.: Sargeant, Watson-Capps, Scott, Connor, & 

Mann, 2005), mouse lemurs (Microcebus murinus: Eberle & Kappeler, 2004), hamadryas 
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baboons (Papio hamadryas: Swedell & Schreier, 2009), mountain gorillas (Gorilla 

beringei: Robbins, 2009), and chimpanzees (Muller, Kahlenberg, Emery Thompson, & 

Wrangham, 2007).  Chimpanzees are an ideal model species to investigate coercion 

because they exhibit morphologies and behaviors thought to increase sexual conflict and 

favor coercion, including sexual dimorphism, a promiscuous mating system, high levels 

of male competition and clear dominance hierarchies, and low female reproductive rates 

and thus a high incentive for female choosiness (Goodall, 1986).  Male chimpanzee 

aggression against females is well-documented (Goodall, 1986; Muller, 2002; Muller, 

Emery Thompson, Kahlenberg, & Wrangham, 2011; Muller et al., 2007; Stumpf & 

Boesch, 2010), but whether this aggression functions as sexual coercion remained 

equivocal until recently, both within and between subspecies.   

Three criteria must be satisfied for aggressive behavior to be considered sexual 

coercion (Muller, Kahlenberg, & Wrangham, 2009b; Smuts & Smuts, 1993): (1) male-

female aggression must increase in reproductive contexts; (2) male-female aggression 

must correlate with increased male reproductive success; and (3) male-female aggression 

must impose a cost on the female.  Studies testing the sexual coercion hypothesis in 

chimpanzees have relied on both mating patterns and patterns of female proceptivity 

(female-initiated sexual behavior) and resistance to male mating efforts (Muller et al., 

2011, 2007; Pieta, 2008; Stumpf & Boesch, 2006, 2010).  However, proceptivity and 

resistance by females have been criticized as unreliable indicators of female choice, 

because both could be influenced by the possibility of reprisal from an aggressive male 

(Muller, Kahlenberg, & Wrangham, 2009a).  Further, measuring resistance is problematic 



 

 

14 

because an initially resistant female could later mate with a soliciting male. Finally, as 

will be seen in Chapter 4, sexual coercion appears to function in a delayed manner in 

chimpanzees.  Thus in the following discussion I focus on evidence of delayed coercion 

from studies of mating patterns and genetic paternity. 

In a pair of studies, Muller and colleagues found support for the sexual coercion 

hypothesis in the Kayawara community of eastern chimpanzees in Kibale National Park, 

Uganda (Muller et al., 2011, 2007).  In these studies: (1) aggression increased in 

reproductive contexts, when females were swollen and sexually receptive; (2) males that 

were more aggressive towards females during females’ entire ovarian cycle (swollen and 

non-swollen periods pooled) mated more often with those females when females were 

most fertile (a period of about four days within a female's estrus period known as the 

peri-ovulatory period, or POP; Muller et al., 2011); and (3) parous females, who received 

more aggression from males (presumably because males favored them) showed higher 

levels of cortisol, indicating a significant cost of male aggression (Muller et al., 2007).  

Notably, the authors found no correlation between male-female aggression during POP 

and mating frequency during POP within dyads (Muller et al., 2011).  Thus although 

males displayed increased levels of aggression towards estrous females, this behavior was 

not correlated with increased mating success when females were most likely to conceive, 

suggesting that in this population immediate coercion is ineffective.  Only a long-term 

pattern of male aggression against females was consistent with successful constraint of 

female choice during the POP, evidence of delayed coercion.   

Contradicting these results, Stumpf and Boesch (2010) did not find evidence that 
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male aggression constrained female mate choice in a western chimpanzee population in 

Taï National Park, Côte d’Ivoire.  In this study; (1) male-female aggression rates did not 

increase during female estrous periods (in POP or non-POP periods) compared to non-

estrous periods; and (2) no significant correlation was found between aggression during 

estrus or overall (estrous and non-estrous periods pooled) and copulation rates.  

Unfortunately, this study did not take male rank into account when considering the effect 

of aggression on copulation (see Chapter 4), although this could be due to the small 

number of males in their study communities.   

Thus in the two most comprehensive efforts to test the sexual coercion 

hypothesis, strong evidence supporting delayed coercion was found in a larger eastern 

chimpanzee population (Muller et al., 2011), and no support was found for immediate or 

delayed coercion in a smaller western chimpanzee population (Stumpf & Boesch, 2010).   

1.2.1 Studies of sexual conflict in this dissertation  

In Chapter 4, I present the results of a study of the efficacy of sexual coercion in 

the Kasekela community of Gombe National Park, Tanzania. This study improves upon 

previous work in two important ways.  First, for the first time we tested for the efficacy 

of male aggression in constraining female choice using genetically-determined paternity, 

a direct measure of reproductive success (Muller & Mitani, 2005; Smuts & Smuts, 1993).  

We also analyzed data within discrete “reproductive windows”, allowing us to determine 

a more direct association between male-female behavioral interactions and male mating 

and reproductive success.  This project represents the first test of the genetic 

consequences of male-female aggression in social mammals. 
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2. The adaptive value of male relationships in the chimpanzees 

of Gombe National Park, Tanzania 

2.1 Introduction 

Humans live in large multi-level social groups (Hill et al., 2011), and social 

relationships have a profound effect on fitness for both males and females (Holt-Lunstad, 

Smith, & Layton, 2010).  While the scale of human cooperation may be unique  (Fehr & 

Fischbacher, 2003; Hill, Barton, & Hurtado, 2009), many other animals are known to 

form differentiated social relationships (e.g. bats: Wilkinson, 1985; cetaceans: Connor et 

al., 2001; carnivores: de Villiers et al., 2003; birds: Emery et al., 2007; ungulates: 

Cameron et al., 2009; primates: Mitani, 2009; Berghänel et al., 2011) and cooperate with 

other members of their group (Dugatkin, 1997).  Nonetheless, the proximate mechanisms 

by which cooperation impacts fitness in animal social groups remain controversial. 

Animal social relationships could constitute selective long-term investments (or “social 

bonds”) or be primarily opportunistic and transactional (Noë & Hammerstein, 1994; Silk, 

2007).  Few studies have directly contrasted these competing hypotheses.  

Animal social relationships are considered to be social bonds when they are 

characterized by friendly and equitable interactions of diverse type, and are both strong 

and stable over time (Ostner & Schülke, 2014; Silk et al., 2013).  Critically, this means 

that any measure of social bonds should index several types of affiliative behaviors (Silk 

et al., 2013).  Recent research on non-human animals has found increasing evidence that 

social bonds are correlated with components of fitness, particularly for females.  For 

example, the strength of a female’s social bonds is correlated with reproductive success 
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in dolphins (Tursiops sp.; Frère et al., 2010) and wild horses (Equus caballus: Cameron 

et al., 2009).  In primates, a number of studies of female cercopithecine species have 

revealed connections between social bond strength (or grooming relationships) and 

longevity, reproductive success, and offspring survival (yellow baboons, Papio 

cynocephalus: Silk et al., 2003; Archie et al., 2014; chacma baboons, Papio ursinus: Silk 

et al., 2009, 2010; rhesus macaques, Macaca mulatta: Brent et al., 2013), although most 

female-female bonds in baboons appear to exist between close kin. 

Bonds between male primates are expected to be less common because in most 

species adult males are immigrants and not closely related to male group mates.  Further, 

males compete for mating opportunities, and paternities cannot be shared (van Hooff & 

van Schaik, 1994).  Nevertheless, friendly bonds have been identified in males of two 

macaque species in which males disperse at sexual maturity (Assamese macaques, 

Macaca assamensis: Schülke et al., 2010; Barbary macaques, Macaca sylvanus: 

Berghänel et al., 2011), as well as in two species with female-biased dispersal 

(chimpanzees: Mitani, 2009; Guinea baboons, Papio papio: Patzelt et al., 2014).  In these 

species, preferred social partners are more likely than non-bonded pairs to engage in 

various forms of cooperative behavior, including grooming and coalitionary support in 

aggressive conflicts (Berghänel et al., 2011; Mitani, 2009; Schülke et al., 2010). In 

Assamese macaques the strength of a male’s top three bonds was associated with 

correlates of improved fitness (Schülke et al., 2010).  Additionally, in rhesus macaques, 

measures of grooming and proximity (behaviors often used to identify social bonds) were 

also associated with improved fitness in males (Brent et al., 2013).  These results suggest 
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that individuals invest selectively in long-term social bonds, which facilitate increased 

fitness, which we call the social bonds hypothesis.   

In addition to direct social bonds, individuals may benefit from indirect ties with 

group members, both via extended coalition networks and extended association networks.  

Measures of indirect ties take into account not just those individuals with whom an 

animal interacts directly, but also partners of their social partners (Brent, 2015).  Indirect 

connections were correlated with rank acquisition in male long-tailed manakins, 

Chiroxiphia linearis (McDonald, 2007), survival in juvenile male dolphins (Stanton & 

Mann, 2012), and reproductive success in both male and female rhesus macaques (Brent 

et al., 2013).  In male chimpanzees, betweenness centrality in the network of aggressive 

coalition formation was positively associated with rank increase and reproductive success 

(Gilby, Brent, et al., 2013).  These results suggest that individuals may leverage their 

position in the networks of relationships or coalition formation to increase their fitness, 

which we call the indirect ties hypothesis.   

A third possibility is that cooperative exchange may influence male fitness and 

account for observed patterns of cooperative behavior.  While social bonds in non-human 

primates are often thought to represent long-term investments that facilitate low-cost 

exchange of cooperative acts within a select subset of dyads (Kummer, 1978), some 

researchers have suggested that social bonds are unimportant in primate societies, and 

that instead cooperative behaviors are exchanged according to the rules of a biological 

market among members of a social group (Barrett & Henzi, 2002; Barrett, Henzi, 

Weingrill, Lycett, & Hill, 1999; Henzi & Barrett, 2002; Noë & Hammerstein, 1994). 
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According to this view, social bonds are incidental to the more meaningful strategic 

exchange of cooperative behaviors, such as the exchange of grooming for coalitionary 

support (Seyfarth, 1977) or grooming for infant handling (Henzi and Barrett, 2002, 2007; 

but see Silk et al., 2009).  In previous studies, correlated rates of cooperative behaviors 

between chimpanzees suggest the existence of reciprocal exchange (Mitani and Watts, 

2001; Watts, 2002; Gomes and Boesch, 2011; but see Gilby, 2006) but the dynamics of 

reciprocal exchange have not yet been determined.  The grooming exchange hypothesis 

states that individuals strategically exchange grooming for tolerance or support from 

others, which affords them increased fitness. 

Because they exhibit flexibility in cooperative strategies, cooperate in a range of 

contexts, and form strong and enduring social bonds, chimpanzees are an ideal model 

system for investigating the adaptive value of social relationships (Kaburu & Newton-

Fisher, 2015a; Langergraber et al., 2007; Mitani, 2009; Mitani et al., 2000).  

Chimpanzees live in permanent social groups, called communities, in which males are 

philopatric and consequently often more closely related to each other than are females 

(Inoue, Inoue-Murayama, Vigilant, Takenaka, & Nishida, 2008), although this is not 

always the case (Lukas, Reynolds, Boesch, & Vigilant, 2005; Vigilant, Hofreiter, Siedel, 

& Boesch, 2001).  Males compete with each other for high rank, which is associated with 

greater reproductive success (Boesch et al., 2006; Wroblewski et al., 2009).  Yet the 

prevalence of cooperative behaviors in chimpanzees suggests that these behaviors likely 

aid males in their competition with other members of the community (Muller & Mitani, 

2005).  Still, no research has investigated the connection between fitness and social 
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bonds, indirect affiliative ties, or grooming exchange in chimpanzees, or tested these 

hypotheses against each other. 

We investigated the association between social relationships and two correlates of 

fitness in male chimpanzees: increase in rank, which, because rank predicts reproduction, 

can be thought of as an investment in future reproductive success (Gilby, Brent, et al., 

2013; Wroblewski et al., 2009), and reproductive success measured by paternity.  We 

constructed measures of social connectedness and calculated measures of indirect 

connections in the networks of social bonds and coalition formation.  The social bonds 

and indirect ties hypotheses predict that measures of social connectedness or indirect 

social ties will be positively correlated with rank and reproductive success.  We also 

constructed measures of individual grooming effort with all males, irrespective of the 

strength or equitability of their overall relationship.  The grooming exchange hypothesis 

predicts a relationship between grooming effort, particularly time spent grooming other 

males, and fitness correlates. 

2.2 Methods 

2.2.1 Study site and data 

Gombe National Park is located in western Tanzania on the eastern shore of Lake 

Tanganyika.  Since 1973, local field assistants have conducted daily full-day focal 

follows on individuals in the Kasekela community, one of three chimpanzee (Pan 

troglodytes schweinfurthii) communities in the park (Goodall, 1986).  Field assistants 

record the association patterns, social behavior, and location of a focal individual and all 

other individuals present, and since 1994, collect fecal samples for genetic paternity 
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analysis (Constable, Ashley, Goodall, & Pusey, 2001).  We used behavioral and genetic 

data from 1990 to 2011 to investigate the fitness consequences of male relationships, 

subdividing the study period into 11 2-year windows for analysis.  However, because 

data on male aggression are currently digitized from 1994 onward, analyses presented 

below that include coalition data exclude the first two windows.  We included all males 

in a given period if they were 12 years old at the start of the period and still alive at the 

end (Feldblum et al., 2014), as males begin to enter the male dominance hierarchy, 

participate in intergroup encounters, mate with adult females and sire offspring at that age 

(Goodall, 1986; Wilson et al., 2014; Wroblewski et al., 2009).  The community averaged 

11.3 such males across periods and 49.3 individuals overall. 

To generate measures of dyadic social bonds and individual social connectedness, 

we began by calculating dyadic indices of association, grooming rate, and grooming 

equitability.  Within each period, association patterns were measured by joint first 

arrivals in groups of 4 or fewer individuals into focal parties (Murray, Eberly, & Pusey, 

2006; Williams et al., 2002).  This was used as a proxy for social preference, because 

male gregariousness (Gilby & Wrangham, 2008; Wrangham & Smuts, 1980) made it 

impossible to generate differentiated association measures using time spent together.  The 

association index was defined as: 

𝐴𝑟𝐴𝐵

𝐴𝑟𝐴 + 𝐴𝑟𝐵 − 𝐴𝑟𝐴𝐵
 

where ArAB is the count of joint arrivals of individuals A and B in groups of 4 or fewer, 

ArA is the count of individual A’s total arrivals in groups of 4 or fewer, and ArB is the 
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same count for individual B.   

We calculated an index of dyadic grooming rate by dividing time spent grooming 

by the total time both individuals were in a group together and one was focal.  Until 

1997, field assistants recorded grooming using scans at 5-minute intervals.  After 1997, 

grooming was extracted from long-hand notes, and to calculate grooming indices we used 

only those bouts with recorded start and end times.   

Because relationships must be both strong and equitable to be considered social 

bonds, for each dyad, we calculated Silk et al.'s (2006) index of grooming equitability 

(equivalent to the equitability index from Mitani 2009), which ranges from 0 to 1, with 0 

being entirely unequal and 1 being entirely equal.  This measure is defined as: 

1 − |
𝑔a → 𝑔b

𝑔a ↔ 𝑔b
−

𝑔b → 𝑔a

𝑔a ↔ 𝑔b
| 

where ga → gb is the time individual a spends grooming individual b, gb → ga is the time 

individual b spends grooming individual a, and ga ↔ gb is the total time a and b spent 

grooming. 

