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Abstract

Although closely related, some female bonobos dominate over males while female chimpanzees do not. The
factors influencing the emergence of female dominance over males in bonobos have been heavily debated.
Researchers often hypothesize it is because bonobos form larger and more cohesive mixed-sex parties than
chimpanzees, supporting the formation of female coalitions against males. Theoretical models also show that
the cohesiveness of bonobo parties can lead to female dominance over males through self-organization. Why
bonobos form larger mixed-sex parties than chimpanzees remains unclear. Some researchers suggest it is
because bonobos experience better ecological conditions than chimpanzees, while others hypothesize it is
because female bonobos show prolonged sexual swellings. We investigated whether an increased fruit
abundance experienced by bonobos after their divergence from chimpanzees influenced patterns of grouping
that supported the emergence of female dominance over males. We created an agent-based model named
PanWorld, where virtual entities roamed dynamic environments differing in fruit abundance. Environments
with a high abundance of fruit supported the formation of larger parties and females that were more social.
However, this did not result in a higher degree of female dominance over males. Due to increased male
competition over fruit patches, the degree of female dominance over males was highest in environments with
a low abundance of fruit. We argue that such patterns of behavior are not in line with empirical data, and
recommend for the addition of behavioral rules that enable PanWorld agents to become better caricatures of
bonobos and chimpanzees. All in all, we found that a higher abundance of fruit may explain why bonobos
form larger mixed-sex parties than chimpanzees. In nature, increased sociality may lead to female dominance
over males. In PanWorld, however, an increase in sociality did not influence the emergence of female
dominance over males in line with our hypotheses.



1. Introduction

1.1. Dominance hierarchies

Group living is adaptive because it decreases predation risk and increases access to resources. However,
sociality also exacerbates feeding and mate competition (Krause et al., 2002). It is thought that group-living
animals minimize intragroup competition and maintain social stability through the establishment of a
dominance hierarchy (Hermann, 2017). Dominance hierarchies are social ranking systems often based on
agonistic interactions, and the factors underlying their emergence have been heavily debated (Drews, 1993).

The ‘prior attributes hypothesis’ posits that dominance hierarchies establish from pre-existing differences
between individuals, such as their strength, size, or age (Beacham, 1988; Ellis, 1994; Chase et al., 2002). In
many species, males are larger than females (Darwin, 1871). Therefore, the prior attributes hypothesis has
often been used to explain the prevalence of male-dominated societies. However, sometimes females
dominate over males in species where males are larger than females (e.g. White & Wood, 2007). Theoretical
models have shown that female dominance over males (from now on called ‘female dominance’) emerges in
societies with sex differences through the winner-loser effect (Hogeweg & Hesper, 1983; Bonabeau et al.,
1999; Hemelrijk, 1999; Hemelrijk, 2002; Hemelrijk et al., 2017). The winner-loser effect is a phenomenon
where individuals that win fights are more likely to win subsequent fights, and individuals that lose fights are
more likely to lose subsequent fights. Empirical evidence for the winner-loser effect has been found in many
social animals (Oliveira et al., 2009; Hsu et al., 2009; Franz et al., 2015; Lerena et al., 2021).

1.2. Female dominance in Pan

How female dominance emerges in some species remains unclear. This is especially true for chimpanzees
(Pan troglodytes) and bonobos (Pan paniscus), where although closely related, female dominance is found in
bonobos but not in chimpanzees. Chimpanzees and bonobos are 99.6% genetically identical and share many
social and physical characteristics (Prufer et al., 2012). Both are moderately sexually dimorphic, with males
being larger than females, and show sexual swellings associated with estrus (Boesch et al., 2002; Boesch,
2009; Douglas et al., 2016). Both live in fission-fusion societies (Nishida, 1968; Kuroda, 1979), where
individuals form subgroups, named parties, that vary temporally in size and composition (Aureli et al.,
2008). Despite their similarities, male chimpanzees dominate over all of the females in their group (Foerster
et al., 2016), whereas female bonobos have been found to dominate over males or co-dominate alongside
males (Kano, 1992; Parish, 1994; Parish, 1996; Furuichi, 1997; Vervaecke et al., 2000).

Many hypotheses have been proposed to explain why some female bonobos dominate over males and
chimpanzee females do not. Some researchers claim that female bonobos sexually select for non-aggressive
males (Wrangham & Peterson, 1996). Female animals are thought to have leverage over males because they
have something males want, fertilizable eggs (Lewis, 2002). Leverage can lead to female dominance because
males shouldn’t be aggressive towards females if it decreases reproductive success. In support of this, unlike
male chimpanzees, male bonobos are not territorial and do not often compete with females (Watts et al.,
2001; Boesch, 2009; Hare et al., 2012; Wilson et al., 2014; Gruber & Clay, 2016). However, this hypothesis
is weakened by the fact that some male bonobos dominate over females and show aggression toward them
(Paoli et al., 2006; Surbeck & Hohmann, 2013). This claim also assumes that males do not sexually coerce
females, which is not true for chimpanzees (Muller et al., 2011). As female chimpanzees also have this
proposed leverage over males, it remains unclear why female dominance is not found in the species.

Female dominance in bonobos is often associated to their sociality. Compared to chimpanzees, parties in
bonobos are larger, more cohesive, and include more females (Furuichi, 2008; 2009; Wakefield, 2008;
Wakefield, 2013). Attending larger mixed-sex parties is thought to result in stronger social bonding between
female bonobos, which may support the formation of female coalitions (Parish, 1996; Stevens et al., 2006;
White & Wood, 2007). Female coalitions control male aggression, causing some female bonobos to
dominate over males (Tokuyama & Furuichi, 2016). Theoretical models also show that cohesive groups
support the emergence of female dominance through the winner-loser effect. Compared to loose groups,



cohesive groups show a stronger differentiation of the dominance hierarchy, increasing the probability of
females becoming dominant over males (Hemelrijk, 2002). Thus, increased sociality, especially that of
females, may explain why some females dominate over males in bonobos but not in chimpanzees. However,
why bonobos form larger mixed-sex parties than chimpanzees remains not well understood.

1.3. Female sociality in Pan

One hypothesis suggests that bonobos form larger mixed-sex parties than chimpanzees because females have
prolonged sexual swellings. Both female chimpanzees and bonobos exhibit tumescence, the swelling of
visual reproductive organs during ovulation. Tumescence signals fertility and attracts male chimpanzees and
bonobos to join parties (Matsumoto-Oda et al., 1998; Hashimoto et al., 2001). In bonobos, tumescence also
attracts females and encourages affiliative behaviors among them (Furuichi, 1987, 1989; White, 1988;
Wrangham, 2002; Ryu et al., 2015). Bonobos exhibit pseudo-estrus, which are sexual swellings not
indicative of ovulation (Douglas et al., 2016). As a consequence, tumescence in bonobos is prolonged and
attracts males and females to join parties for extended periods of time. This is thought to result in larger and
more cohesive mixed-sex parties in bonobos than in chimpanzees (Furuichi, 2009; Surbeck et al., 2021).

Another hypothesis proposes that bonobos form larger mixed-sex parties than chimpanzees because of
decreased food competition. Feeding in parties accelerates the depletion of food patches (Te Boekhorst &
Hogeweg, 1994b). As females travel more slowly than males because of their size or the need to carry
offspring (Furuichi, 2009), they are often the last to arrive at a food patch. Therefore, it is adaptive for
females in scarce environments to be solitary when feeding. Researchers suggest that bonobos experience
less seasonality (White, 1998; Yamakoshi, 2004; Murray et al., 2006; Mulavwa et al., 2008), live in
environments with an increased food abundance (Newton-Fisher et al., 2000; Itoh & Nishida, 2007; Pennec
et al., 2020), and incorporate more stable fall-back-foods (FBFs) into their diets than chimpanzees (Malenky
& Wrangham, 1994; Georgiev et al., 2011; Watts, 2012; Serckx et al., 2015). As a result of decreased food
competition, female bonobos are thought to be more social than female chimpanzees, resulting in the
formation of larger mixed-sex parties (Hashimoto et al., 2003; Riedel et al., 2011; Lucchesi et al., 2020).

Although both hypotheses have some empirical support, due to a lack of long-term comparative studies, why
bonobos form larger mixed-sex parties than chimpanzees remains a major challenge. In this study, we
propose another hypothesis to explain why bonobos, especially females, are more social than chimpanzees.
Then, we investigate whether this increased sociality explains why some female bonobos dominate over
males and female chimpanzees do not.

1.4. The evolutionary history of Pan

Researchers often conclude that environmental factors do not significantly vary enough between chimpanzee
and bonobo habitats to explain why bonobos form larger mixed-sex parties (Furuichi, 2009). As a result, the
hypothesis regarding sexual swellings is often favored over the hypothesis regarding decreased food
competition (Surbeck et al., 2021). We agree that chimpanzee and bonobo habitats do not significantly differ
today. However, similar to other authors (Hashimoto et al., 2004; Furuichi, 2009), we suggest that the
environments bonobos and chimpanzees inhabited in the past did significantly differ. This is because
evidence suggests that the divergence of chimpanzees and bonobos from their common ancestor, around
1,290,000 years ago, was influenced by environmental factors (Myers-Thompson, 2003; Caswell et al.,
2008). During arid periods of the Pleistocene, many tropical rainforests contracted into fragmented habitats,
leading to the diversification of various taxa (Mayr & O’Hara, 1986; Plana, 2004). Researchers found that
the divergence of the Pan genus occurred because of a major drought along the north of the Congo river
(Takemoto et al., 2015). Reduced water levels allowed some individuals to cross from north to south. These
individuals became isolated in refugia, environments unaffected by the drought, and evolved into bonobos
(Myers-Thompson, 2003; Serckx et al., 2015). The remaining population north of the river evolved into
chimpanzees in arid conditions caused by habitat fragmentation (Plana, 2004). This evolutionary history is
the basis of our hypothesis.



1.5. Objectives and hypotheses

Empirical evidence suggests that bonobos evolved in environments unaffected by drought, whereas
chimpanzees did not (Myers-Thompson, 2003; Takemoto et al., 2015). We aim to investigate whether such
conditions, specifically differences in fruit abundance, explain why bonobos form larger mixed-sex parties
than chimpanzees. The primary objective of our study is to show that increased fruit abundance increases
sociality, especially that of females, without the influence of sexual swellings. We do not introduce
tumescence into our model because evidence suggests that prolonged sexual swellings in bonobos evolved
after they diverged from chimpanzees (Han et al., 2019). We are interested in social behaviors during the
initial stages of Pan evolution. Therefore, we want to determine if fruit abundance alone influences grouping
patterns that support the emergence of female dominance.

We test whether fruit abundance influences the emergence of female dominance in an agent-based model
named PanWorld. Comparative empirical studies on wild chimpanzees and bonobos have proven difficult
and may never find the underlying mechanisms behind the emergence of female dominance. This is because
it is difficult to disentangle the many influencing variables that are seemingly at play in these species. By
using a computational model, we can manipulate variables to investigate how they influence the
establishment of a dominance hierarchy.

We hypothesize that, compared to environments with a low abundance of fruit, environments with a high
abundance of fruit decrease food competition, supporting the formation of larger mixed-sex parties. As a
result, individuals, especially females, are closer to other party members, causing them to engage in more
fights. More fights between individuals causes a stronger differentiation of the dominance hierarchy through
the winner-loser effect (Hemelrijk, 2002), resulting in a higher degree of female dominance.

2. Methods

2.1. Model description

A general explanation of PanWorld is given here. Detailed explanations of the environment and behavioral
rules follow later in the text. PanWorld is an agent-based model created in collaboration with Dr. Hanno
Hildenbrandt in C++20. PanWorld is inspired by DomWorld (Hemelrijk, 1999; 2002; Wantia et al., 2003;
Hemelrijk et al., 2017), although behavioral rules were adjusted to incorporate the introduction of food and a
continuous simulation running time. A timestep in our model is one second. As our model represents a time
before the diversification of the Pan genus, empirical data of both Pan species were used to model agent
behavior. In PanWorld, male and female agents (Pans) roam a complex dynamic environment containing
two types of food, fall-back foods (FBFs) and fruits. Agents follow simple rules of feeding, grouping, and
interacting. When individuals are hungry they search for fruit, and if fruits are scarce, some agents search for
FBFs. When agents are satiated, they search for other individuals and form parties. If agents come near each
other, they can interact, which may be peaceful or agonistic. Agonistic interactions are labeled as ‘fights’ and
represent competition over resources such as food, space, or mating opportunities. As food is included in our
model, competition over food patches can lead to fights. However, we do not specify the resources agents
compete over, and thus, why individuals enter a fight. Agents have dominance values that reflect their
tendency to win a fight. After winning a fight, dominance values are increased and after losing a fight,
dominance values are decreased, reflecting the winner-loser effect.

2.1.1. The environment

The environment contains fruits and FBFs. FBFs represent proteinaceous food sources such as pith,
terrestrial herbaceous vegetation, and insects (Harrison & Marshall, 2011). FBFs require longer handling
times than fruit because they are more fibrous and often require tools to consume (Uwimbabazi et al., 2019).
Phenological data were used to determine the abundance of ripe fruit in our environments (Chapman et al.,
2005; Uwimbabazi et al., 2019; Pennec et al., 2020; Lucchesi et al., 2020). Specifically, we used data from
Chapman et al. (2005) on the average proportion of fruiting trees during a drought year (1991), a productive
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year (1999), and the highest proportion of fruiting trees in a productive year (1999) in Kibale national park.
We assumed that if all trees in a dense rainforest were synchronously fruiting, most of the area would be
covered with fruit. As a result, by rounding up the data to the nearest whole numbers, we created
environments with 1.0 % (low), 7.0 % (medium), and 13.0 % (high) fruit coverage (Figure 1). These
environments represented drought, refugia, and an intermediate of the two.

Figure 1. Fruit maps showing the distribution of fruit patches in 0.1 km? of environments with a low (A),
medium (B), and high (C) abundance of fruit. Fruit patches are light green and open spaces are dark green.

We modelled the distribution of ripe fruit using a Perlin noise function (Perlin, 2002). Perlin noise creates the
appearance of realism by generating natural-looking textures. The distribution of trees in rainforests is not
completely random (Rozendaal et al., 2020). Perlin noise is characterized by pseudorandom values that do
not create any obviously repeating patterns (Perlin, 2002). This added a ‘controlled randomness’ to our
environments, creating natural-looking rainforest patterns, where fruit patches are correlated to each other
but appear randomly distributed. Taking inspiration from Te Boekhorst & Hogeweg’s (1994a) agent-based
chimpanzee model, our environment is dynamic. Although Perlin noise is three dimensional, our
environment only contained two dimensions, the X and Y values. The remaining Z value was manipulated to
create the illusion of time. How Perlin noise was used to create the environments in PanWorld is explained in
Supplementary Figure 1.

Chimpanzees and bonobos use their sense of smell, visual acuity, and spatial memory to find trees containing
the highest abundance of ripe fruit (Gilad et al., 2003; Janmaat et al., 2013). While scavenging, they perform
goal-directed and cost-effective movements (Jang et al., 2019; Green et al., 2020). They also use Euclidian
maps to travel through the core and peripheries of their home ranges (Norman & Boesch, 2009). In
PanWorld, agents followed a gradient created by the diffusion of scent coming from fruit patches
(Supplementary Fig. 1). Agents followed gradients with the largest magnitudes, representing an individual’s
ability to find fruit patches containing the most fruit that are nearest to them. Therefore, by following the
gradient, agents maximize energy gain and minimize traveling costs.

FBFs are randomly distributed in the environment (Malenky & Stiles, 1991; Morgan et al., 2019). As FBFs
represent various ‘low-quality’ food sources, even drought habitats can be relatively rich in FBFs (Harrison
& Marshall, 2011). Therefore, we did not vary the abundance of FBFs between environments. We assumed
that only females consumed FBFs because evidence suggests that females require more proteinaceous food
than males in both Pan species (Uwimbabazi et al., 2021). Also, in both chimpanzees and bonobos, tool use,
which is associated with the consumption of insects, is mostly observed in females (Gruber et al., 2010; Sanz
& Morgan, 2013).



2.1.2. Behavioural rules
2.2.2.1. Pan agents

Agents have a position in the environment (r) and an energy value (E) (Table 1). Agents have the goal of
consuming 2000 calories a day and lose calories at the rate Ejoss (Table 2). Agents do not sleep, meaning that
a day is defined as 12 hours. Individuals are hungry when their energy value drops below Enungry and are
satiated when it reaches Equ (Table 2). Agents consider others to have entered their personal space when they
are within PerSpace of each other (Table 1). Females prioritize FBFs when they perceive the magnitude of
the gradient to be smaller than Aw. Correspondingly, while searching for FBFs, if females perceive the
magnitude of the gradient to be larger than Anign, they prioritize the search for fruit (Table 1). Females find
FBFs with a probability of Prgr (Table 1). Bonobos and chimpanzees have home-ranges that they have a
good memory of and can communicate with party members over long distances (Norman & Boesch, 2009).
Therefore, we assume that agents form parties topologically. This means that individual find and group with
a fixed number of their nearest neighbors (TopologicalRange) irrespective of distance (Table 1).

Agents have a dominance value (Dom) and an aggression factor that scales the impact of fights (StepDom)
(Table 1). A high StepDom represents a violent fight and leads to a large change in an individual’s
dominance value. Comparatively, a low StepDom reflects a mild agonistic interaction, meaning that the
outcome of a fight impacts an individual’s dominance value to a lesser extent. Both Pan species show a
moderate degree of male-biased sexual dimorphism. To reflect this, females in PanWorld had a slightly
lower StepDom than males, representing their lower intensity of aggression. For the same reason, males were
initiated with higher Dom values than females.

Table 1. PanWorld agent parameters. Sex indicated by F (female) and M (male).

Parameter Description Value at initialization =~ References
Dynamic r Position in the Within PartySpace of  Furuichi (2009)
environment PartySize individuals
where parties have a
density of PopDensity
(Table 4)
E Energy value (5.00 - 15.00 kcal) Model assumption
Dom Dominance value 8.0 (F), 16.0 (M) Hemelrijk (1999);
(2002); Wantia et al,
(2003); Hemelrijk et
al. (2017)
Static PerSpace Personal space radius 20m Hemelrijk (1999);
(2002); Wantia et al,
(2003); Hemelrijk et
al. (2017)

StepDom Aggression factor that 0.8 (F), 1.0 (M) Hemelrijk (1999);
scales the outcome of (2002); Wantia et al,
fights (2003); Hemelrijk et

al. (2017)

Alow Gradient threshold for ~ 0.05 (F), 0.0 (M)
prioritizing FBFs Model assumption

Anigh Gradient threshold for 0.1 (F), 0.0 (M)

prioritizing fruit

TopologicalRange Number of closest 10 Furuichi (2009)
nearest neighbors
agents want form a
party with

Pesr Probability of findinga 0.0005 Model assumption

FBF patch per timestep




Table 2. PanWorld parameters influencing the energy value of an agent.

Parameter Description Value References
Eloss Rate of energy loss per timestep (0.04 - 0.06) kcalls
Efruit Rate of energy gain from eating fruit 0.2 kcal/s Uwimbabazi et al. (2019)
Ersr Rate of energy gain from eating FBFs 0.1 kcal/s
Emax Maximum possible energy value 250.0 kcal Chemurot et al. (2012)
Emin Minimum possible energy value 0.0 kcal Model assumption
Enungry Energy level when an individual is (0.0 — 20.0) kcal

considered hungry Chemurot et al. (2012)
Efun Energy level when an individual is (230.0 — 250.0)

considered satiated kcal

Agents perform many actions. They follow the gradient of fruit scent to find or move away from fruit
patches. To find other individuals and form parties, agents follow the direction of the average location of a
number (TopologicalRange) of their closest nearest neighbors. Agents also perform random wanders
(Wiggle), avoid others by keeping them a certain distance away from them (Avoidance), align their heading
with their party members (Align), and interact with each other. These actions require changes in position,
which we will now discuss.

2.2.1.2. Pan movement

Agents perceive a lot of information about the environment and themselves, such as their energy value, the
location of their closest nearest neighbours, and the direction towards fruit patches bearing the most fruit.
Individuals prioritize what information to use depending on their current state. Agents change their position
by following a certain direction with a certain speed. An individual’s position in the next timestep is given as
follows:

Ty =71+ (Sstate X di) + Tavoig, (1)
Where S is their speed and d; (direction) is calculated using the vector vi:
V; = (Wprew " Qprev) + (Wrood * Arooa) + Waroup * Agroup) + Watign * datign) + Wwigge * wiggre)  (2)
This is normalized to give their heading:
_ Vi
vl

(3)

i
The heading is the sum of multiple direction vectors (Eg. 2 & Table 3). These direction vectors have

accompanying weighting factors (w) associated with them. How different direction vectors are weighted define
the movement of agents in different states (Supplementary Table 2).

Table 3. Direction vectors available to a PanWorld agent.

Direction vectors Description

dprev Direction towards your previous heading

Oood Direction towards fruit patches

dgroup Direction towards the centre of
TopologicalRange individuals

aiign Direction of the average heading of your current
party

Qwiggle Direction that results in a random wander




Another aspect of agent movement is called Avoidance, which is made up of Wayid and distavwis. Avoidance
determines how close individuals want to be to each other. distavwid establishes the distance between individuals,
while Wavid Is @ weighting factor that influences how strongly agents follow this rule. Therefore, a larger wayoid
ensures that individuals adhere very strictly to keeping distavwid distance away from each other. A smaller Wayoid
can cause individuals to be within distawia 0f each other. Avoidance is implemented in our model as the
displacement of an agent (Eq. 2). Avoidance is represented by the vector r4,.;4,, Which is calculated as
follows:

TopologicalRange

ravoidi = Z (Wavoidstate X (diStavoidsmte - diStij) X dij (4)
j=1

where dist; is the distance and dj the direction towards an individual within TopoligicalRange. Avoidance
parameters are state-dependant (Supplementary Table 2).

2.2.1.3. Pan states
Agents in our model occupy states within the PanWorld state-machine (Fig. 2). We will go through this
state-machine, explaining what actions agents perform and why agents enter and leave each of the states.

Engage

Every second, an agent checks whether there is an available InteractionPartner. An available
InteractionPartner is defined as an individual within PerSpace that is currently not interacting with anyone
else. If this is not the case, the agent will remain in its current state. If there is an available
InteractionPartner, a mental battle is performed. A mental battle is a prediction made by agents on the
probability to win a fight against another individual. The mental battle is performed using the DomRatio:

DomRatio:: = L (5)
omiatioy = Dom; + Dom;

where Dom; is the initiating individual’s dominance value and Dom; is the dominance value of the available
InteractionPartner. The DomRatio is used as a probability to draw from a Bernoulli distribution to either
predict a win (1 is drawn) or a loss (0 is drawn). If a win is predicted, both individuals enter the Interacting
state. If a loss is predicted, the initiating individual ignores the other and remains in its current state. After
losing a mental battle, agents ignore all other available InteractionPartners for 20 seconds. This is done to
minimize reoccurring mental battles against the same agents. However, during this time, agents can still
enter an interaction passively due to another individual winning a mental battle against them. If there are
multiple InteractionPartners within PerSpace, the closest agent is chosen for the mental battle.

SearchingFruit

Agents enter the SearchingFruit state when they are hungry (Ei < Enungry). During this state, they follow the
fruit scent gradient with the largest magnitudes towards fruit patches. When agents are in SearchingFruit,
they move slightly away from their group to minimize food competition. Once a fruit patch is found, they
enter the EatingFruit state. If females perceive little fruit around them (magnitude of noise gradient (Gradmag)
< Aiow), they enter the SearchingFBF state.