We then calculated dyadic composite sociality indices (“CSIs”) following 

previous studies (Silk et al., 2009, 2006).  We divided the association, grooming rate, and 

grooming equitability indices by their averages in each period then averaged among them 

as follows:  

(
𝐴𝐼𝑖𝑗𝑝

𝐴𝐼̅̅ ̅
𝑝

+
𝐺𝐼𝑖𝑗𝑝

𝐺𝐼̅̅ ̅
𝑝

+
𝐸𝐼𝑖𝑗𝑝

𝐸𝐼̅̅ ̅
𝑝

)

3
 

where AIijp is the association index between individuals i and j in period p, 𝐴𝐼̅̅ ̅
𝑝 is the 
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average association index value in period p, GIijp is the grooming index between 

individuals i and j in period p, 𝐺𝐼̅̅ ̅
𝑝 is the average grooming index value in period p, EIijp 

is the equitability index between individuals i and j in period p, and 𝐸𝐼̅̅ ̅
𝑝 is the average 

equitability index value in period p.   

Using the set of dyadic CSIs, we calculated two measures of individual social 

connectedness and used these two measures as predictors in our analyses.  First, we 

created a summary measure of each individual male’s direct social relationships by 

summing the top 3 CSIs for each individual in each period.  This metric quantifies bonds 

in a manner that is unaffected by longitudinal changes in group size (Schülke et al., 2010; 

Silk et al., 2009, 2006).  Second, as a measure of indirect connectedness, we calculated 

individual betweenness centrality in the network of dyadic CSIs using the igraph package 

in R (Csárdi and Nepusz, 2006; R Core Team, 2016).  Betweenness measures the number 

of shortest paths (known as geodesics) between other nodes in a network that connect 

through a particular node, or roughly the propensity for an individual to connect those 

that aren’t themselves connected (Freeman, 1979).  In the case of a weighted network in 

which edge weights indicate tie strength, distances between nodes are calculated as the 

sum of the inverse of edge weights, and betweenness is calculated using these re-

weighted geodesics.  Betweenness measures were then normalized to account for 

community size in each period, and then Z transformed to account for variation in overall 

sociality in different periods. 

We extracted instances of coalitionary aggression from detailed narrative field 

notes.  Aggression events were instances of directed displays, chases, or contact 
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aggression, and were considered coalitionary if two or three males directed aggression at 

one or more males (Gilby, Brent, et al., 2013).  Coalitions of three males were scored as 

three dyadic coalitions.  We determined an index of coalition frequency by dividing 

number of coalitions formed by the time both individuals were observed together in each 

period.  We then calculated betweenness centrality in the network of coalition indices, as 

this measure was found to be associated with rank change and reproductive success in 

male chimpanzees in Gombe (Gilby, Brent, et al., 2013). 

Finally, we created measures of grooming given and grooming received for each 

male in each period.  This was calculated both as the total time spent grooming others 

and total time being groomed, and as a rate by dividing by the sum of the time an 

individual and his potential grooming partners were both present in a group together 

when one was the focal individual.  We then Z-transformed these measures within each 

period to account for variation in sociality from period to period. 

Much of the work on the connection between social integration and fitness in 

humans (Holt-Lunstad et al., 2010; House, Landis, & Umberson, 1988; Seeman, 1996; 

Smith & Christakis, 2008) and cercopithecines (Archie et al., 2014; Silk et al., 2010) has 

focused on longevity.  However, while 50% of Gombe males alive at age 12 years (the 

age of sexual maturity in Gombe; Wroblewski et al., 2009), survive to age 29, the mean 

age of males who sire offspring at Gombe is 21.4 years, and only about 10% of 

genotyped offspring were sired by males over age 30 (Figure 1; Gombe Stream Research 

Centre, unpublished data).  Thus longevity likely plays less of a role in male fitness than 

it does in females, and we focus instead on rank change and reproductive success as 
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correlates of fitness more relevant to male chimpanzees.    

Dominance rank scores were generated from records of submissive pant-grunt 

vocalizations.  To measure rank change, we calculated the difference between male rank 

at the beginning and end of each period using a modified Elo score method, with 

parameters optimized using maximum likelihood fitting (Foerster et al., 2016).  This 

method dynamically updates rank scores at each interaction, allowing for the calculation 

of rank on a given date.   

To measure rank during each two year period for the reproductive success 

analysis, we used the modified David’s score (MDS) method, which uses matrices of 

interaction data to generate rank scores for individuals over defined windows (de Vries, 

Stevens, & Vervaecke, 2006b).  Because this measure is influenced by changes to group 

size, we standardized MDS scores within each period by Z-transformation. 
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Figure 1: Age of male sires vs. male survival. 

The black line presents the distribution of the age of the sires of genotyped offspring in 

Gombe National Park (N = 74).  The grey dotted vertical line represents the mean value of 

male sires (21.4 years).  The red line represents the survival curve for males who survived at 

least to age 12 (and therefore represents the pool of males that reached reproductive 

maturity), and the red dotted vertical line represents the point at which 50% of males 

remain alive (29.0 years). 

Because individuals likely vary in their value as potential bond partners (de Waal, 

1982; Seyfarth, 1977; Watts, 2010), we created four measures of the rank and relatedness 

of each individual’s top bond partners.  We generated pairwise relatedness values using 
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Queller and Goodnight’s R (Queller & Goodnight, 1989) calculated from DNA extracted 

from fecal sampling (K. K. Walker et al., 2017; Wroblewski et al., 2009), and then for 

each male we generated a measure of 1) the average relatedness among his top 3 partners, 

and 2) the highest relatedness value among his top 3 partners.  We also created measures 

of the average MDS among each male’s top 3 partners, as well as the highest MDS score 

in that set.   

Further, changes to the male hierarchy, and to the alpha male’s security at the top 

of the hierarchy, are associated with changes in bond formation and patterns of 

cooperative exchange (Gilby & Wrangham, 2008; Hemelrijk & Ek, 1991).  Thus, we 

calculated despotism ratio (Feldblum et al., 2014; Chapter 4), a measure of hierarchy 

steepness in each period, by dividing the MDS value of the highest ranking male by the 

MDS value of the second highest. 

Males in the Kasekela community tend to reach their highest ordinal rank at an 

average age of 21.5 years, (Feldblum, unpublished data), and begin to lose their condition 

and ability to recover from setbacks in dominance competition around age 30 (Goodall, 

1986).  Thus we expected age to have a non-linear association with male 

competitiveness.  We classified males in our analyses as young (12-19 at the start of a 

period), prime (20-29), and old (30 and above) (Goodall, 1986).   

We used 44 paternity assignments from DNA extracted from non-invasive fecal 

samples using a microsatellite-based exclusion method (described in more detail in 

Chapter 4 and Wroblewski et al., 2009).  For infants with known paternity, to determine 

the period in which each siring event took place we used likely siring dates inferred from 



 

 

28 

female swelling records or, in the absence of swelling records, by subtracting 226 days 

from the infant’s birthdate (Boehm & Pusey, 2013).  We excluded one known paternity 

because the sire died before the end of the period and one because the sire was less than 

12 years old.  All paternity assignments from the current analysis were reported in earlier 

publications (Constable et al., 2001; Feldblum et al., 2014; Gilby, Brent, et al., 2013; K. 

K. Walker et al., 2017; Wroblewski et al., 2009). 

2.2.2 Rank change analyses 

To examine the effects of male sociality on rank change, we ran linear mixed 

models with rank change as the dependent variable, and measures of sociality, Z-

transformed Elo score at the start of the period, and age category as fixed effects, and 

male identity as a random effect.  We removed one male from these analyses, because he 

dropped in rank more than twice as far as any other male in the sample, although results 

do not change substantively if the data point is included. 

Our analyses proceeded in three steps to avoid problems with statistical power.  

First, we ran a set of “CSI-only” models to determine whether the influence of direct 

male bonds on rank change might be mediated by the rank or relatedness of bond partners 

or by the steepness of the male hierarchy.  In these models, we included the measures of 

the rank and relatedness of each male’s top 3 partners, as well as despotism ratio, as 

interaction terms with the CSI measure.  These models did not include measures of 

indirect connectedness or grooming effort.  We then used a model selection algorithm 

with corrected AIC (AICc) as our selection criterion (Burnham, Anderson, & Huyvaert, 

2010) in the MuMIn package in R (Bartoń, 2015) to determine whether any of the 
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interaction terms were found in the set of best models (∆AICc ≤ 2), and those terms were 

then included in future full models. 

In the second step, we repeated the analysis, adding betweenness centrality in the 

networks of dyadic CSIs and measures of grooming given and grooming received.  We 

again used multi-model inference with AICc as our selection criterion, and considered the 

models within two points of the best model to have strong support.  We used model 

averaging to determine the parameter estimates for those terms appearing in the best 

models (Burnham & Anderson, 1998).  

In the third and final step, we repeated the analyses from step 2 but added a 

measure of betweenness in the network of coalition formation.  This round of analysis 

was undertaken separately because we lacked data on coalitionary aggression from 1990 

through 1993, and thus the models were fit using a smaller dataset.   

2.2.3 Reproductive success analyses 

To investigate the factors influencing reproductive success, we ran a set of 

generalized linear mixed models with siring success (siring one or more offspring during 

a given period) as a logistic response variable.  We included measures of sociality, Z-

transformed MDS score, and age category as main effects.  We also included the total 

number of offspring sired by all males in the period as a main effect to account for 

differences in the number of reproductively cycling females between periods, and male 

identity as a random effect.  We removed two individuals from the data set, as both were 

likely sterile during the study period as the result of testicular wounds. 

As in the analysis of rank change, we initially ran a set of CSI-only models 
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including measures of the rank and relatedness of each male’s top 3 partners, as well as 

the despotism ratio, as interaction terms with the CSI measure.  We again employed 

multi-model inference to select the interaction terms that appeared in any of the best 

models (∆AICc ≤ 2) for inclusion in the next set of analyses. 

After addressing potential mediating factors, we repeated the analysis including 

betweenness centrality in the network of dyadic CSIs and measures of grooming given 

and received.  Finally, we conducted a third round of analysis using the reduced dataset 

that included betweenness in the coalitions network.  We again employed multi-model 

inference with AICc as our selection criterion, and considered models within two points 

of the best model to have significant support.  We finally determined the model averaged 

parameter estimates for the terms appearing in the best models.  

2.3 Results 

2.3.1 Rank Change analyses 

In the initial CSI-only step, the only interaction term to appear in a set of best 

models was the measure of the highest relatedness among an individual’s top 3 partners.  

However, because of strong evidence of multicollinearity (GVIF = 15.7; Fox and 

Monette, 1992), we removed the relatedness term and re-ran the model selection 

procedure.  In these best models, summed CSI and starting Elo score were important 

predictors of rank change (Table 1).  Males with high summed CSI values tended to 

increase in rank, while males with low summed CSI values tended to fall in rank (Figure 

2). 
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Table 1: The best “CSI-only” model for predicting rank change  

List of models within two AICc points of the best model (only one in this case), as well as the 

model averaged estimates from the list of all models.  “CSI” is the summed CSI measure, 

and “Elo beg” is the measure of Z-transformed Elo score at the start of a period. 

Model intercept CSI Elo beg ∆AICc Akaike weight 

1 -214.3 50.0 -125.6 0.00 1.00 

se (best mod) 81.6 16.1 21.4   

avg (all mods) -201.5 48.7 -121.9   

se (all mods) 91.0 18.0 23.3   
 

  

Figure 2: Predicted rank change (over a two-year period) vs. sociality (as measured by 

summed CSI values) for all males.  Points are partial residuals 

In the second analysis step, which included all sociality factors, we found age, 

starting Elo score, grooming received, grooming given, the interaction between starting 
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Elo and both grooming given and received to be important factors in predicting rank 

change, while CSI did not appear in any of the best models (Table 2).  Males who 

received high rates of grooming rose in rank, although this effect was particularly 

pronounced among already high-ranking males (Figure 3).  Males who groomed others at 

high rates increased in rank if they were low-ranking, but fell in rank if they were high-

ranking (Figure 4).  Using the conservative model-averaged parameter estimates, low 

ranking males that groomed others at a high rate (Elo and grooming measures 2 standard 

deviations below and above the mean, respectively) were predicted to rise 320 Elo points.  

Because the average difference in Elo score between individuals of adjacent rank during 

the study period was 102, an increase in Elo score of 320 on average corresponded to a 

three-position rise in ordinal rank. 

We found weaker support for the importance of summed CSI (Table 2), as this 

measure was only present in two of five best models.  Results were substantively 

unchanged whether grooming effort and CSI were calculated using rates of or time 

engaging in their component behaviors (Table 9 in Appendix A).   
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Table 2: The best models predicting rank change  

The list of models within 2 AICc points of the best model for predicting rank change (full data set; no coalitions).  “age: prime” and “age: 

old” represent the effects of being a prime and old male, respectively, relative to being a young male.  “betw CSI” represents the effect of 

betweenness in the network of dyadic CSIs, “CSI” is the summed CSI measure, “Elo beg” is the measure of Z-transformed Elo score at 

the start of a period, “Grm IN rate” and “Grm OUT rate” are rates of grooming others and being groomed, and “Elo beg: Grm IN rate” 

and “Elo beg: Grm OUT rate” are the interactions between Elo score at the start of a period and grooming rates. 

model intercept 

age: 

prime age: old 

betw 

CSI CSI 

Elo 

beg 

Grm IN 

rate 

Grm 

OUT rate 

Elo beg: 

Grm IN 

rate 

Elo beg: 

Grm 

OUT rate ∆AICc 

Akaike 

weight 

1 87.47 + +   -101.39 104.55 -27.19 45.32 -88.37 0.00 0.32 

2 107.99 + +   -97.90 112.11 -33.22  -49.67 0.73 0.22 

3 -51.60 + +  27.80 -104.03 84.96 -46.37 47.78 -90.64 0.89 0.20 

4 99.64 + + -132.68  -99.17 103.22 -29.78 48.47 -93.05 1.77 0.13 

5 -13.59 + +   24.50 -100.06 95.21 -50.41   -49.82 1.95 0.12 

avg (best 

mods) 52.96 -103.04 -107.94 -17.56 8.65 -100.70 100.92 -35.60 30.70 -76.20     

se (best) 98.21 41.43 53.49 77.15 18.38 21.76 35.39 29.41 31.07 31.67     

avg (all 

mods) 15.08 -77.66 -81.63 13.36 -28.26 -107.42 87.32 -29.20 29.19 -70.38     

se (all) 124.46 57.30 65.94 22.29 102.92 25.08 43.55 34.21 33.31 38.05     

33
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Figure 3: Predicted rank change over a two year period (with confidence regions) vs. rate of 

received grooming, for males of low, middle, and high rank.  Points are partial residuals. 
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Figure 4: Predicted rank change over a two year period (with confidence regions) vs. rate of 

received grooming, for males of low, middle, and high rank.  Points are partial residuals 

When including coalitionary betweenness, despite the smaller dataset in this step 

of the analysis, we again found age, starting Elo score, grooming received, grooming 

given, and the interaction between starting Elo and both grooming received and given to 

be important factors in predicting rank change ( 

Table 10 in Appendix A).  The associations between these factors and rank 

change were similar to those in the previous round of analyses, though slightly attenuated 

in each case.  As with the previous step, summed CSI was not an important predictor of 

rank change.  Additionally, in these models, betweenness in the network of coalition 
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formation was an important predictor of rank change, such that males with higher 

coalitionary betweenness tended to rise in rank (Figure 5).  Using the model-averaged 

parameter estimates, males with high betweenness in the coalitions network (2 standard 

deviations above the mean betweenness score) were predicted to rise between one and 

two ordinal rank positions. 