SearchingFBF

Females in SearchingFBF stay away from their group to minimize food competition and perform a random
wander until they find FBFs. When they do so, they enter the EatingFBF state. If females in SearchingFBF
perceive a fruit patch to be nearby (magnitude of noise gradient (Gradmag) > Anign), they prioritize fruit and
enter the SearchingFruit state.
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EatingFruit

Agents enter the EatingFruit state when they enter a fruit patch. While eating, individuals move very slowly.
Patches can change while individuals are on it due to the dynamic environment. Therefore, agents can ‘fall
off” patches while eating. When this happens, agents enter the SearchingFruit state to re-find the patch.
While in the EatingFruit state, an individual’s energy is updated as follows:

E; = Ei + Efruit (6)
Individuals eat until they are satiated, which occurs when:
E;i =2 Eruy

When satiated, individuals enter the Resting state. After feeding, Esun and Enungry are re-drawn from the same
distribution of which they were initialized from (Table 2). This introduces stochasticity to the timing of state
changes, meaning that individuals do not become hungry or satiated at the exact same time.

EatingFBF

The same rules apply for the EatingFBF state as they do for the EatingFruit state. The only difference is that
individuals eat FBFs and their energy is updated as follows:

Ei =E; + Eppr (7)

Resting

Individuals enter the Resting state when they are satiated. Unless interrupted by an interaction, individuals
rest for 300 seconds. During this time, individuals stay close to the food patch they just ate from. After
resting, individuals enter the Grouping state.

Grouping

Agents enter the Grouping state when they are satiated and have rested. Here, individuals try to find others
by moving in the average direction of TopologicalRange individuals. If agents find each other, they move
together as a party. This means that the headings of the individuals within the party are aligned. Agents in
parties mostly keep to open spaces but can move through food patches and come in contact with individuals
who are searching for food, eating, or resting. While grouping, individuals try to keep some distance between
themselves and their party members. This is because there is no reason to compete over food when you are
not hungry. However, they can come near (within PerSpace) to their party members by accident. Agents
leave the Grouping state and enter the SearchingFruit state when they are hungry, which is when:

Ei = Ehungry

Interacting

Agents enter the Interacting state if they won a mental battle against an available InteractionPartner or if
someone won a mental battle against them. During this state, they stay close to their InteractionPartner.
Based on observations of Goodall (1968), the Interaction state lasts 5 seconds. During an interaction, both
agents calculate the DomRatioj; with themselves as i (Eq. 5). These are used as a probability to draw from a
Bernoulli distribution to assess the outcome of the interaction (W), which is either a O (loss) or a 1 (win).
Therefore, there are four possible interaction outcomes:

1. Lose-Lose
= Both individuals draw a 0 and choose not to fight. In this case, both individuals leave the
Interacting state and enter the Peacefullnteraction state. Due to the manner of how interaction
outcomes are determined, this outcome will occur most often between individuals of a similar
rank. Dom values are not updated after a Lose-Lose outcome.
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2. Lose-Win
= The initiating individual draws a 0 (W;) and their opponent draws a 1 (W;). This results in a fight
between the two individuals with the opponent winning against the initiating individual. Their
Dom values are updated as follows:

Dom; = Dom; + ((Wi - DomRatioij) X StepDom i) (8)
Dom; = Dom; + ((W] - DomRatioU) X StepDom L-)

Equation 8 reinforces that a victory that is expected (high-ranking individual winning against a
low-ranking one) changes the Dom values of both opponents to small degree, whereas an
unexpected victory has more impact on the dominance ranks of the individuals. After the fight,
the winner, which is the opponent (j), leaves the Interaction state and enters the RefractoryPeriod
state. The loser (i) enters the Fleeing state.

3. Win-Lose
= The initiating individual draws a 1 (W;) and the opponent draws a 0 (W;). This results in a fight
between the two individuals with the initiating individual winning against the opponent. Their
Dom values are updated (Eqg. 8). The winner of the fight, which is the initiating individual (i),
leaves the Interacting state and enters the RefractoryPeriod state. The loser (j) enters the Fleeing
state.

4. Win-Win
= Both individuals draw a 1, meaning there is no clear winner or loser. Both individuals perform
the fight again until there is clear winner or loser or until both decide to have a peaceful
interaction. Therefore, both individuals re-enter the Interaction state and Dom values are not
updated until there is a clear outcome of the fight. Emergently, this fight takes a longer amount
of time and is thus considered as ‘intense’. Similarly to Lose-Lose, this interaction outcome will
occur most often between individuals of a similar rank.

Dom values cannot go lower than a value of 0.0001 or higher than a value of 100.0.

Fleeing

Agents enter the Fleeing state after losing a fight. During this state, individuals flee from the winner and the
fruit patch they possibly fought over. After fleeing for 20 seconds, agents return to the state they were in
prior to the interaction.

Peacefullnteraction

Individuals enter the Peacefullnteraction state if both agents draw a 0 during an interaction. This state lasts
for 20 seconds, during which both InteractionPartners stay close together. After a peaceful interaction,
agents enter the RefractoryPeriod state.

RefractoryPeriod

Agents enter the RefractoryPeriod state after winning a fight or after a peaceful interaction. This state lasts
for 20 seconds. After the refractory period, agents enter the state they were in prior to the interaction. This
state is crucial for controlling the frequency of individuals re-entering interactions with the same agents.
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Figure 2. PanWorld state diagram showing why agents change from one state to the other. Green
outlines are associated with exclusive female states and red bold lettering are interaction outcomes.

Dotted lines are associated with going in and out of engage. State changes are fully explained in the text.
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2.2.1.3. Agent initialization

In tables shown above (Table 1 & Table 2), parameters such as Ejoss have ranges given for their initialization.
This means that the initial values were drawn from a normal distribution in the given ranges. This variation is
created to represent differences in metabolisms and allow for stochasticity in the timings of state changes.
Parameters without ranges were initialized with the values given in the tables. The environment was
inhabited by Nrm number of females and Nmaie Number of males (Table 4). Individuals were initialized in
parties of PartySize, where each agent was at least PartyRadius away from another individual (Table 4).
These initial parties were distributed in the environment with a density of PopDensity (Table 4).

Table 4. PanWorld party initialization parameters.

Parameter Description Value
Nfem Number of female agents 25

Nmale Number of male agents 25
PopDensity Initial density of parties 1/km?
PartyRadius Party defining radius 30 m*
PartySize Initial party sizes 10 agents

*inspired by Van Leeuwen et al. (2020)

2.2. Data collection and statistical analyses

20 replicate simulations of the environments with a low, medium, and high abundance of fruit were run for 2
weeks. During the simulations, we continuously measured the calories consumed, distance traveled, and the
time spent solitary, grouping, and feeding for all agents. We also measured party sizes every hour. We kept
track of whom agents were interacting with and the type of interactions that were occurring. Dominance
values and outcomes of fights were continuously kept track of.

Data analysis was done in R (version 4.2.1). Figures were created using the GGPlot2 package (version 3.3.6)
and statistical analyses were done using the RStatix package (version 0.7.0). We used the Shapiro-Wilks test
to determine whether data were normally distributed. Statistical tests regarding multiple comparisons
between the three environments were done using a one-way ANOVA with a Tukey’s HSD post-hoc pairwise
comparison (normally distributed data) or a Kruskal-Wallis test using a Dunn’s test (Bonferroni correction)
as a post-hoc pairwise comparison (non-parametric data). For comparisons made between the sexes, a
Wilcoxon signed-ranks test was used. When making comparisons between environments, we utilized data
from the last day of each of the replicates. This allowed us to look at patterns of behavior when the
dominance hierarchy had been established and stabilized. For measurements that required data across
multiple days, such as the number of fights won, we introduced a ‘burn-in’. We omitted the data from the
first day, which ensured that we did not introduce any initialization biases into our measurements.

To measure the steepness of the dominance hierarchy, we calculated the coefficient of variation of Dom
values at the end of the simulation. The coefficient of variation is the standard deviation of the Dom values
divided by the mean. The dominance hierarchy was created by ranking individuals according to the average
dominance index (ADI). The higher the ADI, the higher an individual’s dominance position. The ADI for an
agent was calculated as the ratio of the number of conflicts won over another individual, divided by the total
number of conflicts with that agent. We calculated the mean ADI for each individual, excluding dyads that
did not interact from the calculation. We calculated the degree of female dominance in the population as the
relative position of females over males in the dominance hierarchy. This is called the female dominance
index (FDI) and was measured using the standardized Mann-Whitney U value (Hemelrijk et al., 2008).
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Within the dominance hierarchy, we counted the number of females ranking above each male, then the value
of the statistic is computed as the sum of these counts, divided by the maximum possible value for the sex
ratio and size of the population (Hemelrijk et al., 2008).

3. Results

We ran simulations of our model PanWorld and investigated whether the abundance of fruit influenced
grouping patterns that supported the emergence of female dominance in virtual Pans. We will first look at
how fruit abundance affected the composition of the female diet. Then, we will look at differences in
grouping patterns between environments and how this influenced the occurrence of different dyadic
interactions and the emergence of female dominance.

3.1. Female diet and distance traveled

A decrease in fruit abundance caused females to consume a significantly higher proportion of FBFs but did
not significantly affect their overall calorific consumption (Fig. 3 & Supplementary Table 3). As FBFs take
longer to consume than fruits, females spent more time feeding than males in all of the environments
(Supplementary Fig. 3B). Due to competition over fruit patches, males traveled significantly more kilometers
a day than females in each of the environments (Supplementary Fig. 2). As female fruit consumption
increased, so did their daily travel distance (Supplementary Fig. 2). Comparatively, an increase in fruit
abundance decreased daily travel distance in males due to a decrease in competition (Supplementary Fig. 2).
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Figure 3. The mean daily calorie intake of PanWorld females in environments differing in fruit abundance.
Fruit intake is shown in red (bottom part of stack) and fall-back food (FBF) intake is shown in green (top
part of stack). Variation among replicate simulations (N = 20) is indicated by standard deviation. Statistical
results in the figure test for differences in overall calorie consumption. ns = P > 0.05.

3.2. Grouping

Male and female solitariness significantly increased with a decrease in fruit abundance (Fig. 4 &
Supplementary Tables 3 & 4). As females spent more time feeding and less time grouping (Supplementary
Fig. 3), they were significantly more solitary than males in all of the environments (Fig. 4 & Supplementary
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Table 5). Larger parties formed in environments with higher fruit abundance (Fig. 5). In environments with a
low abundance of fruit, agents were mostly found as pairs and the average party size was 4.32 (Fig. 5). In
environments with a medium and high abundance of fruit, agents were mostly found in parties of six and the
average party size was 5.45 (medium) and 5.47 (high) (Fig. 5). Thus, an increase in fruit abundance
decreased solitariness, especially in females, causing the formation of larger parties.
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Figure 4. The mean time spent solitary in day for PanWorld females (purple) and males (blue) in
environments differing in fruit abundance. Boxplots show the median (horizontal black line), interquartile
range (color filled space), minimum and maximum value, and outliers (black points) of the simulation
replicates (N = 20). **** = P <(.0001.
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Figure 5. The daily number of observations of varying party sizes observed in environments with a low (A),
medium (B), and high (C) abundance of fruit. Data taken from 20 replicate simulations of each environment.
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3.3. Interactions

Surprisingly, although individuals were more solitary, a decrease in fruit abundance significantly increased
the daily number of interactions males and females were involved in (Fig. 6 & Supplementary Tables 3 & 4).
This is because a decrease in fruit abundance led to an increase in competition over fruit patches. As females
prioritized FBFs when fruits were scarce, they entered fewer competitions over fruit patches than males.
Thus, males significantly interacted more than females, especially in environments with a low abundance of
fruit (Fig. 6 & Supplementary Table 5).
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Figure 6. The daily number of interactions engaged in for PanWorld females (purple) and males (bluge) in
environments differing in fruit abundance. Boxplots show the median (horizontal black line), interquartile
range (color filled space), minimum and maximum value, and outliers (black points) of the simulation
replicates (N = 20). **** = P <(.0001.

An increase in fruit abundance significantly increased the proportion of female-female fights, decreased the
proportion of female-male fights, increased the proportion of male-female fights, and decreased the
proportion of male-male fights (Fig. 7 & Supplementary Table 6). Due to increased competition over fruit
patches, most agonistic interactions in environments with a low abundance of fruit occurred between males
(Fig. 7). Contrastingly, with more female attendance in parties, agonistic interactions in environments with a
medium and high abundance of fruit mostly occurred between males and females (male initiated). The least
occurring agonistic interactions in environments with a medium and high abundance of fruit were between
females and males (female initiated) (Fig. 7). In environments with a low abundance of fruit, between female
fights were the least occurring agonistic interaction because of the increased solitariness of females.

The proportion of peaceful interactions significantly increased with an increase in fruit abundance for both
sexes (Fig. 8 & Supplementary Table 7). The highest proportion of peaceful interactions was found in
environments with a medium abundance of fruit, and peaceful interactions mostly occurred between
intrasexual dyads (Fig. 8 & Supplementary Table 7). Males had a larger proportion of peaceful interactions
than females in all cases except for intersexual dyads in environments with a low abundance of fruit (Fig. 8
& Supplementary Table 7).
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3.4. Female dominance

Environments with a medium and high abundance of fruit supported the emergence of females with very
high Dom values (close to highest of the total population) to a greater extent than environments with a low
abundance of fruit (Supplementary Fig. 6). However, this did not result in a higher degree of female
dominance as FDI significantly decreased with increased fruit abundance (Fig. 9 & Supplementary Table 8).
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Figure 9. The degree of female dominance (calculated using the female dominance index) in environments
differing in fruit abundance. Boxplots show the median (horizontal black line), interquartile range (color
filled space), minimum and maximum value, and outliers (black points) of the simulation replicates (N = 20).
ns =P >0.05 and **** = P <0.0001.

A decrease in fruit abundance resulted in a higher FDI because male Dom values in such environments were
more strongly differentiated. This was due to an increase in agonistic interactions over fruit patches, which
increased the steepness of the dominance hierarchy (Fig. 10A & Supplementary Table 8), causing some
females to rank above males (Supplementary Fig. 7A). With some males ranking below females, females in
environments with a low abundance of fruit initiated more interactions with males than in other
environments (Supplementary Fig. 4). This also led to an increase in the proportion of female-male agonistic
interactions (Fig. 7). Contrastingly, when females and males were closer in rank in environments with a
medium and high abundance of fruit, females had more intersexual win-win fight outcomes (Supplementary
Fig. 5A).

The steepness of the male dominance hierarchy significantly decreased with an increase in fruit abundance
(Fig. 10C & Supplementary Table 8). Consequently, the mean final Dom values of males in environments
with a high abundance of fruit were significantly lower than those in environments with a medium
abundance of fruit (Supplementary Fig. 8B). Interestingly, the female dominance hierarchy significantly
increased in steepness from environments with a low to medium abundance of fruit, but then significantly
decreased environments with a medium to high abundance of fruit (Fig. 10B & Supplementary Table 8).
Female and male dominance hierarchies had a similar steepness in environments with a low abundance of
fruit but, due to females entering more fights against males, and males entering less fights against other
males, an increase in fruit abundance caused females to have a steeper dominance hierarchy than males (Fig.
10).
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Figure 10. The coefficient of variation of dominance values (steepness of the dominance hierarchy) of the
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4. Discussion

4.1. Sociality

Results from the model PanWorld support the first part of our hypothesis that proposed that an increase in
fruit abundance increases sociality. Larger parties formed in environments with a higher abundance of fruit
because individuals, especially females, were less solitary. An increase in fruit abundance decreased female
solitariness because it caused them to consume fewer FBFs. FBFs are proteinaceous food sources that
females consumed when they perceived little fruit around them. We assumed that males did not do this
because empirical data suggest that females consume more protein than males (Uwimbabazi et al., 2021).
Thus, when fruit abundance was high, females would eat more fruit alongside males, causing larger parties to
form. Environments with a high abundance of fruit in PanWorld represented the refugia bonobos evolved in.
Therefore, our results are in line with empirical data that find that bonobos form larger mixed-sex parties
than chimpanzees due to inhabiting environments with a higher availability of fruit (White, 1988; White &
Wrangham, 1988, Chapman et al., 1994; Furuichi & Hashimoto, 2002; Mulavwa et al., 2008). Patterns of
female behavior in PanWorld are in line with patterns of behavior found in nature. Similar to female
chimpanzees (Williams et al., 2002), PanWorld females in environments with a low abundance of fruit are
mostly solitary and travel less than males. In environments with a high abundance of fruit, similar to female
bonobos (Furuichi, 2008; Wakefield, 2008; Wakefield, 2013), PanWorld females spend most of their time in
parties. We found that patterns of grouping found in chimpanzees and bonobos may be explained by
differences in fruit abundance. This indicates that when chimpanzee and bonobo habitats significantly
differed, fruit abundance could have influenced bonobos to form larger mixed-sex parties than chimpanzees.

We found that larger mixed-sex parties emerge without the influence of tumescence. This is in contrast to
findings from Surbeck et al. (2021), who found that the presence of tumescent females, not an increased food
abundance, led to more female attendance in parties. Our study cannot comment on the validity of their
findings because tumescence and estrus were not included in our model. Previous theoretical models that
included estrus have shown that it can influence grouping in males through self-organization (Te Boekhorst
& Hogeweg, 1994a). However, unlike those studies, our model provides novel insight into how ecological
factors alone can induce similar patterns, as well as, influence grouping not only in males but also in females.

4.2. Female dominance

In PanWorld, an increase in sociality did not lead to a higher degree of female dominance. We found that
FDI was highest in environments with a low abundance of fruit. This was due to an increase in male
competition over fruit patches. As males entered more contests, some males gained very high Dom values
while others developed very low Dom values. Thus, a decrease in fruit abundance increased the steepness of
the dominance hierarchy and caused many females to rank above males, resulting in a higher degree of
female dominance. Similar to previous studies, we show that the frequency of male aggression can
significantly influence the degree of female dominance in a population (Hemelrijk et al., 2008; 2017).
However, our results contradict the second part of our hypothesis that proposed that an increase in sociality
would lead to more contests and a higher degree of female dominance. Importantly, patterns of intersexual
dominance in PanWorld do not match empirical studies that find that some female bonobos dominate over
males and chimpanzee females do not (Kano, 1992; Parish, 1994; Parish, 1996; Furuichi, 1997; Vervaecke et
al., 2000). We found that the degree of female dominance was highest in environments that represented
chimpanzees. Bonobo societies can be male-dominated, female-dominated, or co-dominated by both sexes
(Paoli et al., 2006). Thus, although our findings are not in line with empirical data on chimpanzees, they do
not completely challenge what has been found for bonobos.

Although FDI was highest in environments with a low abundance of fruit, an increase in fruit abundance
caused some females to gain very high Dom values (close to the highest of the total population). The total
number of fights females engaged in significantly decreased with an increase in fruit abundance. However,
as females became less solitary they engaged in more male-initiated fights. Males inhabiting environments
with a medium and high abundance of fruit initiated more intersexual fights because, on average, they have a
higher probability of winning mental battles against females. Females winning male-initiated fights
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significantly increases their Dom values because males have a larger StepDom, and often a higher Dom value
than females. As females entered more fights that can lead to large increases in rank, the dominance
hierarchy of females differentiated more strongly, causing some to gain very high Dom values. Interestingly,
the steepness of the female dominance hierarchy decreased between environments with a medium and high
abundance of fruit. This was because there was less competition over fruit patches, meaning that individuals
entered fewer contests. As a result, the female dominance hierarchy differentiated less strongly.

Importantly, patterns of hierarchical steepness in PanWorld do not match those found in empirical data. In
PanWorld, the female dominance hierarchy was steeper than the male dominance hierarchy in environments
with a medium and high abundance of fruit. Although a steeper female than male hierarchy has been found
in some primates (e.g. Kaburu et al., 2012), this finding contradicts research that shows that in captive
bonobos, the male hierarchy is steeper than that of females (Stevens et al., 2007). However, the authors did
find that steep captive female bonobo hierarchies do arise during periods of intense competition and
postulated that wild animals may show different results than captive populations.

4.3. Further research

Our results regarding dominance and interactions elude to the fact that certain patterns of behavior in
PanWorld, especially that of males, are not accurate caricatures of chimpanzees and bonobos. Contradicting
our hypothesis and previous research, an increase in sociality did not cause individuals to interact more. This
was because most fights occurred over access to food patches. We minimized the number of daily
interactions by increasing the Avoidance parameters during the grouping state. By doing so, we managed to
gain a realistic number of daily interactions between individuals, but also limited the effect sociality has on
the number of interactions. This is because agents kept a certain amount of distance (larger than PerSpace)
between them while grouping. As a result, individuals mostly fought over fruit patches, meaning that a
higher degree of female dominance emerged in environments with a low abundance of fruit because of
intense male competition. We suggest that certain behavioral rules can be added to PanWorld that would
alter patterns of behavior regarding interactions and dominance to be more in line with empirical data.
Specifically, these behavioral rules would cause an increase in sociality to cause individuals to interact more,
reflecting the higher intensity of aggression larger parties induce in nature. Importantly, these additions
would not alter patterns of behavior found in PanWorld that currently match empirical data.

We suggest that estrus and rules that enable males to search for females exhibiting tumescence should be
added to PanWorld. This is similar to previous chimpanzee models (Te Boekhorst & Hogeweg, 1994a), and
we hypothesize that such additions would not significantly affect patterns of behavior that currently match
empirical data. An increase in fruit abundance would still lead to a decrease in female solitariness and the
formation of larger parties. However, introducing estrus would significantly alter the behavior of PanWorld
males and how individuals enter interactions. For example, certain rules could be added that enable males to
come into contact with others when searching for females exhibiting estrus, such as by minimizing their
Avoidance while grouping. We hypothesize that if males prioritize the search for females in estrus, the
amount of male-male contests will be highest in environments with a high abundance of fruit. This is
because, while searching for females, if females are more social, males would come in contact with each
other more often. This would introduce mate competition into the model alongside feeding competition. As a
result, we hypothesize that the dominance hierarchy would differentiate more strongly, increasing the degree
of female dominance in environments with a high abundance of fruit. Tumescence in PanWorld could also
allow for investigations into the effects of pseudo-estrus and bisexuality. Here, the timing of tumescence and
who is attracted to them can be manipulated to see how it influences the establishment of a dominance
hierarchy. In summary, we hypothesize that adding estrus and sexual attraction to PanWorld could result in
patterns of behavior and intersexual dominance that are more in line with empirical data.

Researchers often equate the emergence of female dominance in bonobos to females forming coalitions
against males. It is thought that female bonobos are more likely to form coalitions than female chimpanzees
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because the increased sociality of bonobos causes females to form stronger social bonds (Parish, 1996;
Vervaecke et al., 2000, Stevens et al., 2006). For bonds to form, females have to be near other individuals. In
line with previous findings, we show that a closer proximity to party members emerges through self-
organization due to an increase in food availability (Wantia et al., 2003). Increased fruit abundance also
increased the proportion of peaceful interactions among all individuals, which may support the formation of
stronger social bonds. However, it is important to note that female bonobo coalitions are not always
indicative of affiliative relationships (Tokuyama & Furuichi, 2016). Coalitions may be related to age, with
older females supporting younger females against male aggression (Tokuyama & Furuichi, 2016).
Nevertheless, currently in PanWorld, individuals, especially females, are closer to each other in
environments with a high abundance of fruit. As a result, we suggest that measuring or adding female
coalitions to PanWorld could lead to patterns of behavior more in line with empirical data.