 

Figure 5: Predicted rank change vs. betweenness in the network of coalition 

formation.  Points are partial residuals. 

2.3.2 Reproductive Success analyses 

In the initial CSI-only models, the measure of the highest relatedness among an 

individual’s top 3 partners was again the only interaction term to appear in a set of best 
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models.  However, again based on strong evidence of multicollinearity (GVIF = 17.5), 

we removed the relatedness term and repeated the model selection procedure.  In the set 

of best CSI-only models excluding interaction terms, age, rank, and total offspring sired 

during a period were important predictors of siring success, but summed CSI was not.  

Males were more likely to sire offspring if they were young and if they were high 

ranking, and during periods where more conceptions occurred (Table 3).  In later steps 

we included no first order interactions with the summed CSI measure. 

Table 3: Factors predicting reproductive success in “CSI-only” models.   

The set of best models, and model-averaged estimates of the factors predicting reproductive 

success from the initial “CSI-only” round of model selection.  “age: prime” and “age: old”: 

the effect of prime and old age categories, respectively, on rank change relative to the young 

category.  “CSI”: the summed CSI measure, “total sired”: the total number of offspring of 

known paternity sired in a given period, “MDS”: Z-transformed modified David’s score. 

Model 

age: 

prime 

age:  

old CSI 

total 

sired MDS ∆AICc 

Akaike 

weight 

1 + +  0.31 0.47 0.00 0.18 

2 + +   0.48 0.45 0.14 

3      0.54 0.14 

4    0.26  0.61 0.13 

5    0.27 0.34 0.80 0.12 

6     0.33 0.80 0.12 

7 + +  0.31  1.22 0.10 

8 + +    1.77 0.07 

avg (best mods) -0.53 -0.29  0.15 0.23 

  

se (best) 0.66 0.61  0.20 0.28 

avg (all mods) -0.55 -0.31 0.02 0.15 0.23 

se (all) 0.67 0.63 0.13 0.20 0.29 

 

In the second and third steps, none of CSI, coalitionary betweenness, or CSI 

betweenness appeared in the sets of best models (Table 4, Table 11, Appendix A).  
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Instead, we found that in addition to age, rank, and total offspring sired, grooming 

received, grooming given, and the interaction between rank and grooming given were 

important predictors of siring success.  We also found limited support for the importance 

of the interaction between grooming received and rank (Table 4, Table 11, Appendix A).  

Males were more likely to sire offspring if they were young and high ranking.  Males 

with high rates of grooming others were more likely to sire offspring, an effect most 

pronounced for low and mid-ranking males (Figure 6).  On the other hand, males were 

less likely to sire offspring if they received more grooming (Figure 7), although this 

effect, too, may be more pronounced for low and middle-ranking males (Table 11 in 

Appendix A). 

Because summed CSI values were correlated with rank change, and rank 

improvement may be a correlate of future reproductive success, we ran a final set of 

models to investigate whether CSI or rank change in one period predicted reproductive 

success in the next.  However, none of the model terms of interest predicted future 

reproductive success.
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Table 4: The best models for predicting reproductive success  

Models within 2 AICc points of the best model for predicting reproductive success (full data set; no coalitions) and effect sizes.  “age: 

prime” and “age: old”: effects of prime and old age categories, respectively, relative to young age category.  “CSI”: the summed CSI 

measure, “Grm IN rate” and “Grm OUT rate”: rates of grooming others and being groomed, “MDS”: Z-transformed modified David’s 

Score in each period, “Elo beg: Grm IN rate” and “Elo beg: Grm OUT rate”: interactions between Elo score at the start of a period and 

grooming rates.  Effect sizes are multiplicative effects on likelihood of siring at least one offspring of a one unit change in the variable.  

Values above 1 will increase likelihood of siring offspring. 

Model 

age: 

prime 

age: 

old CSI tot sired 

Grm IN 

rate 

Grm 

OUT rate MDS 

MDS: 

Grm IN 

rate 

MDS: 

Grm 

OUT rate ∆AICc weight 

1    
1.35 0.25 2.54 2.20   0.00 0.19 

2     0.25 2.52 2.19   0.62 0.14 

3    
1.35 0.24 2.93 2.37  0.74 0.80 0.13 

4 + +  
1.34 0.31 3.41 2.50  0.63 0.90 0.12 

5 + +  

 

0.28 3.48 2.59  0.64 1.09 0.11 

6    

 

0.24 2.88 2.35  0.74 1.38 0.09 

7 + +  

 

0.26 2.84 2.43   1.71 0.08 

8 + +  
1.32 0.29 2.73 2.33   1.80 0.08 

9     1.23 1.35 0.22 2.20 2.11   1.93 0.07 

avg (best 

mods) 

0.66 0.99 1.01 1.19 0.26 2.81 2.33 
 

0.84 

    

se(best mods) 1.94 1.75 1.11 1.23 1.69 1.54 1.39 
 

1.30     

avg (all mods) 0.64 0.92 1.07 1.18 0.33 2.17 2.03 1.01 0.85     

se(all mods) 1.99 1.83 1.26 1.23 1.99 1.80 1.50 1.19 1.33     
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Figure 6:  Predicted likelihood of siring offspring vs. rate of grooming others at three levels 

of male rank  

“Low rank” = 1.25 standard deviations below mean rank, “mid rank” = mean rank, and 

“high rank” = 1.25 standard deviations above mean rank.  Tick marks along x axes indicate 

individual male grooming rates at each rank level, with marks along the top of each plot 

indicating males that successfully sired offspring, and those along the bottom unsuccessful 

males. 
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Figure 7: Predicted likelihood of siring offspring vs. rate of received grooming  

Tick marks along x axes indicate individual male grooming rates at each rank level, with 

marks along the top of each plot indicating males that successfully sired offspring, and those 

along the bottom unsuccessful males.  Results not separated by rank because the interaction 

between received grooming and rank was not an important predictor of siring offspring. 

2.4 Discussion 

We found only weak support for the hypothesis that social bonds promote fitness 

in male chimpanzees.  The summed CSI measure was not associated with rank change 

except in the initial set of rank change models that did not include other measures of 

sociality and in three of the 12 best models in the frequency-based analysis.  Further, we 

found no evidence that social bonds are associated with male reproductive success, as the 
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summed CSI measure never appeared in any of the sets of best models predicting siring 

success.   

We also found no evidence to support the hypothesis that indirect affiliative ties 

are positively associated with male fitness.  The CSI betweenness measure was present in 

one of the best models predicting rank change, but with a negative rather than positive 

effect.  Further, this measure did not appear in any of the best models predicting 

reproductive success.  However, as found in previous work in Gombe (Gilby, Brent, et 

al., 2013), betweenness in the network of coalition formation was positively associated 

with rank change, although this effect did not extend to reproductive success in the 

current analysis. 

The differing evidence for the association between the CSI and coalitionary 

betweenness measures may be explained by the fact that network analysis is only 

appropriate for studying a particular system if something is flowing through the network.  

Information flows readily through human networks, allowing individuals to benefit from 

indirect ties (Wasserman & Faust, 1994), but in the absence of language information 

cannot propagate through an extended chimpanzee social network.  Thus, perhaps it is 

unsurprising that indirect connections in the network of CSIs do not improve fitness.  

However, individuals with high coalitionary betweenness may be able to leverage their 

positions as potential coalition partners to two other individuals in conflict for rank and 

reproductive benefits (de Waal, 1982; Nishida, 1983; Watts, 2010).  A similar effect is 

also observed in human organizational settings (Burt, 2009). 

In contrast to the tenuous association between social bonds and fitness measures, 
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we found robust evidence of an association between grooming effort and both male rank 

change and reproductive success, although in some cases this association was mediated 

by rank.  Low ranking males who groomed others at a high rate, or for long durations, 

rose in rank and had an increased likelihood of siring offspring.  For high-ranking males, 

grooming others at high rates was associated with a decrease in rank but was not strongly 

associated with reproductive success. 

This result is consistent with earlier models of grooming in primates (Seyfarth, 

1977) and empirical results in chimpanzees (Kaburu & Newton-Fisher, 2015a; Watts, 

2000, 2002) suggesting that low-ranking males groom others for tolerance or support, 

which may translate into rank increases and mating opportunities (Bray et al., 2016; 

Duffy et al., 2007).  For high-ranking males, grooming others may be counterproductive, 

or may be a strategy employed by males who are falling in the hierarchy for other 

reasons.  Additionally, high-ranking males may be less likely to groom others for access 

to females.   

On the other hand, although rates of received grooming were positively correlated 

with rank change particularly in high-ranking males, received grooming was negatively 

associated with likelihood of siring offspring for all males.  While these results resist easy 

interpretation, perhaps males that are rising in rank (and receive more grooming) are seen 

as potential threats by high-ranking males, and are thus actively excluded from mating 

opportunities.  However, a more detailed analysis is needed to investigate this possibility. 

Indeed, follow-up work is needed to determine whether male grooming patterns 

lead to rank change and reproductive outcomes, or whether the results presented here 
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result from confounds.  In particular, an analysis incorporating both grooming effort and 

grooming partner choice may allow for a more concrete interpretation of the results 

presented here.  

The dearth of evidence for the effect of male social bonds on reproductive success 

that we report could be due to insufficient data, sex differences in the value of bonds 

across primates, species differences in the value of bonds between cercopithecines and 

chimpanzees, or fitness effects of social bonds manifesting in ways not considered in the 

present analysis.  Further research on female chimpanzees is needed to address the 

possibilities of species and sex differences in the fitness values of social bonds.  

Additionally, although one study of the fitness correlates of animal social bonds has 

addressed reproductive rate (Cameron et al., 2009), most evidence comes from studies of 

individual survival or infant survival (Archie et al., 2014; Frère et al., 2010; Silk et al., 

2009, 2010, 2003; Yee et al., 2008).  A connection between chimpanzee social bonds and 

health is suggested by recent findings that individuals that interact with bond partners 

rather than non-bond partners show reduced levels of urinary glucocorticoids in a range 

of contexts (Wittig et al., 2016).  Further, in humans, the fitness effects of social 

integration are thought to arise via social interactions and perceived support that promote 

healthy behaviors and reduce stress (Cohen, Gottleib, & Underwood, 2000).  Thus future 

studies in chimpanzees should investigate whether social bonds enhance male and female 

health and longevity.   

The results presented here may help explain the finding that kinship plays a 

limited role in cooperation in chimpanzees (Goldberg & Wrangham, 1997; Langergraber 



 

45 

et al., 2007; Mitani et al., 2000).  Some males may benefit from strong bonds with 

closely-related group members, but it may be more common for males to engage in 

strategic cooperative exchange with unrelated males.  Another possibility is that social 

bonds may benefit males by facilitating cooperative range defense (Pusey, 1979; 

Sugiyama, 2004).  In Gombe larger ranges are associated with greater food availability 

and shorter inter-birth intervals (Williams et al., 2004).  But because the spoils of 

territorial expansion represent a public good, if the primary function of bonds is to 

facilitate territorial behavior differential social integration would not translate to 

differential reproductive success. 

If future research also finds weak support for a connection between social bonds 

and longevity in male chimpanzees, and between social bonds and both reproductive 

success and longevity in female chimpanzees, it would suggest that the strong association 

between social bonds and fitness in humans (Hill et al., 2009; Holt-Lunstad et al., 2010) 

represents a derived trait rather than a modification of a chimpanzee-like social pattern. 
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3. Social network analysis reveals the timing and causes of a 

unique chimpanzee community fission: Gombe's Four Years' 

War 

3.1 Introduction 

Researchers have long understood that animals experience both costs and benefits 

from living in groups, and that group sizes represent a balance between these competing 

forces.  Individuals in larger groups tend to experience greater within-group competition 

for resources, including mates, but may be buffered against between-group competition, 

predation and infanticide (Alexander, 1974; Kummer, 1971; van Schaik & Kappeler, 

1997; Wrangham, 1979).  In particular, in territorial species, larger groups are more 

effective in increasing their range (arboreal ants, Azteca trigona: Adams, 1990; rattling 

cisticola, Cisticola chiniana: Carlson, 1986; chimpanzees, Pan troglodytes 

schweinfurthii: Goodall, 1986; Nishida, 1968; lions, Panthera leo: Grinnell, Packer, & 

Pusey, 1995; Mosser & Packer, 2009; baboons, Papio cynocephalus: Markham, Alberts, 

& Altmann, 2012; spider monkeys, Ateles chamek: Wallace, 2008). 

When the costs of within-group competition (Darwin, 1871; Gillespie & 

Chapman, 2001; Janson & van Schaik, 1988; Trivers, 1972; Wrangham, Gittleman, & 

Chapman, 1993) or of maintaining relationships or spatial cohesion (Barrett, Henzi, & 

Rendall, 2007; Dunbar, 1992; Johnson, 1982) exceed the benefits of group membership, 

fissions can occur.  Indeed, group fissions are observed in many mammalian species 

(white-nosed coatis, Nasua narica: Gompper, Gittleman, & Wayne, 1997; spotted 

hyenas, Crocuta crocuta: Holekamp, Ogutu, Dublin, & Smale, 1993; prairie dogs, 
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Cynomys ludovicianus: Manno, Dobson, Hoogland, & Foltz, 2007; brown bats, Eptesicus 

fuscus: Metheny, Kalcounis-Rueppell, Bondo, & Brigham, 2008; lions: Pusey & Packer, 

1987; VanderWaal, Mosser, & Packer, 2009; Cape ground squirrels, Xerus inauris: 

Waterman, 2006; reviewed in Storz, 1999), and are particularly well-documented in 

female-philopatric cercopithecine primates.  In these species, fissions are often observed 

when groups become large or have an imbalanced sex ratio (macaques, Macaca sp.: 

Furuya, 1968; baboons, Papio sp.: Nash, 1976; Van Horn, Buchan, Altmann, & Alberts, 

2007), or after a period of hierarchy instability (macaques: Koyama, 1970; baboons: 

Nash, 1976).  Fissions usually occur along matrilines (macaques: Chepko-Sade & 

Olivier, 1979; Chepko-Sade & Sade, 1979; Cheverud, Buettner-Janusch, & Sade, 1978; 

Dittus, 1988; Kuester & Paul, 1997; Ménard & Vallet, 1993; Okamoto & Matsumura, 

2001; Widdig et al., 2006; baboons: Van Horn et al., 2007), although not always 

(macaques: Chepko-Sade & Olivier, 1979; Widdig et al., 2006; baboons: Collins, 

Sindimwo, & Goodall, 2006).  For example, females may sometimes abandon kin during 

fissions to avoid overly large daughter groups (Van Horn et al., 2007).  Fissions in these 

species can be associated with violence (e.g. Nash, 1976), but if observed, it is rarely 

lethal.  Instead, members of recently-fissioned cercopithecine groups are sometimes 

observed associating peacefully with each other (macaques: Missakian, 1973; geladas, 

Theropithecus gelada: Snyder-Mackler et al., 2012).   