Coalitions can be measured by looking at which individuals attack the same agents within a certain timespan
(Hemelrijk & Puga-Gonzalez, 2012). We hypothesize that if female coalitions were measured in PanWorld,
the frequency of coalitions against males would correlate with the time that females spend in parties. An
interesting addition to PanWorld would be a set of behavioral rules that enable the formation of coalitions.
Here, somewhat similar to DomWorld (Hemelrijk, 1999), if agents perceive a fight occurring within a certain
distance, they become more likely to engage. Agents can provide support to one of the individuals, possibly
based on an affiliative relationship or their dominance values, to skew the outcome of the fight. Individuals
might provide support to others because they get something in return, such as access to a fruit patch. By
forming coalitions, females can win fights against dominant individuals that they would not beat by
themselves. Winning more fights that lead to significant increases in rank could lead to a higher degree of
female dominance in the population. As coalitions would be more likely to form in environments with a high
abundance of fruit due to the sociality of females, these environments would support the emergence of higher
degrees of female dominance. In turn, adding female coalitions to PanWorld could lead to patterns of
behavior that are more in line with empirical data and would allow for investigations into the underlying
mechanisms of coalition formation in the Pan genus.

4.4. Modern Pans

We assumed that fruit abundance significantly differed between chimpanzee and bonobo habitats during
their initial divergence. Although evidence supports this (Takemoto et al., 2015), many researchers suggest
that they do not significantly vary today (Furuichi, 2009). Thus, it remains unclear why patterns of behavior
influenced by fruit abundance would persist. It has been proposed that pseudo-estrus in bonobos evolved due
to them inhabiting environments with a high abundance of fruit (Furuichi, 2009). As a result, large mixed-
sex parties in bonobos persisted even in scarcer environments (Furuichi, 2009; Surbeck et al., 2021). Our
results provide some support for this hypothesis. A high consumption of fruits induces and prolongs
tumescence outside of estrus in chimpanzees and other primates (Mori et al., 1997; Thompson & Wrangham,
2008). PanWorld females consume the most fruit when fruit abundance is highest. This may indicate that
bonobos in refugia were more likely to evolve pseudo-estrus due to their diet. Pseudo-estrus can decrease
aggressive male sexual harassment (Surbeck & Hohmann, 2013). This is because males do not need to
sexually coerce females if they are perceived as ovulating more often. Pseudo-estrus can also be adaptive by
strengthening social bonds between females (Surbeck et al., 2021). Such benefits can lead to more
reproductive success, causing pseudo-estrus to be naturally selected. Pseudo-estrus then influences bonobos
to form large mixed-sex parties even in less optimal environmental conditions by attracting individuals.
Thus, our study provides insight into how an increased fruit abundance could have caused bonobos to form
large mixed-sex parties and possibly how these patterns persisted when the environment changed over time.

5. Conclusion

We found that differences in fruit abundance explain patterns of grouping in artificial agents that resemble
patterns found in chimpanzees and bonobos. An increased fruit abundance caused females to become more
social, leading to the formation of larger mixed-sex parties and the emergence of some females with very
high Dom values. However, an increase in sociality did not cause a higher degree of female dominance,
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contradicting our hypothesis. The degree of female dominance was highest in environments with a low
abundance of fruit due to male competition over fruit patches. We argue that such patterns of behavior do not
match empirical data, and suggest that adding sexual attraction or female coalitions to PanWorld would
result in patterns of behavior that do. Adding tumescence and males that are attracted to them in PanWorld
could cause an increase in sociality to influence interactions and intersexual dominance in ways that match
empirical data, causing PanWorld males and females to become better caricatures of chimpanzees and
bonobos. Similarly, as female dominance in bonobos is often attributed to female coalitions, adding them to
PanWorld could lead to patterns of intersexual dominance found in the Pan genus. All in all, we found that
fruit abundance may explain patterns of grouping found in chimpanzees and bonobos. These species-specific
trait differences may dictate why we see differing degrees of female dominance between the two species.
With the addition of certain behavioral rules to PanWorld, these claims can be further investigated.
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Supplementary materials
1. Perlin noise

Selected the scale

Perlin noise field

Selected the coverage

Fruit map
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Gradient of convoluted map
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N
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Figure 1. Schematic representation of how Perlin noise was used to create the PanWorld environment. All
composite figures show environments with a low abundance of fruit (1% coverage). Values for the Perlin
variables can be found in Supplementary Table 1. Firstly, a Scale was chosen for the Perlin noise field. This
influenced the distance between fruit patches. Then in order to match the percentage of fruit coverage in the
noise field to that found in empirical data, the correct Clampiow for each of the environments was calculated.
Noise values below Clampiow Were set to 0 and noise values above Clampiow Were setto 1. Clampiow Was
manipulated until the percentage of fruit coverage matched empirical data on the average proportion of
fruiting trees in different environments. Agents perceived this binary fruit map as their environment, where 0
represented open space and 1 represented a fruit patch. We then assumed that all of the fruits in the
environment released a scent that individuals can perceive. The scent of fruits diffused over the environment.
To guide individuals towards patches, the diffusion of fruit scent was created of the convoluted fruit map
using a gaussian kernel. We parametrised the o of the gaussian kernel to match the maximum fruit detection
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distance of chimpanzees and bonobos found in empirical data (Janmaat et al., 2013). In the convoluted fruit
map figure, the colors correspond to the components of the gradient. X values of the gradient vector are
mapped as the saturation of blue colors and Y values of the gradient are mapped as the saturation of red
colors. The normalised gradient was used by individuals as a direction towards fruit patches bearing the most
fruit in their close proximity. In the figure, values closer to 1.0 are represented by lighter colors (white) and
values closer to 0.0 are represented by darker colors (black). The normalised magnitude of the gradient also
influenced what food sources some individuals searched for. This was dictated by Aiw and Anigh (Table 1).
Females prioritized fall-back foods if the magnitude of the gradient was smaller than A, and prioritized
fruits if it was larger than Anigh. These thresholds are shown in the fall-back food threshold map. Red colors
indicate locations where the magnitude of the gradient is smaller than Aiow, blue colors indicate locations
where the magnitude of the gradient is in between Ajwand Anigh, and green colors indicate locations where
the magnitude of the gradient is larger than Anigh. TO ensure that we can use the same values for Ajow and Anign
in each of the three environments, we had to normalise the magnitudes of the gradient. This process led to
the calculation of the correct Gradscaie required in each of the three environments. The distribution of fruit
fluctuates continuously at a slow rate because of Zsweep, Which changes the distribution of fruit in our
environment. Every second, the Z value increased by Zsweep, Slightly changing the noise field. When the Z
value reached a whole number, it was increased by Zs.p. This ensured that the new distribution of fruit was
uncorrelated to the previous distribution, allowing for environmental stochasticity. Iterating over the Z value
represented fruit depletion, both by individuals and by natural processes, as well as the ripening of fruit on
new patches. Thus, the abundance of fruit changed very slightly from one second to the next but averaged
out to the selected coverage throughout the simulation.

26



2. Tables

Table 1. Perlin variables used to create the three environments differing in fruit abundance. Explained in

Supplementary Fig. 1.

Variables Fruit abundance
Low | Medium | High
Gaussian kernel £ 107
MaxRadius (m) 100.0 m
o* (m) 15.0m
Perlin noise Coverage* (%) 1.0% 7.0% 13.0%
Clampiow 0.56 0.40 0.32
Gradscate 153.2 62.2 53.2
Scale* 15.0
Zstep 7.0
steep 0.0001

*variables that were parameterized. Other variables were calculated accordingly.

Table 2. State parameters used to dictate the change of an agent’s position. Agent movement and state
changes are explained in the main text.

State Weighting factors for direction Avoidance parameters Speed Duration

vectors (m/s) (s)

Woprev | Wgroup | Wiood | Wwiggle | Walign diStavoid Wavoid

(m)

Grouping 10.0 | 1.0 -05 |05 1.0 10.0 0.005 0.28 n/a
SearchingFruit 10 |-05 |10 |05 0.0 1.0 05 0.28 n/a
SearchingFBF 10 |-05 |00 |10 0.0 1.0 0.5 0.28 n/a
EatingFruit 1.0 |00 1.0 [001 |O0.0 1.0 0.5 0.01 n/a
EatingFBF 1.0 |00 00 |001 |00 1.0 0.5 0.001 n/a
Resting 1.0 |00 00 |0.01 |00 1.0 0.5 0.001 300.0
Interacting 1.0 |00 00 |0.01 |00 1.0 0.5 0.01 5.0
Fleeing 1.0 |-1.0 |-1.0 |05 0.0 20.0 0.5 0.56 20.0
Peacefullnteraction | 1.0 | 0.0 0.0 |0.01 |0.0 1.0 0.5 0.01 20.0
RefractoryPeriod 1.0 |00 00 |001 |00 1.0 0.5 0.01 20.0
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Table 3. Results of comparative statistics (Kruskal-Wallis test and post-hoc pairwise comparison Dunn’s test
with Bonferroni correction) testing for differences in the diet of PanWorld females and the time spent in
different states during the day between environments differing in fruit abundance. Data are based on 20

replicate simulations of each environment.

Total calories | Amount of Time spent Time spent | Time spent | Number of
consumed FBFs in diet solitary grouping feeding daily
interactions
Kruskal- | H P H P H P H P H |P H P
Wallis | 000376 | 0.998 | 525 | <0.0001 | 50.1 | <0.0001 | 52.5 | <0.0001 | 52.5 | <0.0001 | 93.7 | <0.0001
test
Post-hoc Dunn’s test (Bonferroni correction
Lowvs |0.951 0.000879 0.000297 0.000586 0.000586 0.0661
Medium
Lowvs |0.979 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
High
Medium | 0.972 0.000879 0.00105 0.000586 0.000586 <0.0001
vs High

Table 4. Results of comparative statistics (Kruskal-Wallis test and post-hoc pairwise comparison Dunn’s test
with Bonferroni correction) testing for differences in the time spent solitary and in different states during a
day between environments differing in fruit abundance for PanWorld males. Data are based on 20 replicate
simulations of each environment.

Time spent solitary Time spent Time spent feeding | Number of daily
groupin interactions

Kruskal- H P H P H P H P
Wallis test 37.3 <0.0001 50.9 <0.0001 45.1 <0.0001 601 <0.0001
Post-hoc Dunn’s test (Bonferroni correction)
Low Vs 0.00178 0.00651 0.00487 <0.0001
Medium
LOW VS <0.0001 <0.0001 <0.0001 <0.0001
High
Medium vs 0.00545 0.000651 0.000213 <0.0001
High
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Table 5. Results of comparative statistics (Wilcoxon Signed-Ranks test) testing for differences between
PanWorld males and females in the time spent solitary and in different states during the day between

environments differing in fruit abundance. Data are based on 20 replicate simulations of each environment.

Time spent solitary | Time spent grouping | Time spent feeding Number of daily
interactions
Fruit w P w P w P w P
abundance
Low 400 <0.0001 0 <0.0001 400 <0.0001 0 <0.0001
Medium | 391 <0.0001 10 <0.0001 393 <0.0001 529 <0.0001
High 345 <0.0001 82 0.00141 324 0.000531 | 3361 <0.0001

Table 6. Results of comparative statistics (Kruskal-Wallis test and post-hoc pairwise comparison Dunn’s test
with Bonferroni correction) testing for differences in the proportion of agonistic interactions between

different dyads in environments differing in fruit abundance. Data are based on 20 replicate simulations of

each environment.

Dyad

Female-Female Female-Male Male-Female Male-Male
Kruskal- H P H P H P H P
Wallis test 46.3 <0.0001 22.4 <0.0001 40.6 <0.0001 50.9 0.00116
Post-hoc Dunn’s test (Bonferroni correction)
Low Vs <0.0001 <0.0001 <0.0001 0.000383
Medium
Low Vs <0.0001 0.0259 <0.0001 <0.0001
High
Medium vs 0.00820 0.0249 0.269 0.000664
High
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Table 7. Results of comparative statistics (Kruskal-Wallis test and post-hoc pairwise comparison Dunn’s test
with Bonferroni correction) testing for differences in the proportion of peaceful interactions between

different dyads in environments differing in fruit abundance. Data are based on 20 replicate simulations of

each environment.

Dyad

Female-Female Female-Male Male-Female Male-Male
Kruskal- H p H P H P H P
Wallis test 36.4 <0.0001 345 <0.0001 36.7 <0.0001 40.2 <0.0001
Post-hoc Dunn’s test (Bonferroni correction)
Low Vs <0.0001 <0.0001 <0.0001 <0.0001
Medium
Low Vs <0.0001 <0.0001 <0.0001 <0.0001
High
Medium vs 0.480 0.480 0.243 0.356
High

Table 8. Results of comparative statistics (Kruskal-Wallis test and post-hoc pairwise comparison Dunn’s test
with Bonferroni correction) testing for differences in the female dominance index and the coefficient of
variation of dominance values (steepness) of the population, females, and males between environments
differing in fruit abundance. Data are based on 20 replicate simulations of each environment.

Female Dominance Population Female Male
Index Steepness Steepness Steepness
Kruskal- H P H P H P H P
Wallis test 38.8 <0.0001 52.2 <0.0001 16.6 0.000252 49.6 <0.0001
Post-hoc Dunn’s test (Bonferroni correction)
Low Vs <0.0001 0.000546 0.000150 0.000257
Medium
LOW VS <0.0001 <0.0001 0.0838 <0.0001
High
Medium vs 0.762 0.000546 0.0400 0.00135
High
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3. Figures
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Figure 2. The mean daily travel distance by PanWorld females (purple) and males (blue) in environments
differing in fruit abundance. Difference amongst replicates indicated by standard deviation. Wilcoxon
Signed-Ranks tests found that the distance traveled per day by males and females in each of the
environments significantly differed from one another: low (W = 3, P <0.0001), medium (W = 3, P < 0.0001),
high (W = 3, P < 0.0001). A Kruskal-Wallis test found that the differences in daily travel distance for
females in each of the environments were significant (H(2) = 48.488, P < 0.0001). A post-hoc pairwise
comparison using Dunn’s test indicated that this significant difference was found between each of the
environments: low-medium (P < 0.0001), low-high (P = 0.000265), medium-high (P = 0.00748). Similarly, a
Kruskal-Wallis test found that the differences in daily travel distance for males in each of the environments
were significant (H(2) = 22.666, P < 0.0001). A post-hoc pairwise comparison using Dunn’s test indicated
that this significant difference was found between environments with a low and medium (P < 0.0001) and
low-high (P = 0.000230) abundance of fruit but not between environments with a medium and high (P =
0.625) abundance of fruit. **** = P <(0.0001.
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Figure 3. Mean time spent in states associated with grouping (A) and feeding (B) in a day for PanWorld
females (purple) and males (blue) in environments differing in fruit abundance. Boxplots show the median
(horizontal black line), interquartile range (color filled space), minimum and maximum value, and outliers
(black points) of the simulation replicates (N = 20). ** = P <0.01, *** = P <0.001, and **** = P < 0.0001.
Results of statistical tests are found in Supplementary Tables 3, 4, and 5.
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Figure 4. The ratio of intrasexual (light purple) and intersexual (dark purple) mental battles won over mental
battles lost by PanWorld females (A) and males (B) in environments differing in fruit abundance. Boxplots
show the median (horizontal black line), interquartile range (color filled space), minimum and maximum
value, and outliers (black points) of the simulation replicates (N = 20). The dotted line represents a point
where Pans win half of all their mental battles. A Kruskal-Wallis test found that the differences in the ratio
of mental battles won over mental battles lost for females between each of the environments were non-
significant for intrasexual dyads (H(2) = 1.66, P = 0.436) but significant for intersexual dyads (H(2) = 39.2,
P < 0.0001). A post-hoc pairwise comparison using Dunn’s test indicated that this non-significant difference
for intrasexual dyads was found between each of the environments: low-medium (P = 0.938), low-high (P =
0.938), medium-high (P = 0.596). For intersexual dyads, the significant differences were found between
environments with a low and medium (P < 0.0001) and low and high (P < 0.0001) abundance of fruit but not
between environments with a medium and high (P = 0.921) abundance of fruit. Similarly, a Kruskal-Wallis
test found that the differences in the ratio of mental battles won over mental battles lost for males between
each of the environments were significant for intrasexual dyads (H(2) = 8.02, P = 0.0181) and intersexual
dyads (H(2) = 41.0, P < 0.0001). A post-hoc pairwise comparison using Dunn’s test indicated that the
significant differences for intrasexual dyads was found between environments with a low and high (P =
0.0312) and medium and high (P = 0.0400) abundance of fruit but not between environments with a low and
medium (P = 0.814) abundance of fruit. For intersexual dyads, the significant differences were found
between environments with a low and medium (P < 0.0001) and low and high (P < 0.0001) abundance of
fruit but between environments with a medium and high (P = 0.205) abundance of fruit.
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Figure 5. The proportion of intrasexual (light purple) and intersexual (dark purple) win-win outcomes out of
all fight outcomes by PanWorld females (A) and males (B) in environments differing in fruit abundance.
Boxplots show the median (horizontal black line), interquartile range (color filled space), minimum and
maximum value, and outliers (black points) of the simulation replicates (N = 20). A Kruskal-Wallis test
found that the differences in the proportion of win-win outcomes for females between each of the
environments were non-significant for intrasexual dyads (H(2) = 2.75, P = 0.275) but significant for
intersexual dyads (H(2) = 24.5, P < 0.0001). A post-hoc pairwise comparison using Dunn’s test indicated
that the non-significant difference for intrasexual dyads was found between each of the environments: low-
medium (P = 0.800), low-high (P = 0.293), medium-high (P = 0.800). For intersexual dyads, the significant
differences were found between environments with a low and medium (P = 0.00162) and low and high (P <
0.0001) abundance of fruit but not between environments with a medium and high (P = 0.140) abundance of
fruit. Furthermore, a Kruskal-Wallis test found that the differences in the proportion of win-win outcomes for
males between each of the environments were significant for intrasexual dyads (H(2) = 38.6, P < 0.0001) and
intersexual dyads (H(2) = 11.3, P = 0.00345). A post-hoc pairwise comparison using Dunn’s test indicated
that the significant differences for intrasexual dyads was found between environments with a low and high

(P < 0.0001) and medium and high (P < 0.0001) abundance of fruit but not between environments with a low
and medium (P = 0.899) abundance of fruit. For intersexual dyads, the significant differences were found
between environments with a low and medium (P = 0.0363) and medium and high (P 0.00335) abundance
of fruit but not between environments with a low and high (P = 0.370) abundance of fruit.
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Figure 6. The Dom values of all individuals at the end of a simulation in environments with a low (A),
medium (B), and high (C) abundance of fruit. Females (purple) are individuals 1 to 24 and males (blue) are
individuals 25 to 50. Data taken from random replicates for each of the environments.
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Figure 8. The mean Dom values of PanWorld females (A) and males (B) at the end of the simulation in
environments differing in fruit abundance. Boxplots show the median (horizontal black line), interquartile
range (color filled space), minimum and maximum value, and outliers (black points) of the simulation
replicates (N = 20). A one-way ANOVA revealed that the differences in the mean dominance values for
females between each of the environments were significant (F(2, 57) = 18.4, P < 0.0001). Tukey’s HDS test
indicated that the significant difference was found between environments with a low and high (P < 0.0001)
and medium and high (P = 0.00167) abundance of fruit but not between environments with a low and
medium (P = 0.537) abundance of fruit. A one-way ANOVA also revealed that the differences in the mean
dominance values for males between each of the environments were significant (F(2, 57) = 10.0, P =
0.000188). Tukey’s HDS test indicated that the significant difference was found between environments with
a low and high (P = 0.00121) and medium and high (P = 0.000546) abundance of fruit but not between
environments with low and medium (P = 0.966) abundance of fruit.

37



References

Aureli, F., Schaffner, C. M., Boesch, C., Bearder, S. K., Call, J., Chapman, C. A, ... & Schaik, C. P. V.
(2008). Fission-fusion dynamics: new research frameworks. Current Anthropology, 49(4), 627-654.
https://doi.org/10.1086/586708

Beacham, J. L. (1988). The relative importance of body size and aggressive experience as determinants of
dominance in pumpkinseed sunfish, Lepomis gibbosus. Animal Behaviour, 36(2), 621-623.
https://doi.org/10.1016/S0003-3472(88)80042-3

Boesch, C. (2009). The real chimpanzee: sex strategies in the forest. Cambridge University Press.

Boesch, C., Hohmann, G., & Marchant, L. (Eds.). (2002). Behavioural diversity in chimpanzees and
bonobos. Cambridge University Press.

Bonabeau, E., Theraulaz, G., & Deneubourg, J. L. (1999). Dominance orders in animal societies: the self-
organization hypothesis revisited. Bulletin of mathematical biology, 61(4), 727-757.
https://doi.org/10.1006/bulm.1999.0108

Caswell, J. L., Mallick, S., Richter, D. J., Neubauer, J., Schirmer, C., Gnerre, S., & Reich, D. (2008).
Analysis of chimpanzee history based on genome sequence alignments. PLoS genetics, 4(4),
e1000057. https://doi.org/10.1371/journal.pgen.1000057

Chapman, C. A., Chapman, L. J., Struhsaker, T. T., Zanne, A. E., Clark, C. J., & Poulsen, J. R. (2005). A
long-term evaluation of fruiting phenology: importance of climate change. Journal of Tropical
Ecology, 21(1), 31-45. https://doi.org/10.1017/S0266467404001993

Chapman, C. A., White, F.J., & Wrangham, R. W. (1994). Party size in chimpanzees and bonobos: a re-
evaluation of theory based on two similarly forested sites. In Wrangham, R. W., McGrew, W. C., de
Waal, F. B. M., & Heltne, P. G. (Eds.), Chimpanzee Cultures, Harvard University Press. 41-57.

Chase, I. D., Tovey, C., Spangler-Martin, D., & Manfredonia, M. (2002). Individual differences versus social
dynamics in the formation of animal dominance hierarchies. Proceedings of the National Academy
of Sciences, 99(8), 5744-5749. https://doi.org/10.1073/pnas.082104199

Chemurot, M., Isabirye-Basuta, G., & Sande, E. (2012). Amount of Plant Foods Eaten and Sexual
Differences in Feeding among Wild Chimpanzees (Pan troglodytes) of Kanyawara Community.
ISRN Zoology, 1-5. https://doi.org/10.5402/2012/120250

Darwin, C. (1871). The descent of man. D. Appleton.

Douglas, P. H., Hohmann, G., Murtagh, R., Thiessen-Bock, R., & Deschner, T. (2016). Mixed messages:
wild female bonobos show high variability in the timing of ovulation in relation to sexual swelling
patterns. BMC Evolutionary Biology, 16(1). https://doi.org/10.1186/s12862-016-0691-3

Drews, C. (1993). The concept and definition of dominance in animal behaviour. Behaviour, 125(3-4), 283-
313. https://doi.org/10.1163/156853993X00290

Ellis, L. (1994). Relationships between height, health, and social status (plus birth weight, mental health,
intelligence, brain size, and fertility). In Ellis, L. (Ed). Social Stratification and Socioeconomic
Inequality. Praeger. 145-163.