In human groups, fissions are also often associated with large group size.  This 

may be due to the difficulties of maintaining or keeping track of relationships as group 

size increases, a phenomenon known as “scalar stress” (Johnson, 1982).  Although 
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humans may mitigate the limiting influence of scalar stress on group size through several 

linguistically- and culturally-mediated mechanisms (Dunbar, 1993; Friesen, 1999; 

Johnson, 1982; Moffett, 2013), permanent group fissions are nevertheless extensively 

documented (Yanomamo: Chagnon, 1975; Hunley, Spence, & Merriwether, 2008; 

Smouse, Vitzthum, & Neel, 1981; Semi Senoi: Fix, 1975; Hutterites: Mange, 1964; 

Olsen, 1987; Xavante: Neel & Salzano, 1967; reviewed in: Walker & Hill, 2014).  In pre-

industrial human groups, fissions are often preceded by a struggle for leadership or 

“headmanship”, and usually occur along kinship lines (Chagnon, 1975; Fix, 1975; 

Mange, 1964; Neel, 1967; Neel & Salzano, 1967; Smouse et al., 1981; R. S. Walker & 

Hill, 2014).  Leadership struggles and non-random assortment may also be hallmarks of 

group fissions in agrarian and post-industrial societies (Hurd, 1983; Olsen, 1987; 

Zachary, 1977). 

In contrast to humans and female-philopatric cercopithecine primates, only four 

apparent permanent fissions have been documented in wild male-philopatric primate 

groups.  This may be because male philopatry is sometimes associated with cooperative 

range defense (Pusey, 1979), which increases the benefits of membership in larger groups 

(Wrangham, 1979).  An uncertain case was reported in bonobos (Pan paniscus) (Kano, 

1992), and two clearer cases in muriquis (Brachyteles arachnoides), neither of which is 

aggressively territorial (Strier, 1990; Wilson et al., 2014).  In muriquis, the fissions 

appeared to be initiated by peripheral females, with males following and experiencing a 

more favorable sex ratio in the splinter group (Strier, Boubli, Possamai, & Mendes, 2006; 

Strier, Mendes, Rímoli, & Rímoli, 1993; Tokuda et al., 2013).  In the fourth case, 
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researchers observed an apparent fission of a group of chimpanzees in Gombe National 

Park in 1973, followed by the formation of two distinct daughter communities, 

“Kasekela” and “Kahama” (Goodall, 1986).   

Permanent community fission would seem particularly unlikely in chimpanzees 

given the importance of group size in chimpanzee territorial behavior.  Chimpanzees live 

in large multi-male, multi-female communities with a median size of 46 individuals 

(Wrangham et al., 2006), although communities can number nearly 200 individuals 

(Sandel, Reddy, & Mitani, 2016).  They live in fission-fusion societies, forming 

temporary and fluid subgroups, or “parties” (Goodall, 1986).  Occasionally, large parties 

of males (sometimes also including females) conduct cooperative boundary patrols at the 

edge of their community range, and sometimes make excursions into the territory of 

neighboring communities (Goodall, 1986; Mitani & Watts, 2005).  In such instances, 

encounters with members of a rival community can result in lethal attacks (Watts & 

Mitani, 2001; Wilson et al., 2014), and the best predictor of lethal aggression in 

intergroup encounters is imbalance in party size (Manson & Wrangham, 1991; 

Wrangham, 1999).   

Because this pattern of territorial behavior is unusually violent among primates 

(Manson & Wrangham, 1991), and because male numbers are so important in territorial 

encounters, the consequences of fission in chimpanzees should be particularly severe.  

Indeed, from 1974 to 1977, researchers at Gombe observed a series of territorial 

incursions and attacks by Kasekela males resulting in the death or disappearance of five 

Kahama males and one female.  By 1977, all seven males and one female of the Kahama 
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community had disappeared, in what became known as the “Four-Year War” (Goodall, 

1986). 

The origins of the apparent fission of the study community, and subsequent 

extermination of the Kahama community, remain uncertain, in part because, beginning in 

1963, initial observations of the original study community were made at a “feeding 

station”, where researchers used bananas to habituate, and facilitate observation of, the 

chimpanzees.  There, provisioning led to large aggregations of chimpanzees (Wrangham, 

1974), potentially masking differentiated social preferences.  Nevertheless, by 1966, 

researchers recognized that, of the nineteen known mature and adolescent males, some 

spent more time to the north of the feeding station and some to the south (Goodall, 1986).  

1971 saw a gradual decrease in association between males of the two subgroups (Bygott, 

1974; Goodall, 1986).  During this time, the southern group visited the feeding station 

less frequently (Wrangham, 1974).  By the end of 1972, although northern and southern 

males continued to interact peacefully elsewhere in the community range, the southern 

males had stopped visiting the feeding station entirely, and an older male, Hugh, 

disappeared.  In 1973, Kasekela and Kahama were recognized as separate communities. 

Many researchers have assumed that these events represent the only community 

fission ever observed in wild chimpanzees.  Nevertheless, some contemporary observers 

noted that they could not rule out the possibility that provisioning either brought together 

two distinct communities that eventually re-separated or temporarily arrested a fission 

that was already in progress (Bygott, 1974; Goodall, 1986; van Lawick-Goodall, 1975).  

Consistent with this “two communities” hypothesis, in 1971, several southern males were 
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once observed associating with 3 or 4 unhabituated males (Bygott, 1974). Most evidence, 

however, supports a “single community” hypothesis.  Before the establishment of the 

feeding station, known males were observed near both the northern and southern 

boundaries of the park (Goodall, 1965; Van Lawick-Goodall, 1968), and in 1971, 

researchers observed northern and southern males participating together in cooperative 

territorial behavior (Bygott, 1974).   

 Although previous studies describe the events preceding the apparent 

fission (Bygott, 1974, 1979, Goodall, 1983, 1986; Goodall et al., 1979; van Lawick-

Goodall, 1975; Wrangham & Peterson, 1996), none have attempted a quantitative 

treatment of its patterning and causes.  We present a case study using newly-digitized 

data and recently-developed social network analysis tools to analyze the timing and 

trajectory of subgrouping patterns prior to the formation of the Kasekela and Kahama 

communities.  This approach facilitates a more direct investigation of potential catalysts 

of the presumed fission and the relationship between daughter community membership 

and pre-fission subgroup patterning.  Further, the methods we employ can be applied to 

investigate fissions in other species, as well as social structure more generally.   

We built social networks using observations of association and grooming at the 

feeding station, and determined ranging patterns from chimpanzee focal follows beyond 

the feeding station. Using these data, we tested the community fission hypothesis against 

the two communities hypothesis.  If the events preceding the Four Years’ War indeed 

represented a community fission, we expected subgrouping structure to begin to emerge 

and patterns of subgrouping to become more consistent as the fission approached.  
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Alternatively, the two communities hypothesis predicts subgrouping structure to have 

been prevalent and consistent throughout the study period.   

Next, we explored the patterning and proximate causes of the presumed fission.  

We analyzed the relationship between pre-split association patterns and post-split 

community formation. Using the historical notes from Gombe and descriptions of fissions 

in other species, we determined a set of potential catalysts which we tested for temporal 

alignment with changes in subgroup structure.  Candidate catalysts were changes in 1) 

male demography, 2) sex ratio, 3) male dominance hierarchy, and 4) provisioning 

protocol. 

3.2 Methods 

Observations began at the feeding station in 1963 (Goodall, 1986; Wilson, 2012).  

Until February 1968, researchers recorded the order in which individuals arrived at the 

feeding station each day; individuals arriving together were assigned the same arrival 

order number.  Thereafter, observers recorded direction and time of all 

arrivals.  Observers at the feeding station also recorded all-occurrence grooming at 2-

minute intervals.  Data from 1967 to 2000 (when provisioning ceased) have been 

extracted from the original checksheets.  Ranging data come from early focal follows 

beyond the feeding station from 1970 to 1972, during which observers recorded party 

composition and location at the beginning and end of each follow.   

We included males at least 12 years of age at the start of a period in the analyses, 

as individuals over 12 can participate in intergroup encounters and compete for mating 

opportunities (Wilson et al., 2014).  Thus our data set included 19 males from 1967 to 
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1972 (for feeding station arrival data), and 16 males from 1970 to 1972 (for grooming 

and ranging data).  Because only three of 25 known females eventually joined the 

southern Kahama community, all of whom were peripheral, we focus our analyses on 

males.  Initial analysis of subgrouping patterns in female association networks revealed 

no clear relationship between network structure and any of the factors considered below. 

We created 11 networks of dyadic association in six-month periods from 

September 1967 to 1972 (the first period was only 4 months long).  Because, especially 

before 1969, provisioning resulted in large and long-lasting aggregations of chimpanzees 

(Wrangham, 1974), networks based on time spent together at the feeding station were too 

densely connected to allow calculation of meaningful measures of subgrouping.  Instead, 

we measured affiliative tendency using counts of joint first arrivals at the feeding station 

as a proxy for affiliation elsewhere in the forest (Foerster et al., 2015; Pusey, 1980).  

Prior to February 1968, we considered two individuals to arrive jointly if they had been 

assigned the same arrival number by the original observers.  Thereafter, we considered 

two individuals to arrive together if their arrivals occurred within 5 minutes of each other 

and their directions of arrival were within 45°.  The resulting networks of joint first 

arrivals are weighted and undirected.   

We next created six 6-month grooming networks from January 1970 to December 

1972 by summing 2-minute grooming scans between males in each interval.  The 

resulting networks are weighted and directed. 

Then, we extracted all available pre-fission ranging data from the focal follows 

conducted between August 1970 and December 1972.  Chimpanzee locations during 
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follows were initially recorded on maps by field observers, and later transposed onto a 

grid system overlaid on the park map.  We used data on the grid coordinates of the start 

and end points of each follow, recorded for all individuals present during each follow, 

and georeferenced each grid cell using a map overlay in ArcGIS (ESRI, 2010).  Total 

root mean squared error for the 5 maps used for georeferencing was between 33 and 58 

meters in all cases, using at least 10 reference points each. We then determined range 

centroids for each male in five 6-month intervals from mid-1970 to 1972 by averaging all 

x and y coordinates from follows in which he was present.  We included in the ranging 

analysis those individuals with at least three recorded ranging coordinates (mean ± s.d. = 

132.5 ± 117 coordinates per individual per interval), which led to the exclusion of one 

individual in one period. 

3.2.1 Subgrouping analyses: 

Network subgrouping structure emerges from patterns of social preference over 

time.  To quantify subgrouping in association and grooming networks we used a metric 

called modularity, which measures the degree to which ties connect individuals in the 

same subgroup, given a particular set of subgroup assignments.  Modularity is defined as 

the fraction of all network ties (or, in the case of a weighted network, tie strength) that 

connect individuals in the same subgroups minus the fraction expected if network ties 

were assigned randomly (Newman & Girvan, 2004).  Values near 0 indicate a network in 

which within-subgroup ties are no more dense than if randomly assigned without regard 

to subgroup, and those approaching 1 indicate a network in which all ties are found 

within subgroups.  Thus one can search for subgroup structure in a network by finding 
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subgroup assignments that have large modularity scores (Newman, 2006b). 

To identify subgroups, we used two algorithms that directly optimize modularity:  

Newman’s leading eigenvector algorithm and the fast greedy algorithm (Clauset, 

Newman, & Moore, 2004; Newman, 2006a, 2006b).  We used  the igraph package in R 

version 3.3.1 (Csárdi & Nepusz, 2006; R Core Team, 2016) with the resolution parameter 

set to the default value of 1.   Because neither algorithm tests every possible division of 

the network, they are not guaranteed to return subgroups corresponding to the global 

maximum modularity score (Good, De Montjoye, & Clauset, 2010).  Thus, for each 

network we used both algorithms and chose the subgroup assignment with the higher 

modularity score.  In most periods the two algorithms returned identical subgroups and 

modularity scores. 

3.2.2 Ranging data: 

To determine the relationship between ranging and community formation, we 

created a matrix of Euclidean distances between range centroids for each dyad as our 

dependent matrix, and a binary matrix indicating whether each dyad ended up in the same 

community after the fission as our independent matrix, in five 6-month periods from mid-

1970 through 1972.  We excluded individuals from this analysis who died before the 

fission occurred. 

We used double semi-partialing quadratic assignment procedure (QAP) modelling 

to determine the relationship between ranging similarity and post-split community co-

membership in each period (Dekker, Krackhardt, & Snijders, 2007; Krackhardt, 

1988).  This procedure uses a permutation approach to determine the likelihood that an 
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observed correlation between corresponding elements in two (or more) matrices could be 

observed by chance.  It iteratively permutes the rows and columns of the independent 

matrix and stores the correlation of the permuted and dependent matrix, and then 

compares the correlation of the original matrices with the distribution of permuted 

correlations to arrive at a p-value.  We ran QAP regressions with 2000 permutations each 

in UCINET (Borgatti, Everett, & Freeman, 2002).   

3.2.3 Modelling community co-membership vs. association and grooming 

We used the same QAP modelling procedure to determine the relationship 

between post-fission community makeup and pre-fission patterns of a) association, and b) 

grooming in each 6-month period.  Again excluding individuals who died before the 

fission, we used the dyadic association and grooming measures in dependent matrices 

and binary scores representing community co-membership in independent matrices, 

although results do not change substantively when switching dependent and independent 

matrices in these analyses. 

The QAP procedure determines whether there is a significantly higher correlation 

between patterns of association or grooming and post-fission community membership 

than would be expected by chance, whereas the modularity optimizing algorithms attempt 

to determine the particular subgrouping assignment that maximizes within-group relative 

to between-group ties.  Even if the latter procedures determine that subgrouping structure 

did not match the Kasekela-Kahama split exactly in a given period, QAP modelling 

might reveal that there was some association between eventual community membership 

and pre-split subgrouping patterns. 
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3.2.4 Identification of potential catalysts 

Based on contemporary descriptions of the fission (Bygott, 1974; Goodall, 1983, 

1986; Goodall et al., 1979; van Lawick-Goodall, 1975; Wrangham, 1974; Wrangham & 

Peterson, 1996) and descriptions of fissions in other species (eg. Furuya, 1968; Tokuda et 

al., 2013), we identified four types of events that could have catalyzed the fission. 

First, using demographic records, we identified the death dates of five adult males 

and nine adult females between 1967 and 1972.  We calculated betweenness centrality in 

the networks of joint arrivals using the igraph package in R version 3.3.1 (Csárdi & 

Nepusz, 2006; R Core Team, 2016) for individuals in each period to determine whether 

any individual whose death occurred soon before the fission had been particularly central 

to the social network.  Individuals with high betweenness may play a role in maintaining 

group cohesion in chimpanzees (Kanngiesser, Sueur, Riedl, Grossmann, & Call, 2011). 

Next, based on daily records of female sightings and reproductive histories, we 

calculated two measures of adult sex ratio on the first day of each 6-month period.  These 

were socionomic sex ratio (the ratio of adult males to adult females) and operational sex 

ratio (the ratio of adult males to adult females that are neither pregnant nor experiencing 

postpartum amenorrhea).  We determined pregnancy windows using the timing of  sexual 

swellings within the plausible bounds of pregnancy length, if observed, or by Gombe-

specific average pregnancy length if the female was not observed with a sexual swelling 

during her conception window (Boehm & Pusey, 2013).  Periods of postpartum 

amenorrhea lasted from parturition to the resumption of full sexual swelling.    

Next, we investigated the potential influence of changes in the male hierarchy on 
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social network structure. Because we lack detailed data on dominance interactions during 

the study period, we relied on the timing of conspicuous challenges to, and overthrows 

of, the alpha male based on the descriptions of Bygott (1974) and Goodall (1986).  

Goliath was alpha when research began in Gombe, but lost his position to Mike in 1964.  

Humphrey, an eventual Kasekela male, rose to the alpha position in mid-1971.  While he 

could usually intimidate all other males in the study community individually, Humphrey 

had an uncertain dominance relationship with suspected brothers and eventual Kahama 

males Charlie and Hugh.  Beginning in December 1970, Charlie, sometimes accompanied 

by Hugh, began to occasionally intimidate Humphrey, and thereafter Humphrey and his 

two rivals increasingly began to avoid each other (Bygott, 1974). 