Foerster, S., Franz, M., Murray, C. M., Gilby, I. C., Feldblum, J. T., Walker, K. K., & Pusey, A. E. (2016).
Chimpanzee females queue but males compete for social status. Scientific reports, 6(1), 1-11.
https://doi.org/10.1038/srep35404

Franz, M., McLean, E., Tung, J., Altmann, J., & Alberts, S. C. (2015). Self-organizing dominance
hierarchies in a wild primate population. Proceedings of the Royal Society B: Biological
Sciences, 282(1814), 20151512. https://doi.org/10.1098/rspb.2015.1512

Furuichi, T. (1987). Sexual swelling, receptivity, and grouping of wild pygmy chimpanzee females at
Wamba, Zaire. Primates, 28(3), 309-318. https://doi.org/10.1007/BF02381014

38



Furuichi, T. (1989). Social interactions and the life history of female Pan paniscus in Wamba, Zaire.
International Journal of Primatology, 10(3), 173-197. https://doi.org/10.1007/bf02735199

Furuichi, T. (1997). Agonistic interactions and matrifocal dominance rank of wild bonobos (Pan paniscus) at
Wamba. International Journal of Primatology, 18(6), 855-875.
https://doi.org/10.1023/A:1026327627943

Furuichi, T. (2009). Factors underlying party size differences between chimpanzees and bonobos: a review
and hypotheses for future study. Primates, 50(3), 197-209. https://doi.org/10.1007/s10329-009-
0141-6

Furuichi, T., & Hashimoto, C. (2002). Why female bonobos have a lower copulation rate during estrus than
chimpanzees. In Boesch, C., Hohmann, G., & Marquardt, L. (Eds.) Behavioral diversity of
chimpanzees and bonobos. Cambridge University Press. 156-167.

Georgiev, A. V., Thompson, M. E., Lokasola, A. L., & Wrangham, R. W. (2011). Seed predation by bonobos
(Pan paniscus) at Kokolopori, Democratic Republic of the Congo. Primates, 52(4), 309-314.
https://doi.org/10.1007/s10329-011-0256-4

Gilad, Y., Man, O., Paabo, S., & Lancet, D. (2003). Human specific loss of olfactory receptor genes.
Proceedings of the National Academy of Sciences, 100(6), 3324-3327.
https://doi.org/10.1073/pnas.0535697100

Goodall, J. (1968). The behaviour of free-living chimpanzees in the Gombe Stream Reserve. Animal
behaviour monographs, 1, 161-IN12. https://doi.org/10.1016/S0066-1856(68)80003-2

Green, S. J., Boruff, B. J., Bonnell, T. R., & Grueter, C. C. (2020). Chimpanzees use least-cost routes to out-
of-sight goals. Current Biology, 30(22), 4528-4533. https://doi.org/10.1016/j.cub.2020.08.076

Gruber, T., & Clay, Z. (2016). A comparison between bonobos and chimpanzees: a review and update.
Evolutionary Anthropology, 25(5), 239-252. https://doi.org/10.1002/evan.21501

Gruber, T., Clay, Z., & Zuberbihler, K.. (2010). A comparison of bonobo and chimpanzee tool use: evidence
for a female bias in the Pan lineage. Animal Behaviour, 80(6), 1023-1033.
https://doi.org/10.1016/j.anbehav.2010.09.005

Han, S., Andrés, A. M., Marques-Bonet, T., & Kuhlwilm, M. (2019). Genetic variation in Pan species is
shaped by demographic history and harbors lineage-specific functions. Genome biology and
evolution, 11(4), 1178-1191. https://doi.org/10.1093/gbe/evz047

Hare, B., Wobber, V., & Wrangham, R. W. (2012). The self-domestication hypothesis: evolution of bonobo
psychology is due to selection against aggression. Animal Behaviour, 83(3), 573-585.
https://doi.org/10.1016/j.anbehav.2011.12.007

Harrison, M. E., & Marshall, A. J. (2011). Strategies for the Use of Fallback Foods in Apes. International
Journal of Primatology, 32(3), 531-565. https://doi.org/10.1007/s10764-010-9487-2

Hashimoto, C., Furuichi, T., & Tashiro, Y. (2001). What factors affect the size of chimpanzee parties in the
Kalinzu Forest, Uganda? Examination of fruit abundance and number of estrous females.
International Journal of Primatology, 22(6), 947-959. https://doi.org/10.1023/A:1012061504420

Hashimoto, C., Suzuki, S., Takenoshita, Y., Yamagiwa, J., Basabose, A. K., & Furuichi, T. (2003). How fruit
abundance affects the chimpanzee party size: a comparison between four study sites. Primates,
44(2), 77-81. https://doi.org/10.1007/s10329-002-0026-4

Hemelrijk, C. K. (1999). An individual-orientated model of the emergence of despotic and egalitarian
societies. Proceedings of the Royal Society of London. Series B: Biological Sciences, 266(1417),
361-369. https://doi.org/10.1098/rspb.1999.0646

Hemelrijk, C. K. (2002). Self-organizing properties of primate social behavior: A hypothesis for intersexual
rank overlap in chimpanzees and bonobos. Evolutionary Anthropology: Issues, News, and Reviews,
11(S1), 91-94. https://doi.org/10.1002/evan.10066

39



Hemelrijk, C. K., Kappeler, P. M., & Puga-Gonzalez, 1. (2017). The self-organization of social complexity in
group-living animals: Lessons from the DomWorld model. In Naguib, M., Podos, J., Simmons, J. L.
W., Barrett, J., Healy, S. D., & Zuk, M. (Eds.). Advances in the study of behavior. Elsevier
Academic Press. 361-405

Hemelrijk, C. K., & Puga-Gonzalez, I. (2012). An individual-oriented model on the emergence of support in
fights, its reciprocation and exchange. PloS ONE, 7(5), e37271.
https://doi.org/10.1371/journal.pone.0037271

Hemelrijk, C. K., Wantia, J., & Isler, K. (2008). Female Dominance over Males in Primates: Self-
Organisation and Sexual Dimorphism. PLoS ONE, 3(7), e2678.
https://doi.org/10.1371/journal.pone.0002678

Hermann, H. R. (2017). Dominance and aggression in humans and other animals: The great game of life.
Academic Press.

Hogeweg, P., & Hesper, B. (1983). The ontogeny of the interaction structure in bumble bee colonies: a
MIRROR model. Behavioral Ecology and Sociobiology, 12(4), 271-283.
https://doi.org/10.1007/BF00302895

Hsu, Y., Lee, I. H., & Lu, C. K. (2009). Prior contest information: mechanisms underlying winner and loser
effects. Behavioral Ecology and Sociobiology, 63(9), 1247-1257.

Itoh, N., & Nishida, T. (2007). Chimpanzee grouping patterns and food availability in Mahale Mountains
National Park, Tanzania. Primates, 48(2), 87-96. https://doi.org/10.1007/s10329-006-0031-0

Jang, H., Boesch, C., Mundry, R., Ban, S. D., & Janmaat, K. R. L. (2019). Travel linearity and speed of
human foragers and chimpanzees during their daily search for food in tropical rainforests. Scientific
Reports, 9(1). https://doi.org/10.1038/s41598-019-47247-9

Janmaat, K. R., Ban, S. D., & Boesch, C. (2013). Chimpanzees use long-term spatial memory to monitor
large fruit trees and remember feeding experiences across seasons. Animal Behaviour, 86(6), 1183-
1205. https://doi.org/10.1016/j.anbehav.2013.09.021

Kaburu, S. S. K., Maclarnon, A., Majolo, B., Qarro, M., & Semple, S.. (2012). Dominance rank and self-
scratching among wild female Barbary macaques (Macaca sylvanus). African Zoology, 47(1), 74-79.
https://doi.org/10.1080/15627020.2012.11407525

Kano, T. (1992). The last ape: Pygmy chimpanzee behavior and ecology. Stanford University Press.

Kuroda, S. (1979). Grouping of the pygmy chimpanzees. Primates, 20(2), 161-183.
https://doi.org/10.1007/bf02373371

Krause, J., Ruxton, G. D., & Ruxton, G. (2002). Living in groups. Oxford University Press.

Lerena, D. A., Antunes, D. F., & Taborsky, B. (2021). The interplay between winner-loser effects and social
rank in cooperatively breeding vertebrates. Animal Behaviour, 177, 19-29.
https://doi.org/10.1016/j.anbehav.2021.04.011

Lewis, R. J. (2002). Beyond dominance: the importance of leverage. The Quarterly review of biology, 77(2),
149-164. https://doi.org/10.1086/343899

Lucchesi, S., Cheng, L., Janmaat, K., Mundry, R., Pisor, A., & Surbeck, M. (2020). Beyond the group: how
food, mates, and group size influence intergroup encounters in wild bonobos. Behavioral Ecology,
31(2), 519-532. https://doi.org/10.1093/beheco/arz214

Malenky, R. K., & Stiles, E. W. (1991). Distribution of terrestrial herbaceous vegetation and its consumption
by Pan paniscus in the Lomako Forest, Zaire. American Journal of Primatology, 23(3), 153-169.
https://doi.org/10.1002/ajp.1350230303

Malenky, R. K., & Wrangham, R. W. (1994). A quantitative comparison of terrestrial herbaceous food
consumption by Pan paniscus in the Lomako Forest, Zaire, and Pan troglodytes in the Kibale Forest,
Uganda. American Journal of Primatology, 32(1), 1-12. https://doi.org/10.1002/ajp.1350320102

40



Matsumoto-Oda, A., Hosaka, K., Huffman, M. A., & Kawanaka, K. (1998). Factors affecting party size in
chimpanzees of the Mahale Mountains. International Journal of Primatology, 19(6), 999-1011.
https://doi.org/10.1023/A:1020322203166

Mayr, E., & O'Hara, R. J. (1986). The biogeographic evidence supporting the Pleistocene forest refuge
hypothesis. Evolution, 40(1), 55-67. https://doi.org/10.1111/j.1558-5646.1986.tb05717.x

Morgan, D., Strindberg, S., Winston, W., Stephens, C. R., Traub, C., Ayina, C. E., ... & Sanz, C. M. (2019).
Impacts of selective logging and associated anthropogenic disturbance on intact forest landscapes
and apes of Northern Congo. Frontiers in Forests and Global Change, 28.
https://doi.org/10.3389/ffgc.2019.00028

Mori, A., Yamaguchi, N., Watanabe, K., & Shimizu, K. (1997). Sexual Maturation of Female Japanese
Macaques Under Poor Nutritional Conditions and Food-Enhanced Perineal Swelling in the Koshima
Troop. International Journal of Primatology, 18(4), 553-579.
https://doi.org/10.1023/a:1026363206561

Mulavwa, M., Furuichi, T., Yangozene, K., Yamba-Yamba, M., Motema-Salo, B., Idani, G. I., ... &
Mwanza, N. (2008). Seasonal changes in fruit production and party size of bonobos at Wamba. In
Furuichi, T., Thompson, J. (Eds). The bonobos. Springer. 121-134 https://doi.org/10.1007/978-0-
387-74787-3_7

Muller, M. N., Thompson, M. E., Kahlenberg, S. M., & Wrangham, R. W. (2011). Sexual coercion by male
chimpanzees shows that female choice may be more apparent than real. Behavioral Ecology and
Sociobiology, 65(5), 921-933. https://doi.org/10.1007/s00265-010-1093-y

Murray, C. M., Eberly, L. E., & Pusey, A. E. (2006). Foraging strategies as a function of season and rank
among wild female chimpanzees (Pan troglodytes). Behavioral ecology, 17(6), 1020-1028.
https://doi.org/10.1093/beheco/arl042

Myers-Thompson, J. A. (2003). A model of the biogeographical journey from Proto-pan to Pan paniscus.
Primates, 44(2), 191-197. https://doi.org/10.1007/s10329-002-0029-1

Newton-Fisher, N. E., Reynolds, V., & Plumptre, A. J. (2000). Food supply and chimpanzee (Pan
troglodytes schweinfurthii) party size in the Budongo Forest Reserve, Uganda. International Journal
of Primatology, 21(4), 613-628. https://doi.org/10.1023/A:1005561203763