Finally, we identified changes to the provisioning regimen during the study 

period.  Researchers made three such changes.  Beginning in August 1967, chimpanzees 

were fed bananas from 19 metal and concrete boxes, embedded in the ground and opened 

remotely using a system of underground wires, and widely spaced to reduce 

monopolizability.  Under this system, chimpanzees were fed on average every other day, 

although feeding days were scheduled unpredictably.  In July 1968, primarily in an effort 

to reduce aggression at the feeding station, researchers began to feed selected parties of 

chimpanzees from one box per individual, but only if they had been in the feeding area 

less than 15 minutes, and were in a group of 6 individuals or fewer.  Under this system 

individuals were generally fed once every 10 days.  Finally, in June 1969, researchers 

began feeding chimpanzees from boxes embedded in a covered trench, which further 

reduced competition and rates of aggression at the feeding station (Wrangham, 1974).  
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Although each change was made to reduce the predictability of provisioning, beginning 

in 1971 researchers fed southern males every time they visited the feeding station in an 

ultimately fruitless attempt to reverse their declining attendance.  The 1967 and 1968 

changes were followed by a decline in the number of visitors to the feeding station per 

day, but attendance remained stable after the final change in 1969 (Wrangham, 1974). 

3.3 Results 

3.3.1 Subgrouping Analyses 

Modularity in the networks of male joint arrivals remained low through 1970, and 

in 1971 began rising sharply to a high of 0.39 in the first half of 1972 (Figure 8A, Table 

5).  In the second half of 1972, the last 6-month period before the fission, modularity fell 

only because a number of eventual Kahama males rarely visited the feeding station 

during that period (n = 19 total arrivals vs. 810 for Kasekela males).  Beginning in 1971, 

subgroup membership began to consistently match post-fission community membership 

patterns (Figure 9, Table 5).  Because modularity remained low until 1971, and because 

partitions of the earlier data do not agree with the final fission, these results match 

predictions of the community fission hypothesis, but not the two communities hypothesis. 

In male grooming networks, modularity rose to 0.11 in the first half of 1971, and 

then sharply in the second half of 1971 to 0.4.  Unlike the modularity trajectory in the 

association networks, modularity then fell in the first half of 1972 to the levels 

approaching those in 1970 (Figure 8A, Table 5).  Further, only in the second half of 1971 

did subgroup assignment approximate post-fission community membership (with one 

male more closely aligned with the other subgroup than with his post-fission group 
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mates) (Table 5).  These results do not lend support to either the community fission or 

two communities hypotheses. 

Table 5: Modularity Optimizing Algorithm results  

Max Q indicates the maximum of the modularity scores returned by the two modularity 

optimizing algorithms (Fast-Greedy and Leading Eigenvector Optimization).  “Subgroup 

match?” indicates whether the subgroup assignments returned in the max Q split matched 

post-fission community membership.  * indicates a period during which subgroup 

membership matched post-fission community membership, with additional males who died 

prior to the fission in each group (Figure 1c).  ** indicates a period during which subgroup 

membership matched post-fission community membership for all individuals but one. 

 1967b 1968a 1968b 1969a 1969b 1970a 1970b 1971a 1971b 1972a 1972b 

Arrivals            

Max Q 0.074 0.048 0.11 0.063 0.093 0.11 0.12 0.16 0.27 0.39 0.069 

Subgroup 

match? 
N Y* N N N N N Y Y Y Y 

Groom            

Max Q      0.049 0.083 0.11 0.4 0.076 0.064 

Subgroup 

match? 
     N N N N** N N 
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Figure 8: Timelines of modularity, ranging patterns and potential catalysts during the study 

period.   

A) Modularity scores (denoted “Q”) associated with the optimum subgroup assignments as 

determined by the fast-greedy and leading eigenvector algorithms.  B) Average difference in 

Euclidian distance between range centroids for individuals who ended up in different vs. the 

same post fission community (plotted on the left-hand y axis) and the fit of QAP models 

predicting range centroid difference from post-split community co-membership patterns 

(plotted on the right-hand y axis).  C) The timeline of operational sex ratio (OSR), 

socionomic sex ratio (SSR), changes to the feeding regimen (denoted “F”), male deaths 

(denoted “D”) and the ascension of new alpha male Humphrey (denoted “α∆”). 
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Figure 9: Networks of joint arrivals among males in each 6-month window.   

“a” and “b” denote the first and second half of each year (e.g. “1968a” indicates January-

June 1968).  Node shape indicates each individual’s post-fission community membership 

(individuals represented as triangles died before the fission, so could not be assigned to 

Kasekela or Kahama), while node color indicates community assignment based on the 

modularity optimizing algorithms.  Stronger ties are indicated by darker edges. 
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3.3.2 Ranging 

Post-split community co-membership was a significant predictor of distances 

between range centroids in all 6-month periods, but model fit improved dramatically in 

1971 and 1972 compared to 1970 (Table 6).  Additionally, individuals who belonged to 

the same post-split community ranged only slightly closer to each other than to others in 

1970, but this effect increased to more than a kilometer and a half by the end of 1972 

(Figure 8B, Figure 10, Table 6).  Thus the initial slight ranging affinity between eventual 

post-split community mates was followed by a progressive dissolution of spatial cohesion 

in the study community, supporting the community fission hypothesis. 

Table 6: QAP results 

Results and model fit statistics from QAP regressions, with Arrivals, Grooming, and 

Ranging as dependent variables and post-fission community co-membership as the 

independent variable. R2 is the overall model fit, effect size is the average difference in 

number of joint arrivals, grooming bouts, or meters between range centroids, respectively, 

for individuals in the same post-fission community vs. those in different post-fission 

communities. p val. is the probability that the correlation between independent and 

dependent matrices is observed by chance given the observed distribution of cell values. 

 1967

b 

1968

a 

1968

b 

1969

a 

1969

b 

1970

a 

1970

b 

1971

a 

1971

b 

1972

a 

1972

b 

Arrivals            

R2 
0.014 0.049 0.067 0.024 0.089 0.091 0.143 0.257 0.406 0.288 0.279 

effect size 0.98 2.42 1.49 0.49 2.49 2.78 1.92 3.28 4.27 2.64 6.51 

p val. 0.10 0.02 0.01 0.06 0.01 0.003 0.002 0.001 0.001 0.001 0.001 

Grooming            

R2      0 0.004 0.045 0.116 0.044 0.155 

effect size      -3.2 2.8 14.7 11.3 20.3 37.1 

p val.      0.57 0.19 0.03 0.001 0.006 0.001 

Ranging            

R2       0.073 0.509 0.85 0.659 0.881 

effect size 

(m) 

      
-44.5 -197 -661 -411 -1603 

p val.       0.02 0.001 0.001 0.001 0.002 
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Figure 10: Average male range position in Gombe National Park in the 6-month periods for 

which we have ranging data.   

“Camp” = feeding station, “KK” = eventual Kasekela male, “KH” = eventual Kahama 

male, “UNK” indicates the male (Leakey) in the ranging dataset who died in October 1970 

and thus cannot be assigned to Kasekela or Kahama.  Leakey appears only in 1970 b, and 

his range overlaps with several KK males so his symbol is mostly obscured by the filled 

circles on the map. 

3.3.3 Association patterns and group membership 

In a series of QAP regressions, post-split community co-membership was 

significantly associated with pre-split association matrices in all periods except the 

second half of 1967 and the first half of 1969, and model fit increased in the periods 

before the fission (Table 6).  With regard to grooming, a series of QAP regressions 
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revealed that community co-membership was significantly associated with pre-split 

grooming patterns beginning only in 1971, with model fit and effect sizes increasing 

dramatically after 1970 (Table 6).  These results suggest a relationship between patterns 

of affiliative behavior and post-fission community in all periods, but one that grows 

stronger over time, thus providing mixed support for the two hypotheses.  

3.3.4 Potential catalysts 

Based on the preceding analyses, we conclude that the process of fission most 

likely began at the beginning of 1971.  Three potential catalyst events occurred close to 

this time, and thus represent plausible causes of the fission.  First, the increasing 

modularity and range differentiation in 1971 followed closely the death of an aging male 

Leakey (who died of a respiratory infection in October 1970, at the estimated age of 35; 

Figure 8C).  Four other adult males died between January, 1968 and May, 1969, and 

eight adult females between January 1968 and April 1969, but no individual other than 

Leakey died within a year of January 1971.  However, Leakey had below-average 

betweenness centrality in the association networks in all of the periods before his death 

(Table 12, Appendix A), so does not appear to have been particularly influential. 

Early 1971 also coincided with the dominance struggle between Humphrey (an 

eventual Kasekela male) and Charlie and Hugh (eventual Kahama males; Figure 8C).  

Beginning in December 1970, the relationship between Humphrey and Charlie and Hugh 

became increasingly tense and avoidant, even when other males were associating 

peacefully (Bygott, 1974).     

The socionomic sex ratio changed little over the course of the study period, but 
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the operational sex ratio grew to a high of 14:1 in the first half of 1971, although it 

dropped again by 1972.  This peak in operational sex ratio coincided with the onset of 

increasing modularity (Figure 8C), although it fell again thereafter.  But because 

modularity continued to rise, it is unlikely that operational sex ratio was the sole cause of 

increased subgrouping before the fission. 

Changes to provisioning, however, did not co-occur with the beginning of the 

fission process in early 1971.  The final change in feeding regimen occurred in June 1969 

(Wrangham, 1974), a year and a half before the onset of increased modularity in the 

study community (Figure 8C).  Further, if this change led to the dissolution of the 

community via reduced interest in the feeding station as a food source, one would expect 

reduced attendance after the change.  Instead, aggregation size and duration at the feeding 

station were slightly higher after the change, and the rate of provisioning of southern 

males actually increased as the fission approached (Wrangham, 1974).  Thus there is no 

evidence that changes in the provisioning regimen affected the fission, as both timing of 

changes in provisioning and subsequent changes in aggregation patterns fail to align with 

changes in subgrouping patterns.   

3.4 Discussion 

Numerous lines of evidence support the hypothesis that the study group at Gombe 

was indeed a single community, with incipient subgroups, that began to fission in early 

1971.  By 1973, the fission was complete.  In contrast, we found little evidence to support 

the two communities hypothesis.  Subgrouping and ranging patterns at the beginning of 

the study period were poor predictors of the eventual community division, but as the 
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fission approached they aligned more closely with post-fission community membership. 

Beginning in 1971, modularity in the arrivals network increased dramatically, 

falling only in the 6-month period immediately before the fission due to a decline in visits 

to the feeding station by southern (Kahama) males. Further, beginning in 1971, 

subgrouping patterns in the arrival networks consistently matched post-split community 

membership.  Modularity in the grooming networks also began increasing in the first half 

of 1971, reaching a high of 0.26 in the second half of 1971.  However, grooming network 

modularity fell again in the first half of 1972, even though all individuals were observed 

during that period.  Moreover, only in the second half of 1971 did subgroup membership 

in the grooming networks approximate post-fission membership (with only one male 

assigned to a subgroup not corresponding to his post-fission community), while in all 

other periods subgroups contained both eventual Kasekela and Kahama males.  We 

suspect that the patterns of modularity in grooming networks differed from those of 

arrivals because grooming sometimes functions to reduce or reconcile social conflict in 

chimpanzees and other primates (de Waal, 2000; McKenna, 1978; Schino, Scucchi, 

Maestripieri, & Turillazzi, 1988; Terry, 1970; Watts, 2006). As the sub-groups became 

more distinct and more hostile to each other, a secondary increase in grooming between 

their members, producing a reduction in subgrouping in the grooming network, might 

have resulted from attempts to reduce tension between males. 

Although subgroup structure in the arrivals networks began to match post-fission 

community membership patterns only in the two years preceding the fission, an 

association between arrival patterns and the Kasekela-Kahama division existed earlier.  
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Modelling revealed a significant relationship between post-split community composition 

and pre-split association patterns in most periods, suggesting that when the fission 

occurred, individuals formed communities with close pre-split associates.  Similar 

observations have been made in a number of mammalian species, with the pattern often 

mediated by kinship (Holekamp et al., 1993; Metheny et al., 2008; Smouse et al., 1981; 

Storz, 1999; Van Horn et al., 2007).  Unfortunately, without pedigree or genetic 

relatedness data, it is impossible to determine if kinship played a role in the community 

split at Gombe.   

Grooming patterns were significantly associated with post-split community 

membership beginning only in 1971.  Thus, it appears that 1971 saw an increased 

tendency for individuals to groom with others of the same eventual fission product, along 

with an increase in subgrouping in general.  That the former tendency remains in 1972 

while modularity decreases in the grooming network is surprising, but may reflect a 

balance between preferential grooming of subgroup members and efforts to groom with 

members of the other subgroup to reduce tension.   

Ranging patterns also strongly reflected post-fission community structure in 1971 

and 1972, but less so in 1970, and the fit of models using post-fission community 

structure to predict ranging patterns increased dramatically after 1970, again pointing to 

1971 as the start of the fission.   

Taken together, the concurrent and dramatic increases in modularity in the 

association and grooming networks and the polarization in ranging patterns support the 

community fission hypothesis.  Additionally, subgroup membership in the association 
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networks only began to consistently match post-fission community structure in 1971.  

The initial fluidity of subgroup membership further bolsters the conclusion that the study 

community underwent a transition from a single group to two coherent and increasingly 

distinct subgroups before fissioning.   

The timing of the changes in subgrouping and ranging patterns aligned most 

closely with three of the four potential catalysts: the death of an older male (Leakey), a 

sharp increase in operational sex ratio due to a decline in reproductively cycling females, 

and a dominance struggle between three high-ranking males.  In contrast, the last of three 

major changes in the feeding regimen occurred more than a year and a half earlier.  

Although Leakey’s death aligns with the onset of increased modularity, his low 

levels of betweenness centrality suggest that he was not particularly important in 

maintaining group cohesion.  Further, limited evidence from studies of female networks 

supports the conclusion that animal social network structure is robust to the death of even 

central individuals: although female macaque networks exhibit short-term perturbations 

in response to the removal of high-ranking males (Flack, Girvan, de Waal, & Krakauer, 

2006), in baboons the death of high-ranking males had little long-term effect on female 

social network properties (Franz, Altmann, & Alberts, 2015).  In elephants (Loxodonta 

africana), the poaching death of older, structurally important females led to little long-

term change in network structure because daughters rose to occupy their mothers’ old 

positions (Goldenberg, Douglas-Hamilton, & Wittemyer, 2016). 

As suggested by earlier authors (Bygott, 1974), more likely as a potential catalyst 

was the struggle for dominance between Humphrey and Charlie and Hugh.  Power 
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struggles have been observed preceding fissions in humans (Smouse et al., 1981; 

Zachary, 1977) and other primates (Koyama, 1970; Nash, 1976).  In particular, fissions in 

groups from both preindustrial and industrial societies tend be characterized by 

subgroups coalescing around two leaders in conflict (Smouse et al., 1981; Zachary, 

1977).  Future work in chimpanzees should directly investigate the association between 

male hierarchy instability and changes to subgrouping patterns, and work in other species 

for which fissions are more common should investigate the link between hierarchy 

instability and group fissions.   

Finally, the association between unusual sex ratio and community fission mirrors 

similar observations in muriquis (Tokuda et al., 2013) and macaques (Furuya, 1968).  

The operational sex ratio in the Kasekela group dropped after the fission, as seven adult 

males but only one cycling female became part of the Kahama group.  However, three 

more females had begun to cycle by the time of the fission, which complicates the 

relationship between operational sex ratio and the fission.  On the other hand, we did not 

find support for a relationship between socionomic sex ratio and the fission, because this 

ratio changed little over the study period (Figure 1c).  The potential contribution of 

unhabituated females to the sex ratio of the Kahama community (Bygott, 1972) cannot be 

evaluated. 

Although several authors have suggested provisioning as the primary cause of the 

fission and subsequent killings in Gombe (Power, 1993; Sussman, 2013), our results fail 

to lend support to this “anthropogenic” hypothesis.  The final change in the provisioning 

regimen occurred more than a year and a half before the increase in modularity, and 
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subsequent changes to aggregation patterns at the feeding station fail to indicate that the 

reduction in provisioning frequency had an effect on community cohesiveness.  

Similarly, fissions of a population of chacma baboons (Papio ursinus) were likely not 

mediated by food availability (Henzi, Lycett, & Piper, 1997), and both food-enhanced 

and wild-feeding savannah baboon (Papio cynocephalus) groups have been observed to 

fission (Van Horn et al., 2007), again suggesting that food availability alone may not be 

sufficient for explaining community fission in primates.   

Similarly, overall group size seems to have played little role in the fission.  Group 

size remained relatively stable between 1967 and 1972, with a maximum of 35 adults (53 

total individuals).  This maximum is lower than the Kasekela community size in later 

periods and remains well below Dunbar’s (1993) predicted maximum cognitive group 

size of 65.  It is also notable that several other communities of eastern chimpanzees have 

remained intact despite being much larger  (Mitani et al., 2010; Nakamura, 2015).   

This case study suggests that, as in other non-human primates and humans, 

chimpanzee community fissions may be precipitated by both hierarchy upheaval and 

changing sex ratios.  But although group size is an important catalyst of fissions in human 

groups (Smouse et al., 1981), and may precipitate fissions in other primates (Henzi et al., 

1997; Van Horn et al., 2007), group size is unlikely to have influenced the fission 

described here.  This may indicate that the membership in large groups may not be as 

costly for chimpanzees as for other social primates, perhaps because their fission-fusion 

social organization means that the entire group is rarely together.   

Community fissions are an important topic of study because they can shed light 
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on the costs and benefits of group living, and are thought to influence population genetic 

structure in a number of species (Storz, 1999; Whitlock & McCauley, 1990)  However, 

fissions are rare in many species, including chimpanzees.  Thus to identify the factors 

influencing community structure in these species, future work should investigate 

subgrouping, a network feature that should be more labile than group membership.  

Future work in chimpanzees and other species should then attempt to model the influence 

of male deaths, struggles for high rank, and sex ratio on community modularity using 

larger longitudinal data sets than presented here.   

Network modularity and other forms of community detection in networks 

(Fortunato, 2010; Fortunato & Hric, 2016; Porter, Onnela, & Mucha, 2009) should prove 

a particularly fruitful avenue of study because subgrouping in social networks may 

influence the evolution of cooperation (Marcoux & Lusseau, 2013; Voelkl & Kasper, 

2009), the development of cultural diversity (Whitehead & Lusseau, 2012), and the 

spread of infectious disease (Griffin & Nunn, 2012), topics of acute interest to behavioral 

ecologists and anthropologists. 
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4. Sexually Coercive Male Chimpanzees Sire More Offspring 

4.1 Summary 

In sexually reproducing animals, male and female reproductive strategies often 

conflict (Trivers, 1972). In some species, males use aggression to overcome female 

choice (Clutton-Brock & Parker, 1995; Smuts & Smuts, 1993), but debate persists over 

the extent to which this strategy is successful. Previous studies of male aggression toward 

females among wild chimpanzees have yielded contradictory results about the 

relationship between aggression and mating behavior (Muller et al., 2011, 2007, 2009a, 

2009b; Pieta, 2008; Stumpf & Boesch, 2005, 2006, 2010). Critically, however, copulation 

frequency in primates is not always predictive of reproductive success (Curie-Cohen et 

al., 1983; Stern & Smith, 1984). We analyzed a 17-year sample of behavioral and genetic 

data from the Kasekela chimpanzee (Pan troglodytes schweinfurthii) community in 

Gombe National Park, Tanzania, to test the hypothesis that male aggression toward 

females increases male reproductive success. We examined the effect of male aggression 

toward females during ovarian cycling, including periods when the females were sexually 

receptive (swollen) and periods when they were not. We found that, after controlling for 

confounding factors, male aggression during a female’s swollen periods was positively 

correlated with copulation frequency. However, aggression toward swollen females was 

not predictive of paternity. Instead, aggression by high-ranking males toward females 

during their nonswollen periods was positively associated with likelihood of paternity. 

This indicates that long-term patterns of intimidation allow high-ranking males to 

increase their reproductive success, supporting the sexual coercion hypothesis. To our 
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knowledge, this is the first study to present genetic evidence of sexual coercion as an 

adaptive strategy in a social mammal.  

4.2 Results 

The sexual coercion hypothesis predicts that male aggression against females 

increases male fitness (Muller et al., 2009a, 2009b; Smuts & Smuts, 1993). We tested this 

prediction using behavioral and genetic data from wild chimpanzees (Pan troglodytes 

schweinfurthii) in Gombe National Park, Tanzania. Female chimpanzees exhibit an 

anogenital swelling for about 10 days within a 36-day ovarian cycle (Goodall, 1986). 

During this time, a female mates with most males in the community, although high-

ranking males attempt to prevent this by directing aggression toward competitors and the 

female herself. We consider male-female aggression during the period of maximal 

swelling (“swollen aggression”) as potential short-term sexual coercion (but not as forced 

copulation, as males rarely attempt intromission during or immediately following 

aggression; Muller et al., 2009a). We consider aggression occurring outside this period 

(“nonswollen aggression”) as potential long-term coercion. Results support the 

hypothesis that aggression toward a given female functions as an intimidation strategy 

that increases a male’s future chances of siring that female’s offspring. 

4.2.1 Aggression and Paternity 

We used generalized linear mixed models (GLMMs) to analyze the relationship 

between aggression and likelihood of paternity within dyads. We included several 

additional potentially influential factors (see Experimental Procedures) and used 
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Akaike’s information criterion (∆AICc, a measure of the relative quality of a statistical 

model; Burnham, Anderson, & Huyvaert, 2010) to identify the best predictors of 

paternity. Nonswollen aggression rate, male dominance rank, the interaction between 

these two factors, and dyadic relatedness were important predictors of paternity (Table 7; 

Figure 11A). Paternity probability was greater for males of higher rank (Figure 11A and 

Figure 11C) but was lower if the male and female were closely related (Figure 11A and 

Figure 11D). Males that were more aggressive toward females during nonswollen periods 

were more likely to conceive with those females. Although this relationship was positive 

for all males, it was particularly striking among high-ranking males—a high-ranking 

male with the greatest rate of nonswollen aggression had a 47.9% chance of conceiving 

with that female (Figure 11B). Among the subset of dyads in which the male’s 

dominance rank score was one standard deviation above the mean (standardized rank 

score [MDS-Z] >1, n = 47), there was a strong positive association between nonswollen 

aggression rate and paternity (Pearson correlation = 0.55, p < 0.00001; Figure 12).
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Table 7: Models and effect sizes for averaged model and all models with ΔAICc ≤ 2.    

See Methods for description of full model.  Fem Age: centered female age (years) Rank: male standardized Modified David’s Score (MDS-

Z); NS Agg: standardized dyadic aggression rates towards females during their non-swollen periods; Parity: binary (1 = parous, 0 = 

nulliparous); Despot ratio: despotism ratio, the ratio of α-male MDS-Z to β-male MDS-Z; Relatedness: Queller and Goodnight’s R; S Agg: 

standardized dyadic aggression rates towards females during their swollen periods.  Columns with a * represent first-order interaction 

terms. 

Effect sizes are multiplicative effects on paternity odds ratio of a one-unit change in the variable.  Values above 1 will increase likelihood 

of paternity, while values below 1 will decrease likelihood of paternity.  In Model 1, the only variable of the four significantly associated 

with likelihood of paternity was the interaction between male rank and non-swollen aggression (p = 0.04).  In the averaged model, 

important predictors of paternity are highlighted in bold.   

Model 
Fem 

Age 
Rank NS Agg Parity 

Despot 

ratio 

Related-

ness 
S Agg 

NS Agg* 

Rank 

NS Agg* 

Related 
AICc Δ Weight 

1  1.26 1.06   0.17  1.48  204.83 0.00 0.287 

2  1.19 1.05     1.55  205.81 0.98 0.176 

3  1.26 1.06 0.88  0.17  1.49  206.76 1.93 0.109 

4  1.25 1.05   0.16 1.05 1.48  206.77 1.94 0.109 

5 1.00 1.26 1.06   0.17  1.48  206.79 1.96 0.108 

6  1.26 1.06  0.99 0.17  1.48  206.82 1.99 0.106 

7  1.26 1.05   0.17  1.48 0.90 206.82 1.99 0.106 

Average 1.00 1.24 1.06 0.99 1.00 0.23 1.01 1.49 0.99 - - - 
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Figure 11: Predicted likelihood of paternity based on covariates from the best model.   

A) Effect sizes plus 95% confidence intervals of variables from the best model (Model 1 in 

Table 7) on probability of paternity.  MRank is standardized Modified David’s Score 

(MDS-Z), NSagg is standardized non-swollen aggression rate, and Relatedness is Queller 

and Goodnight’s R (see Methods). 

B) Solid line indicates effect of aggression rates towards females not experiencing sexual 

swelling when other covariates are average; dotted line represents the effect of aggression 

towards non-swollen females by high-ranking males; dashed line represents effect of such 

aggression by low-ranking males. 

C) Solid line represents the effect of MDS-Z on likelihood of paternity when other 

covariates are at their mean values; dotted line represents effect of male rank among dyads 

with males who direct high levels of aggression towards the female; dashed line represents 

effect of male rank among dyads with low levels of dyadic non-swollen aggression. 
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D) Solid line represents the effect of relatedness on likelihood of paternity among all dyads. 

4.2.2 Aggression and Copulation 

We used GLMMs to identify predictors of copulation rate, and again used ∆AICc 

as the selection criterion. We identified both swollen and nonswollen aggression rates, 

female age, male rank, alpha male despotism ratio (see Experimental Procedures), 

relatedness, and two interaction terms as the best predictors of copulation rate (Table 8). 

Overall, males that showed higher levels of aggression toward females tended to copulate 

with those females at higher rates. However, swollen aggression had the strongest 

association with copulation rate. Copulation rates increased with female age but were 

lower in closely related dyads and during periods when the alpha male was particularly 

dominant (high despotism ratio).
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Table 8: Models and effect sizes for the average model and the best 10 models.   

See Methods for description of original full model.  Fem Age: centered female age (years) Rank: male standardized Modified David’s 

Score (MDS-Z); NS Agg: standardized dyadic aggression rates towards females during their non-swollen periods; Despot ratio: despotism 

ratio, the ratio of α Z-MDS to β Z-MDS; Relatedness: Queller and Goodnight’s R; S Agg: standardized dyadic aggression rates towards 

females during their swollen periods.  Columns with a * represent first-order interaction terms. 

Effect sizes are multiplicative effects of a one-unit change in the variable on predicted copulation rates.  Values above 1 will increase 

predicted dyadic copulation rates, while those below 1 will decrease predicted copulation rates.  In Model 1, swollen aggression rate is 

significantly positively correlated with copulation rate (p < 0.000001).  Other factors significant in predicting copulations were female age 

(p < 0.001), despotism ratio (p = 0.04), and the interaction between swollen aggression rate and relatedness (p = 0.03).  There was a trend 

towards significance for dyadic relatedness (p = 0.07).  In the averaged model, important predictors of paternity are highlighted in bold. 

Model 
Fem 

Age 
Rank 

NS 

Agg 

Despot 

ratio 

Related-

ness 
S Agg 

NS 

Agg* 

FemAge 

NS 

Agg* 

Rank 

Rank* 

Despot 

Ratio 

S Agg* 

Related-

ness 

AICc Δ Weight 

1 1.05   0.90 0.58 1.28    0.55 1610.53 0.00 0.15 

2 1.05 1.23  0.90 0.55 1.28   0.95 0.54 1610.83 0.30 0.13 

3 1.05 1.07  0.90 0.56 1.27    0.54 1610.85 0.32 0.13 

4 1.05  1.06 0.90 0.59 1.27    0.56 1611.44 0.91 0.10 

5 1.05  1.05 0.90 0.62 1.28 1.01   0.57 1611.56 1.03 0.09 

6 1.05 1.07 1.06 0.90 0.57 1.26    0.55 1611.70 1.17 0.09 

7 1.05 1.23 1.06 0.90 0.56 1.26   0.95 0.54 1611.71 1.18 0.08 

8 1.05 1.23 1.05 0.90 0.58 1.27 1.01  0.95 0.55 1611.78 1.25 0.08 

9 1.05 1.07 1.05 0.90 0.59 1.26 1.01   0.56 1611.92 1.39 0.08 

10 1.05 1.22 1.06 0.90 0.59 1.26  1.06 0.95 0.51 1612.11 1.58 0.07 

Average 1.05 1.10 1.03 0.90 0.58 1.27 1.00 1.00 0.98 0.55 - - - 
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4.2.3 Timing of Male-Female Aggression 

To determine whether males directed more aggression at females when swollen 

than when nonswollen, we pooled data across the entire study period. Among dyads that 

spent ≥ 25 hours together during both swollen and nonswollen periods, swollen 

aggression rates were significantly higher than nonswollen aggression rates (n = 549 

dyads, 2.3 [range 0 – 43.4] versus 1.5 [0 – 25.2] events per 1,000 hours together, 

Wilcoxon signed-rank test: V = 32857, p < 0.001). This pattern was driven by parous 

females; there was no difference between swollen and nonswollen aggression rates for 

nulliparous females (n = 319 dyads, 1.6 [range 0 – 22.2] versus 1.2 [0 – 25.2] events per 

1,000 hours, Wilcoxon signed-rank test: V = 6904, p = 0.13). 

4.2.4 Copulation and Paternity 

Some primate studies have found little relationship between copulation rates and 

paternity (Curie-Cohen et al., 1983; Stern & Smith, 1984). However, a model including 

the terms from the best model for predicting paternity (nonswollen aggression, 

relatedness, male rank, and male rank 3 nonswollen aggression) demonstrated that 

copulation rate was significantly positively associated with paternity (GLMM, z = 2.157, 

p = 0.03). 



 

81 

 

Figure 12: Paternity among highly-ranked males by non-swollen aggression rate 

Observed frequency of paternities among dyads with high-ranking males (MDS-Z > 1) by 

non-swollen aggression rate.  Low represents standardized aggression rates towards non-

swollen females < -1, Med-Low: [-1, 0), Med-High: [0, 1), and High: ≥ 1. 

4.3 Discussion  

In this study of wild chimpanzees, aggression toward non- swollen females was 

positively associated with paternity, particularly among high-ranking males. This 
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indicates that at Gombe, sexual coercion (as long-term intimidation) is a strategy that 

high-ranking males successfully employ to increase fitness. Male rank was also positively 

associated with paternity, independently of aggression. Although this could indicate 

female preference for dominant males, the relationship between aggression and paternity 

in high-ranking males indicates that patterns of paternity did not arise from unfettered 

female choice. Instead, the rank effect is most likely a consequence of mate guarding by 

dominant males (Muller et al., 2009a; Muller & Wrangham, 2004a). Copulation data also 

support the sexual coercion hypothesis. Males that directed high levels of aggression 

toward swollen females, and to a lesser extent nonswollen females, exhibited higher 

copulation rates. However, although copulation rate predicted paternity, males who were 

particularly aggressive toward swollen females were not more likely to sire those 

females’ offspring. This is probably because swollen females experience temporal 

variation in fertility, with fertilization most likely during the periovulatory period (POP) 

(Deschner, Heistermann, Hodges, & Boesch, 2003; Emery Thompson, 2005). Therefore, 

aggression toward swollen females may allow some (e.g., low-ranking) males to increase 

their mating success, but only during nonfertile portions of the females’ swollen periods. 