Nishida, T. (1968). The social group of wild chimpanzees in the Mahali Mountains. Primates, 9(3), 167-224.
https://doi.org/10.1007/bf01730971

Normand, E., & Boesch, C. (2009). Sophisticated Euclidean maps in forest chimpanzees. Animal Behaviour,
77(5), 1195-1201. https://doi.org/10.1016/j.anbehav.2009.01.025

Oliveira, R. F., Silva, A., & Canario, A. V. (2009). Why do winners keep winning? Androgen mediation of
winner but not loser effects in cichlid fish. Proceedings of the Royal Society B: Biological
Sciences, 276(1665), 2249-2256. https://doi.org/10.1098/rspb.2009.0132

Paoli, T., Palagi, E., & Tarli, S. M. B. (2006). Reevaluation of dominance hierarchy in bonobos (Pan
paniscus). American Journal of Physical Anthropology, 130(1), 116-122.
https://doi.org/10.1002/ajpa.20345

Parish, A. R. (1994). Sex and food control in the “uncommon chimpanzee”: how bonobo females overcome
a phylogenetic legacy of male dominance. Ethology and Sociobiology, 15(3), 157-179.
https://doi.org/10.1016/0162-3095(94)90038-8

Parish, A. R. (1996). Female relationships in bonobos (Pan paniscus). Human Nature, 7(1), 61-96.
https://doi.org/10.1007/BF02733490

Pennec, F., Gérard, C., Meterreau, L., Monghiemo, C., Ngawolo, J. C. B., Laurent, R., & Narat, V. (2020).
Spatiotemporal Variation in Bonobo (Pan paniscus) Habitat Use in a Forest-Savanna Mosaic.
International Journal of Primatology, 41(6), 775-799. https://doi.org/10.1007/s10764-020-00180-5

41



Perlin, K. (2002). Improving noise. In Proceedings of the 29th annual conference on Computer graphics and
interactive techniques (pp. 681-682). https://doi.org/10.1145/566570.566636

Plana, V. (2004). Mechanisms and tempo of evolution in the African Guineo-Congolian rainforest.
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences,
359(1450), 1585-1594. https://doi.org/10.1098/rsth.2004.1535

Prifer, K., Munch, K., Hellmann, 1., Akagi, K., Miller, J. R., Walenz, B., Koren, S., Sutton, G., Kodira, C.,
Winer, R., Knight, J. R., Mullikin, J. C., Meader, S. J., Ponting, C. P., Lunter, G., Higashino, S.,
Hobolth, A., Dutheil, J., Karakog, E., ... Péddbo, S.. (2012). The bonobo genome compared with the
chimpanzee and human genomes. Nature, 486(7404), 527-531. https://doi.org/10.1038/nature11128

Riedel, J., Franz, M., & Boesch, C. (2011). How feeding competition determines female chimpanzee
gregariousness and ranging in the Tai National Park, Cote d'lvoire. American Journal of
Primatology, 73(4), 305-313. https://doi.org/10.1002/ajp.20897

Rozendaal, D. M. A, Phillips, O. L., Lewis, S. L., Affum-Baffoe, K., Alvarez-Davila, E., Andrade, A.,
Aragdo, L. E. O. C., Araujo-Murakami, A., Baker, T. R., Banki, O., Brienen, R. J. W., Camargo, J.
L. C., Comiskey, J. A., Djuikouo Kamdem, M. N., Fauset, S., Feldpausch, T. R., Killeen, T. J.,
Laurance, W. F., Laurance, S. G. W., ... Vanderwel, M. C.. (2020). Competition influences tree
growth, but not mortality, across environmental gradients in Amazonia and tropical Africa. Ecology,
101(7). https://doi.org/10.1002/ecy.3052

Ryu, H., Hill, D. A., & Furuichi, T. (2015). Prolonged maximal sexual swelling in wild bonobos facilitates
affiliative interactions between females. Behaviour, 152. https://doi.org/10.1163/1568539X-
00003212

Sanz, C. M., & Morgan, D. B.. (2013). Ecological and social correlates of chimpanzee tool use.
Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1630), 20120416.
https://doi.org/10.1098/rsth.2012.0416

Serckx, A., Kuhl, H. S., Beudels-Jamar, R. C., Poncin, P., Bastin, J.-F., & Huynen, M.-C.. (2015). Feeding
ecology of bonobos living in forest-savannah mosaics: Diet seasonal variation and importance of
fallback foods. American Journal of Primatology, 77(9), 948-962. https://doi.org/10.1002/ajp.22425

Stevens, J. M., Vervaecke, H., De Vries, H., & Van Elsacker, L. (2006). Social structures in Pan paniscus:
testing the female bonding hypothesis. Primates, 47(3), 210-217. https://doi.org/10.1007/s10329-
005-0177-1

Stevens, J. M., Vervaecke, H., De Vries, H., & van Elsacker, L. (2007). Sex differences in the steepness of
dominance hierarchies in captive bonobo groups. International Journal of Primatology, 28(6), 1417-
1430. https://doi.org/10.1007/s10764-007-9186-9

Surbeck, M., & Hohmann, G. (2013). Intersexual dominance relationships and the influence of leverage on
the outcome of conflicts in wild bonobos (Pan paniscus). Behavioral Ecology and
Sociobiology, 67(11), 1767-1780. https://doi.org/10.1007/s00265-013-1584-8

Surbeck, M., Girard-Buttoz, C., Samuni, L., Boesch, C., Fruth, B., Crockford, C., ... & Hohmann, G. (2021).
Attractiveness of female sexual signaling predicts differences in female grouping patterns between
bonobos and chimpanzees. Communications biology, 4(1), 1-11. https://doi.org/10.1038/s42003-021-
02641-w

Takemoto, H., Kawamoto, Y., & Furuichi, T. (2015). How did bonobos come to range south of the Congo
River? Reconsideration of the divergence of Pan paniscus from other Pan populations. Evolutionary
Anthropology: Issues, News, and Reviews, 24(5), 170-184. https://doi.org/10.1002/evan.21456

Te Boekhorst, I. J. A., & Hogeweg, P. (1994a). Self-Structuring in Artificial "Chimps" Offers New
Hypotheses for Male Grouping in Chimpanzees. Behaviour, 130(3-4), 229-252.
https://doi.org/10.1163/156853994x00541

Te Boekhorst, I. J. A., & Hogeweg, P. (1994b). Effect of tree size on travel band formation in orang-utans:
data analysis suggested by a model study. In Brooks, R., & Maes, P. (Eds). Artificial life. MIT Press.

42



Thompson, M. E., & Wrangham, R. W. (2008). Diet and reproductive function in wild female chimpanzees
(Pan troglodytes schweinfurthii) at Kibale National Park, Uganda. American Journal of Physical
Anthropology: The Official Publication of the American Association of Physical Anthropologists,
135(2), 171-181. https://doi.org/10.1002/ajpa.20718

Tokuyama, N., & Furuichi, T. (2016). Do friends help each other? Patterns of female coalition formation in
wild bonobos at Wamba. Animal Behaviour, 119, 27-35.
https://doi.org/10.1016/j.anbehav.2016.06.021

Uwimbabazi, M., Rothman, J. M., Basuta, G. I., Machanda, Z. P., Conklin-Brittain, N. L., & Wrangham, R.
W. (2019). Influence of fruit availability on macronutrient and energy intake by female
chimpanzees. African journal of ecology, 57(4), 454-465. https://doi.org/10.1111/aje.12636

Uwimbabazi, M., Raubenheimer, D., Tweheyo, M., Basuta, G. 1., Conklin-Brittain, N. L., Wrangham, R. W.,
& Rothman, J. M.. (2021). Nutritional geometry of female chimpanzees (Pan troglodytes). American
Journal of Primatology, 83(7). https://doi.org/10.1002/ajp.23269

Van Leeuwen, K. L., Matsuzawa, T., Sterck, E. H. M., & Koops, K. (2020). How to measure chimpanzee
party size? A methodological comparison. Primates, 61(2), 201-212. https://doi.org/10.1007/s10329-
019-00783-4

Vervaecke, H., De Vries, H. A. N., & Van Elsacker, L. (2000). Dominance and its behavioral measures in a
captive group of bonobos (Pan paniscus). International Journal of Primatology, 21(1), 47-68.
https://doi.org/10.1023/A:1005471512788

Wakefield, M. L. (2008). Grouping patterns and competition among female Pan troglodytes schweinfurthii at
Ngogo, Kibale National Park, Uganda. International Journal of Primatology, 29(4), 907-929.
https://doi.org/10.1007/s10764-008-9280-7

Wakefield, M. L. (2013). Social dynamics among females and their influence on social structure in an East
African chimpanzee community. Animal Behaviour, 85(6), 1303-1313.
https://doi.org/10.1016/j.anbehav.2013.03.019

Wantia, J., Datwyler, M., & Hemelrijk, C. (2003). Female Co-Dominance in a Virtual World: Ecological,
Cognitive, Social and Sexual Causes. Behaviour, 140(10), 1247-1273.
https://doi.org/10.1163/156853903771980585

Watts, D. P. (2012). Long-term research on chimpanzee behavioral ecology in Kibale National Park,
Uganda. In Kappeler, P., & Watts, D. (Eds). Long-term field studies of primates. Springer. 313-338.
https://doi.org/10.1007/978-3-642-22514-7_14

Watts, D. P., & Mitani, J. C. (2001). Boundary patrols and intergroup encounters in wild chimpanzees.
Behaviour, 299-327. https://www.jstor.org/stable/4535825

White, F. J. (1988). Party composition and dynamics in Pan paniscus. International Journal of Primatology,
9(3), 179-193. https://doi.org/10.1007/BF02737400

White, F. J. (1998). Seasonality and socioecology: the importance of variation in fruit abundance to bonobo
sociality. International Journal of Primatology, 19(6), 1013-1027.
https://doi.org/10.1023/a:1020374220004

White, F. J., & Wood, K. D. (2007). Female feeding priority in bonobos, Pan paniscus, and the question of
female dominance. American Journal of Primatology: Official Journal of the American Society of
Primatologists, 69(8), 837-850. https://doi.org/10.1002/ajp.20387

White, F. J., & Wrangham, R. W. (1988). Feeding competition and patch size in the chimpanzee species Pan
paniscus and Pan troglodytes. Behaviour, 105(1-2), 148-164.
https://doi.org/10.1163/156853988x00494

Williams, J. M., Hsien-Yang, L., & Pusey, A. E. (2002). Costs and benefits of grouping for female
chimpanzees at Gombe. In C. Boesch, G. Hohmann, & L. F. Marchant (Eds.) Behavioural diversity
in chimpanzees and bonobos. Cambridge University Press. 192-203.

43



Wilson, M. L., Boesch, C., Fruth, B., Furuichi, T., Gilby, I. C., Hashimoto, C., Hobaiter, C. L., Hohmann,
G., Itoh, N., Koops, K., Lloyd, J. N., Matsuzawa, T., Mitani, J. C., Mjungu, D. C., Morgan, D.,
Muller, M. N., Mundry, R., Nakamura, M., Pruetz, J., ... Wrangham, R. W. (2014). Lethal
aggression in Pan is better explained by adaptive strategies than human impacts. Nature, 513(7518),

414-417. https://doi.org/10.1038/nature13727

Wrangham, R. W. (2002). The cost of sexual attraction: is there a trade-off in female Pan between sex
appeal and received coercion? In Boesch, C., Hohmann, G. & Marchant, L. F. (Eds.). Behavioural

Diversity In Chimpanzees And Bonobos. Cambridge University Press. 204-215.

Wrangham, R. W., & Peterson, D. (1996). Demonic males: Apes and the origins of human violence.
Houghton Mifflin Harcourt.

Yamakoshi, G. (2004). Food seasonality and socioecology in Pan: are West African chimpanzees another
bonobo? African Study Monographs, 25(1), 45-60. https://doi.org/10.14989/68227

44