This may also explain the finding that although males directed more aggression toward 

swollen females, only aggression toward nonswollen females increased paternity 

likelihood, especially for high-ranking males. Also, as the dominance of the alpha 

increased relative to other males, overall copulation rates decreased. This is intriguing 

evidence for effective mate guarding by strong alpha males and is consistent with 

previous work suggesting that alpha males sometimes trade mating access to females for 
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coalitionary support (Duffy et al., 2007). “Despotic” alphas may need less support and 

thus may retain a greater share of copulations. As with paternity, male rank was 

positively correlated with copulation rate, probably due to mate guarding by high-ranking 

males. 

This is the first genetic test of the sexual coercion hypothesis in any mammal. 

Importantly, our molecular and behavioral data accord extremely well with extensive 

behavioral evidence of long-term (indirect) sexual coercion in the Kanyawara 

chimpanzee (P. t. schweinfurthii) community in Kibale National Park, Uganda, where 

dyadic copulation rate and male aggression were also positively correlated (Muller et al., 

2007). As in our study, males displayed increased aggression toward parous females 

when they were sexually receptive. Additionally, copulations during the POP were 

correlated with aggression throughout the ovarian cycle (Muller et al., 2011), 

demonstrating the importance of long-term coercion at Kanyawara (Muller et al., 2009a). 

Higher-ranking males were the most frequent aggressors toward females (Muller et al., 

2009a), and when the alpha was present, there were fewer female solicitations (of other 

males) (Muller et al., 2011), demonstrating the alpha’s effectiveness at mate guarding. 

Our finding that older females copulated more often than younger females is consistent 

with data from Kanyawara showing that older females are more attractive to males 

(Muller, Thompson, & Wrangham, 2006) and that parous females are more often the 

target of male aggression (Wrangham, 2002). Such strong accordance between two 

research sites provides confidence in the robustness of these findings, certainly among 

eastern chimpanzees. 
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By contrast, research on western chimpanzees (P. t. verus) in Taї National Park, 

Côte d’Ivoire, found no evidence for sexual coercion, suggesting instead that females 

successfully employ mate choice (Stumpf & Boesch, 2005, 2006, 2010). There are 

several possible explanations for these contrasting results. At Taї, where females are 

more gregarious than at Gombe and Kanyawara (Wittiger & Boesch, 2013), there may be 

fewer opportunities to ‘‘sneak’’ copulations in a more cohesive group, and thus less 

incentive for high- ranking males to use aggression to attempt to constrain female choice. 

Furthermore, our study community had similar numbers of adult males to Kanyawara 

(11–14 and 10–11 adult males, respectively) (Muller et al., 2011, 2007) but more than 

double the number of adult males found in the two Taї communities studied (3–4 adult 

males) (Stumpf & Boesch, 2010). In smaller groups, reproductive success tends to 

correlate more closely with rank than in larger groups (Alberts, 2003; Cowlishaw & 

Dunbar, 1991; Wrangham, 2002). Thus, a high-ranking male in a small group may not 

need to resort to coercion to obtain a large share of paternities. 

More comparative work is needed to disentangle the effects of biological and 

demographic differences on the prevalence and efficacy of male sexual coercion. 

Although the results from Gombe and Kanyawara clearly demonstrate that sexual 

coercion can be an effective component of sexual selection in chimpanzees, it remains to 

be seen whether coercion is a ubiquitous phenomenon, and whether alternative strategies 

exist. Further work is also needed to determine the mechanism by which long-term 

patterns of aggression increase paternity probability. Understanding the context in which 

nonswollen aggression by high-ranking males occurs and how those males interact with 
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female recipients of coercion during swollen periods may shed light on why this strategy 

is effective for only some individuals. 

4.4 Experimental Procedures 

We used data from the long-term study of the Kasekela community at Gombe 

National Park. We analyzed data from a 17-year period (1995– 2011) for which 

relatedness and paternity information was available from analysis of DNA obtained from 

fecal samples (Gilby, Brent, et al., 2013; Wroblewski et al., 2009). During daily, all-day 

focal follows of adult chimpanzees, researchers continuously recorded group 

composition, reproductive state of all females, and all observed aggressive and copulation 

events in the focal chimpanzee’s party (Goodall, 1986; Wilson, 2012). We restricted 

analyses to ‘‘reproductive windows,’’ i.e., when a given female was experiencing ovarian 

cycles. For nulliparous females, this period started at sexual maturity and ended with 

their first conception. For parous females, this was the interval between the first sexual 

swelling after postpartum amenorrhea and the next conception. We estimated conception 

dates by backdating 226 days from the offspring’s date of birth (Boehm & Pusey, 2013).  

For analysis of copulation rates and paternity odds, we used data from 

reproductive windows during which offspring of known paternity were conceived, and 

from those dyads observed together during both swollen (mean ± SD = 275 ± 271 hour) 

and nonswollen periods (312 ± 283 hour). The difference between these two means is not 

statistically significant (t = 21.7568, p = 0.079). Adult males were at least 12 years of 

age, the age of the youngest known sire at Gombe (Gilby, Brent, et al., 2013; Wroblewski 

et al., 2009). We classified females as adult after their first copulation with an adult male 
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(for natal females) or immigration date. The data set contained 31 reproductive windows 

(among 21 adult females) and 18 adult males, forming 250 unique dyads and 338 dyad-

reproductive windows. 

We defined aggressive events as directed displays, chases, or contact aggression 

by one or more males toward a single female. We calculated rates of aggression for each 

dyad (aggression events per 1,000 hours together) and then standardized them by Z-

transformation within each reproductive window. Thus, dyadic aggression rates 

represented a male’s aggression rate relative to a female’s average rate of received 

aggression from all males during a particular reproductive window. We classified 

aggression according to whether it occurred during the swollen period of a female’s 

ovarian cycle (swollen aggression) or the nonswollen period (nonswollen aggression). 

Male rank was calculated for each window using the modified David’s score (MDS) 

method (de Vries et al., 2006b), using submissive pant-grunt data from the year leading 

up to the end of the window. Because the maximum possible MDS in any period is 

proportional to the square of the number of individuals being ranked, we standardized the 

MDS scores by Z-transformation (MDS-Z) within each reproductive window to facilitate 

comparison between periods. We calculated a ‘‘despotism ratio’’ for each period to 

quantify the magnitude of rank difference between the alpha and beta male by dividing 

the MDS of the highest-ranking male by that of the second-highest. Finally, females were 

considered parous after having had one pregnancy carried to term and nulliparous 

otherwise. 

To determine whether male aggression toward females increased in reproductive 
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contexts, we pooled party association and aggression data for each dyad across the entire 

17-year study period. Subjects for this analysis were 38 cycling adult females and 20 

adult males forming 549 dyads that spent at least 25 hours together during both swollen 

and nonswollen periods. 

Of the 31 infants included in the study, paternities for 19 were previously reported 

by Wroblewski et al. (2009) and for four by Gilby et al. (2013). Eight new paternities 

were identified for this study using DNA extracted from fecal samples. Fecal samples 

were collected and preserved in an equal volume of RNAlater (Ambion), and DNA was 

extracted using the QIAamp DNA Stool Mini Kit (QIAGEN) as described in Wroblewski 

et al. (2009). Individual genotypes were determined for 8–11 microsatellite loci through 

PCR amplification and allele sizing. Candidate males for paternity of each offspring were 

those that were R9 years of age at the time of conception. The offspring, mother, and 

candidate male genotypes were compared across all loci, and in every case, only one 

male (the father) could have contributed the complementary set of alleles to the offspring, 

given the maternal genotype. All other males had mismatches with the offspring and 

maternal genotypes at R1 locus. Relatedness between males and females was calculated 

using Kinship v1.3.1 (Goodnight & Queller, 1999) and is the same as the frequency-

based calculations established by Queller and Goodnight (1989). 

4.4.1 Analyses 

For the GLMMs, we used swollen and nonswollen aggression rates to represent 

short- and long-term coercion efforts by males, respectively. We included in our full 

models the following factors, which, in addition to aggression, might influence paternity 
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and copulation rates. Female age is known to influence male chimpanzee mating interest 

(Muller et al., 2006). Male rank could increase dyadic paternity odds and copulation rates 

for dominant males via mate guarding (Muller & Wrangham, 2004a; Watts, 1998) or 

female preferences (Matsumoto-Oda, 1999). We included parity (nulliparous or parous) 

as a factor to determine whether it mediates the effect of male aggression on reproductive 

success as predicted by the ‘‘cost of sexual attractiveness’’ hypothesis (Wrangham, 

2002). As alpha males may trade mating access for coalitionary support (Duffy et al., 

2007), a more despotic alpha may receive a higher share of paternities because he needs 

less support. Therefore, we calculated the despotism ratio (alpha MDS-Z/beta MDS-Z) 

for each reproductive window. Finally, we included dyadic relatedness because evidence 

from birds and mammals (Crnokrak & Roff, 1999; Pusey, 1980; Ralls, Ballou, & 

Templeton, 1988) suggests a cost to inbreeding, and Gombe chimpanzees are known to 

actively avoid mating with close relatives (Pusey, 1980, 2005). We included all first-

order interactions between both swollen and non- swollen aggression and these main 

effects, with the exception of despotism ratio. This we only included in a first-order 

interaction with male rank, as despotism ratio would seem unlikely to mediate the 

efficacy of male aggression.  

All analyses were performed in R (R Development Core Team, 2014) using the 

lme4 package (Bates et al., 2014) for all GLMMs, and the MuMIn package for model 

selection (Bartoń, 2015). For all models, we determined the best set of predictors using 

AIC as the model selection criterion (Anderson, Burnham, & Thompson, 2000; Burnham 

et al., 2010) and ranked the resulting models by ∆AICc, considering those with values ≤ 2 
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(with respect to the best model) to have substantial support (Burnham & Anderson, 

1998). We then used model averaging (Burnham & Anderson, 1998) to generate final 

parameter estimates based on this set of plausible models. 

2.4.1.1 Paternity 

To test whether aggression was correlated with likelihood of paternity, we ran a 

series of GLMM regressions, with paternity (yes/no) as the dependent variable, our 

candidate predictors of paternity and first-order interactions as factors, and female ID as a 

random effect. By standardizing aggression rates, we accounted for most of the 

variability that could be attributed to individual males. We therefore did not include male 

ID as a random effect in our final models, although inclusion resulted in minimal or no 

change in our parameter estimates. 

2.4.1.2 Copulation Rate 

To test whether aggression was correlated with copulation rates, we ran negative 

binomial GLMM regressions for count data (data overdispersion prevented the use of 

Poisson regression), with copulation counts as the outcome variable, time spent together 

as an offset, female ID as a random effect, and our candidate predictors of copulation rate 

(and first-order interaction terms) as factors. We did not account for zero inflation 

because the zero-inflated model produced no increase of fit over the standard model. 

2.4.1.3 Copulation Rate versus Likelihood of Paternity 

To test whether copulation rates were positively correlated with likelihood of 

paternity, we ran a logistic GLMM regression, with paternity (yes/no) as the outcome 

variable, female ID as a random effect, and the four terms from the best model for 
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predicting paternity, plus copulation rate, as factors.
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5. Conclusions and future directions 

The studies presented here reveal clues to the adaptive value of male sociality and 

the mechanisms by which cooperation influences fitness in male chimpanzees.  They also 

reveal the relationship between male social behavior and community cohesion, and the 

forces that cause communities to divide.  Finally, they reveal the efficacy of male 

aggression for constraining female choice in eastern chimpanzees.  These projects point 

towards future comparative work to assess the generalizability of results to communities 

of different sizes, taxa, and demographics.  They also point towards detailed studies of 

mechanism and chronology to understand the proximate effects of male sociality and 

coercive aggression on fitness and social structure.   

5.1 Future work emerging from Chapter 2 

The results presented in Chapter 2 require further analysis to determine the causal 

relationship between grooming, rank change, and reproductive success.  The association 

between grooming others and rank change and reproductive success may result from low-

ranking males grooming high-ranking males in exchange for tolerance and support, as 

has been suggested in other species (Hemelrijk, 1994; Seyfarth, 1977; Seyfarth & 

Cheney, 1984).  This hypothesis predicts that males that successfully rise in rank or sire 

offspring would preferentially groom high-ranking males (particularly if they were low-

ranking), while unsuccessful males would groom others indiscriminately.  Alternatively, 

the results presented in Chapter 2 may result from successful males grooming others as 

consolation for failing to mate with estrous females.  This would predict that males that 
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achieve mating success would concentrate their grooming particularly on unsuccessful 

males.  In turn, successful males would be groomed by all other males indiscriminately.  

On the other hand, unsuccessful males would groom others indiscriminately, while being 

groomed particularly by successful males.   

Further, because rates of received grooming were negatively associated with 

siring success but positively associated with rank change, perhaps high-ranking males 

might be excluding males rising in rank, which predicts a positive association between 

rank increase and receipt of aggression from other males in mating contexts.  I will use 

long-term grooming data to test these hypotheses and predictions.  Traditionally, analysis 

of cooperative exchange has relied on correlated rates of cooperative behavior over 

extended periods (Hemelrijk, 1990a, 1990b), but a more targeted analysis of grooming 

patterns is required to interpret the results from Chapter 2. 

Complementing this proposed project, and the work presented in Chapter 2, are 

my three seasons of field research in Gombe National Park studying the mechanisms by 

which cooperative exchange, or alternatively particular social bonds, might function to 

increase individual fitness.  To do this, I collected grooming, proximity, and association 

data, as well as urine samples for hormone extraction, to determine whether grooming 

with a high-ranking male is exchanged for support or tolerance, and whether this 

behavior lowers stress hormone levels.  I will also identify preferred social partners 

(those individuals sharing social bonds) from patterns of affiliative behavior, and, taking 

advantage of the fluctuating composition of chimpanzee foraging parties, determine 

whether the presence of a preferred social partner is associated with lower rates of 
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received aggression, higher rates of aggression towards others, and lower levels of stress 

hormones.  Thus, my field work addresses the proximate value of bonds and cooperative 

exchange, while analysis of long-term data presented in Chapter 2 addresses the ultimate 

value of these behaviors. 

Recently, researchers have begun to recognize limitations of the traditional 

approach to analyzing animal social interactions by dyad; in particular, this approach fails 

to account for the non-independence of those interactions.  For example two individuals 

could associate frequently because of a strong social bond, or because they both have 

strong bonds with a third individual.  Network analysis allows for the explicit accounting 

for such non-independence when modelling animal social behavior.  The relationship 

between grooming, social bonds, and coalitionary support remains uncertain in 

chimpanzees and other primates, and this problem lends itself well to the use of statistical 

models of social networks, wherein ties between individuals are treated as random 

variables.  In particular, exponential random graph models (ERGMs, or p* models), are 

well-suited to single observations of large networks, and Siena (or stochastic actor 

oriented models, or SOAMs) model transitions (e.g. the dissolution or formation of a 

social bond) and therefore are well-suited for longitudinal datasets such our own (Block, 

Stadtfeld, & Snijders, 2016; Robins, Pattison, Kalish, & Lusher, 2007; Snijders, 2011; 

Snijders, Bunt, & Steglich, 2010; Wasserman & Faust, 1994). 

In addition to dyadic cooperation, I am interested in investigating group decision 

making in chimpanzees.  One promising avenue of study is threshold models of collective 

action, according to which the costs and benefits of alternative decisions (such as 
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“participate in or abstain from a riot”) depend on the number or fraction of other actors 

who have chosen each alternative (Granovetter, 1978).  Variation in individual 

cost/benefit “thresholds” to action determine both individual decisions and group 

behavior (Granovetter, 1978).  These models describe human behavior in a number of 

contexts, including riots, political revolutions, and abrupt shifts in public opinion 

(Granovetter, 1978; Kuran, 1995).  Threshold models also accord well with group 

behavior in chimpanzee hunts (Gilby, 2006; Gilby et al., 2015; Gilby, Eberly, & 

Wrangham, 2008), and may also apply to territorial patrolling behavior (Gilby, Wilson, & 

Pusey, 2013).  The success of these models in chimpanzees and humans suggests 

potential wider application in studies of chimpanzee group decision making. 

Such models may be appropriate when the cost of engaging in the activity in 

question is high, such as hunting or patrolling, but other, more democratic processes may 

determine group decision-making when individuals choose among less costly options, 

such as group movement.  In the latter scenario, key individuals could still play an 

outsized role in determining group movement if they were more knowledgeable about the 

terrain, such as in hamadryas baboons (Papio hamadryas: Kummer, 1968, 2013), or if 

they were higher ranking, such as in Barbary macaques (Macaca sylvanus: Seltmann et 

al., 2016).  Alternatively, group movement could be determined by simple rules of 

thumb, such as in olive baboons (Papio anubis) (Amornbunchornvej et al., 2016; 

Strandburg-Peshkin, Farine, Couzin, & Crofoot, 2015).  Studies of group decision 

making will investigate the interface between leadership, dominance, and cooperation. 
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5.2 Future work emerging from Chapter 3 

Follow-up studies are also needed to further explore the results presented in 

Chapter 3 showing that a male dominance struggle and a change in operational sex ratio 

were the most likely catalysts of the Gombe community fission.  Because these results 

were based on a single fission event, they should be viewed as hypotheses about the 

factors that influence community structure in chimpanzees.  This realization has 

prompted a comparative project investigating the predictors of community structure in 

two communities of east African chimpanzees, in Gombe and in Kibale National Park, 

Uganda.  In this project, I am investigating the factors associated with subgrouping 

(which changes much more frequently than group membership) to gain insight into the 

factors that systematically influence community cohesion, and thereby the costs of group 

living.  This project utilizes 35 years of data on male networks from the long-term 

Gombe database, along with a comparative 10-year sample from the Ngogo community 

in Kibale.  Preliminary results suggest that, of the factors identified as potential fission 

catalysts, only dominance hierarchy upheavals are systematically associated with 

increased subgrouping.  In addition, evidence suggests that the number of males, both in 

a within-group analysis and between groups, is strongly positively associated with 

subgrouping, as is season.   

In future work I will extend these efforts to probe the relative costs and benefits of 

group living in relation to social network structure, with the intention of making broader 

comparisons between and among non-human primate and human groups.  For example, I 

have identified several social and ecological factors that influence social structure in 
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males. But because socioecological models predict different constraints on male and 

female sociality, further work is needed comparing male and female network structure.  

These socioecological models can be tested more generally by extending my analytical 

framework to female networks, and to data from other species.  In turn, I hope to 

investigate how social structure might influence individual fitness. 

5.3 Future work emerging from Chapter 4 

Results presented in Chapter 4 lend themselves to several interpretations; the 

differing evidence of sexual coercion from studies in Taї, Gombe, and Kanyawara 

suggest that the efficacy of sexual coercion might vary between communities of different 

size or different subspecies.  A subsequent comparative study in two communities of 

eastern chimpanzees found further that the efficacy of male sexual coercion can depend 

on the nature of the male dominance hierarchy.  In the despotic Sonso community in 

Budongo Forest, Uganda, male aggression was the best predictor of copulation rates 

within male-female dyads, while in the more egalitarian Mahale M-group male grooming 

of females, rather than male aggression, was positively associated with copulation rates 

(Kaburu & Newton-Fisher, 2015b).  However, as these authors neglected to account for 

the influence of male rank in their analyses of coercion, further work is needed to 

determine which factors (group size, subspecies, or despotism) moderate male 

reproductive tactics.  Thus I am pursuing two follow-up projects that investigate diversity 

and strategic plasticity of male reproductive behavior.   

The first project investigates the role of demography in moderating the efficacy of 

different sexually-selected reproductive tactics.  In primate groups, as the number of 
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males increases, high rank alone often becomes insufficient for monopolizing access to 

females, so males may resort to other tactics to increase their reproductive success 

(Alberts, 2003; Alberts et al., 2006; Boesch et al., 2006; Cowlishaw & Dunbar, 1991).  

Thus conflicting evidence of sexual coercion might result from differences in community 

sizes in different field sites.  Alternatively, conflicting results could arise because of 

subspecies or ecological differences at different field sites.  I will test these competing 

hypotheses by contrasting the efficacy of male coercion in the Kasekela community (our 

initial study community) with that in the smaller neighboring Mitumba community, 

thereby avoiding the confounding effects of subspecies and ecological differences.  

Further, an expanded dataset will afford more statistical power to investigate the effect of 

hierarchy despotism on the efficacy of different male reproductive tactics. 

Second, I will investigate the efficacy of alternative male reproductive tactics 

beyond sexual coercion.  Using a dataset updated with newly extracted data from long-

term field notes, I test whether affiliative behavior towards females also increases males’ 

reproductive success, accounting for aggression and other factors associated with male 

reproductive success (Feldblum et al., 2014; Chapter 4).  Data extraction is ongoing, but 

preliminary results suggest that, controlling for coercive aggression, grooming may also 

play a role in male reproductive success.  Yet grooming and coercion do not represent 

alternative male reproductive strategies, because there is no relationship between male-

female grooming and aggression.  Instead, these likely represent distinct tactics (sensu 

Davies, Krebs, & West, 2012) individual males employ, sometimes in concert, to 

increase their reproductive success.   
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5.4 Forward 

My research overall aspires to investigate the interplay between competition and 

cooperation within and between groups, how such forces among individuals influence 

social structure, and how social structure in turn affects the lives of individuals.  Future 

work will integrate additional network-based and hormonal methods, and expand to 

include females and comparisons between field sites and species, to contribute novel 

insights into the evolution of primate sociality. 
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Appendix A: Supplementary figures and tables 
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Table 9: Best models predicting rank change using frequency-based measures of grooming effort and CSI.   

The list of models within 2 AICc points of the best model for predicting rank change (full data set; no coalitions).  “age: prime” and “age: 

old” represent the effects of being a prime and old male, respectively, relative to being a young male.  “betw CSI” represents the effect of 

betweenness in the network of dyadic CSIs, “CSI” is the summed CSI measure, “Elo beg” is the measure of Z-transformed Elo score at 

the start of a period, “Grm IN time” and “Grm OUT time” are cumulative time grooming others and being groomed, and “Elo beg: Grm 

IN time” and “Elo beg: Grm OUT time” are the interactions between Elo score at the start of a period and grooming times. 

Model intercept 

age: 

prime 

age: 

old 

betw 

CSI CSI 

Tot 

obs. Elo beg 

Grm IN 

time 

Grm 

OUT 

time 

Elo beg: 

Grm IN 

time 

Elo beg: 

Grm OUT 

time ∆AICc 

Akaike 

weight 

1 26.37     60.88 -130.59 76.23    0.00 0.15 

2 34.66     64.22 -126.19 70.67 11.28  -29.87 0.73 0.11 

3 40.73   -227.32  62.70 -129.78 66.47    0.80 0.10 

4 34.04     66.43 -126.45 77.50  -16.48  1.06 0.09 

5 25.26     54.30 -130.07 69.13 15.22 43.31 -68.58 1.29 0.08 

6 -9.07    5.50 62.53 -131.07 59.29 3.41  -35.06 1.47 0.07 

7 -22.67    6.82 64.42 -125.75  47.13  -34.42 1.56 0.07 

8 -0.83    3.27 59.55 -133.65 64.88    1.67 0.07 

9 75.86 + +   56.85 -112.75 93.72 -4.16  -36.07 1.88 0.06 

10 31.20         66.80 -118.41   68.05   -26.98 1.94 0.06 

avg (best 

mods) 18.53 -3.59 -4.86 -41.82 2.05 61.44 -127.85 56.93 12.39 5.39 -25.22     

se (best) 41.99 17.17 22.92 120.80 3.89 18.91 21.59 41.48 31.63 22.50 30.66     

avg (all mods) 26.10 -12.02 -15.72 -104.53 2.19 59.59 -126.32 54.80 11.81 5.28 -22.73     

se (all) 46.99 29.99 38.59 175.49 3.95 21.17 22.21 43.27 33.55 25.83 32.98     

10
0 



 

101 

 

 

Table 10: Best models for predicting rank change using rate-based measures and including betweenness in the network of coalition 

formation  

Column names are the same as in Table 9, except the CSI and grooming measures are constructed with rates of component behaviors and 

“Coalit. Between” is the betweenness in the network of coalition formation. 

model intercept 

age: 

prime 

age: 

old 

betw 

CSI CSI 

Coalit. 

Between 

Elo 

beg 

Grm IN 

rate 

Grm 

OUT 

rate 

Elo beg: 

Grm IN 

rate 

Elo beg: 

Grm 

OUT rate ∆AICc 

Akaike 

weight 

1 82.88 + +   52.32 -70.94 45.12 -15.23 47.86 -72.83 0.00 0.15 

2 108.15 + +   51.18 -52.47 37.78    0.27 0.13 

3 -160.33    37.10 54.02 -83.34 -0.25 -32.36 67.56 -96.33 0.62 0.11 

4 93.75 + +   52.72 -35.00     0.66 0.11 

5 15.19     55.82 -79.71 21.67 -7.11 65.43 -92.27 1.14 0.08 

6 111.23 + +   46.79 -64.14 55.13 -22.05  -30.71 1.20 0.08 

7 98.15 + + -180.47  51.32 -67.13 41.41 -19.60 51.85 -79.09 1.30 0.08 

8 15.33 + +  17.12 50.28 -44.55     1.47 0.07 

9 -34.66 + +  23.13 51.22 -74.92 29.02 -29.48 51.76 -77.80 1.58 0.07 

10 97.43 + +   46.27 -44.15  8.05  -30.07 1.84 0.06 

11 111.26 + +   46.31      1.92 0.06 

avg (best 

mods) 48.06 -77.87 -96.79 -14.09 6.88 51.24 -58.61 23.25 -11.31 27.71 -45.10     

se (best) 104.34 55.20 67.14 67.78 16.69 18.40 29.99 33.84 24.55 34.09 44.45     

avg (all 

mods) 50.79 -80.98 -98.04 -36.58 7.55 47.21 -52.50 20.13 -10.43 15.98 -30.62     

se (all) 108.00 58.71 70.17 110.44 17.97 21.69 31.02 32.74 24.82 30.10 40.53     

10
1 



 

102 

Table 11: Best models for predicting reproductive success, coalitions dataset  

List of best models and model-averaged parameter estimates, using the coalitions dataset.  Column names match previous tables. 

Model 

Age: 

prime 

Age: 

old CSI 

Total 

sired 

Coalit. 

Between 

Grm 

IN rate 

Grm 

OUT rate MDS 

MDS: 

Grm IN 

rate 

MDS: 

Grm 

OUT rate ∆AICc 

Akaike 

weight 

1    1.40  0.23 2.96 1.87  0.57 0.00 0.10 

2    1.43  0.19 3.63 1.73 1.65 0.39 0.34 0.08 

3   1.77 1.44  0.12 2.70 1.57 1.84 0.34 0.48 0.08 

4   1.68 1.40  0.16 2.24 1.70  0.53 0.58 0.07 

5      0.24 2.83 1.87  0.63 0.73 0.07 

6   2.03 1.31  0.26     0.95 0.06 

7      0.25 2.42 1.81   1.02 0.06 

8   2.00   0.28     1.06 0.06 

9    1.31  0.25 2.42 1.79   1.10 0.06 

10 + +    0.27 3.41 2.12  0.58 1.11 0.06 

11   1.64   0.17 2.13 1.73  0.60 1.35 0.05 

12 + +  1.34  0.28 3.42 2.03  0.53 1.45 0.05 

13      0.20 3.39 1.75 1.54 0.45 1.47 0.05 

14   2.01   0.23  1.45   1.57 0.04 

15   1.74   0.13 2.52 1.61 1.71 0.40 1.63 0.04 

16   2.02 1.30  0.23  1.42   1.74 0.04 

17   1.54   0.19 1.85 1.70   1.94 0.04 

avg (best mods) 0.89 1.00 1.34 1.19  0.21 2.24 1.64 1.14 0.63     

avg (all mods) 0.78 1.00 1.29 1.16 1.06 0.25 2.02 1.52 1.11 0.71     

10
2 
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Table 12: Betweenness in the male affiliative networks 

Values are normalized betweenness centrality scores in the joint arrivals networks in each 

period.  We standardized the betweenness scores by z-transformation within each period 

and added a color scale for ease of interpretation. 

males 
1967

b 

1968

a 

1968

b 

1969

a 

1969

b 

1970

a 

1970

b 

1971

a 

1971

b 

1972

a 

1972

b 

CH -0.88 -0.57 -0.83 -0.15 -0.54 -0.51 0.55 -0.59 -0.48 -0.71   

DE 1.73 3.35 1.78 0.7 2.8 3.43 -0.46 2.81 -0.48 -0.71 0.57 

EV 1.66 0.1 1.93 0.75 -0.54 -0.51 -0.64 -0.66 0.05 0.49 0.92 

FB 0.79 0.91 -0.12 0.81 -0.31 0.36 0.77 -0.07 -0.42 -0.2 -0.68 

FG 0.99 -0.57 -0.61 -0.11 -0.54 -0.4 -0.66 -0.52 -0.89 -0.44 -0.68 

GI -0.76 0.14 -0.89 1.61 -0.54 -0.51 -0.67 -0.71 -0.74 -0.27   

GOL -0.39 -0.49 0.59 1.08 -0.26 -0.03 -0.47 -0.44 -0.52 0.07 0.39 

HG -0.88 -0.56 -0.89 -0.97 -0.54 -0.51 -0.17 -0.71 -0.55 1.83 1.22 

HH 1.94 -0.42 -0.89 -0.87 -0.54 -0.15 -0.43 -0.68 0.2 0.94 -0.68 

HM -0.55 -0.57 1.87 -0.97 -0.54 -0.51 -0.67 0.81 -0.05 -0.79 -0.68 

JJ     -0.83 -0.93 -0.15 -0.22 0.68 -0.07 -0.09 2.4 2.35 

LK -0.85 0.28 -0.89 -0.65 -0.35 -0.39 -0.25         

MK -0.33 -0.57 -0.89 -0.97 -0.54 -0.37 -0.63 0.48 2.9 -0.59 -0.68 

PP -0.18 -0.17 -0.08                 

RX -0.79 -0.57 -0.11                 

SF                 1.31 -0.79 -0.68 

ST -0.73 -0.57 0.1 1.95 1.22 -0.18 -0.08 -0.67 -0.89 -0.79 -0.68 

WW -0.32 0.89 0.1 -0.65 1.4 0.52 3.13 1.03 0.67 -0.43 -0.68 

WZ -0.45 -0.57 0.67 -0.66               
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