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Abstract: The individual-based model GrooFiWorld proposes a parsimonious theory explaining the complex
behaviour of macaque societies. It suggests that the socio-spatial structure of the group underlies the emer-
gence of complex behaviour. A spatial structurewith dominants at the center and subordinates at the periphery
emerges due to aggression. This structure influences the distribution of social interactions: individuals interact
more with close-by partners and thus several behavioural patterns emerge. In GrooFiWorld, however, individ-
uals have no preferential interactions; whereas in primates, individuals prefer interactions with ’friends’. The
distribution of interactions, then, may be influenced by ’friendships’ rather than spatial structure. To study
this, here, we omitted space from the model and investigated the e�ects of ’friendships’ on the emergence of
social behaviour and network structure. Results show that ’friendships’ promote cooperation but fail to pro-
duce other patterns characteristic of macaques. This highlights the importance that spatial structuremay have
in structuring macaque societies.
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Introduction

1.1 Scientists have for a long time puzzled over the proximate mechanisms underlying complex social behaviour
and social structure of group-living animals. Group-living is assumed to have evolved due to the benefits indi-
viduals gain doing so, e.g. lower risks of predation (Crook et al. 1976). Obviously, when individuals live in groups
they are forced to interact with their groupmembers. From these interactions emerge patterns that seemmore
consistent within a group (or species) than between groups (or species). This patterning of interactions is com-
monly used to characterize the social structure of a group (Hinde & Stevenson-Hinde 1976). The social structure
of a group or species may be constrained by ecological or genetic factors (Chapman & Rothman 2009; Crook
et al. 1976; Di Fiore & Rendall 1994; Shultz et al. 2011). The macaque system is one of the best examples of
an animal genus where social structure seems to be constrained by genetic/epigenetic factors (Thierry 2004).
This genus comprises approximately twenty di�erent species that, according to their social structure, can be
arranged on a continuum from extremely despotic to extremely egalitarian (Thierry 2004). Social structure of
despotic species is characterized by a steep dominance hierarchy, unidirectional conflicts, fierce aggression,
high relative dominance of females to males, low frequency of reconciliation, frequent a�iliation among kin,
etc. Social structure of egalitarian species, on the contrary, is characterized by a shallow dominance hierar-
chy, bidirectional conflicts, mild aggression, low relative dominance of females to males, frequent reconcilia-
tion, and frequent a�iliation among all groupmembers (Thierry 2004). Despite these di�erences, in egalitarian
and despotic species individuals seem to cooperate by reciprocating and/or interchanging social services, e.g.
grooming and support in fights (Schino 2007; Schino & Aureli 2008). At an ultimate level, reciprocation and
interchange are explained through kin selection (Hamilton 1964) and reciprocal altruism (Trivers 1971). At the
proximate level, however, the mechanisms underlying these patterns are still controversial and di�erent cog-
nitive theories have been developed to explain them e.g. calculated reciprocity, symmetry-based reciprocity,
emotional bookkeeping (for a review of these theories see: Brosnan & de Waal (2002).
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1.2 Recently, we have shown, in an individual-basedmodel that self-organization and simple behavioural rules suf-
fice to generate patterns of complex social behaviour like those described in egalitarian and despotic societies
of macaques (Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009). In the model, called GrooFiWorld,
individuals are free tomove in space, but tend to remain in a group. When close-by, they interact by either fight-
ing or grooming. Individuals fight if the risks of losing the fight are low, otherwise they may decide to groom,
especially when anxious. With these simple behavioural rules, the model reproduces aggressive and a�iliative
patterns such as those described in macaques: individuals reciprocate grooming and support in fights, inter-
change grooming for the receipt of support and support for the receipt of grooming, reconcile and console
fights, and reconcile and console more with those partners with whom they groom themost, i.e. their ’friends’
(Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2014, 2009). In addition, by changing ’intensity of ag-
gression’ from low to high, patterns change from those resembling egalitarian to those resembling despotic
macaque species. The dominance hierarchy becomes steeper and aggression unidirectional; the degree of re-
ciprocation of grooming decreases; relative dominance of females to males is higher; grooming is directed up
the dominance hierarchy and towards individuals of similar rank; and reconciliation is less frequent (Hemelrijk
& Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009).

1.3 In GrooFiWorld, these patterns emerge due to the spatial structure which in turn is a consequence of aggres-
sion. Dominant individuals win most of their fights and chase away subordinates. Consequently, dominants
appear to have a spatially central position whereas subordinates remain at the periphery of the group. Since
individuals interact with those in their proximity, the spatial configuration influences the distribution of their
social interactions. Individuals interact more with close-bymembers and this results in the emergence of com-
plex behavioural patterns (Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2014, 2009). Spatial centrality
of dominants, however, is di�erent at high than at low intensity of aggression. Whereas at high intensity there
is a significance correlation between spatial centrality and dominance rank, at low intensity this correlation is
non-significant (Puga-Gonzalez et al. 2009). This is due to the distribution of aggression among group mem-
bers. At high intensity of aggression, aggression is unidirectional, from dominants to subordinates: dominants
chase away subordinates andendup in the centre of the group. In contrast, aggression is bidirectional at low in-
tensity, i.e. subordinates may counter-attack dominants. Hence, the spatial structure becomesmore dynamic.
Dominants chase away subordinates but subordinates counter-attack themand thus, centrality of dominants is
less pronounced. Yet, at both intensities of aggression the spatial structure is crucial for the emergence of com-
plex behaviour because when interactions occur at randommost behavioural patterns disappear (Hemelrijk &
Puga-Gonzalez 2012; Puga-Gonzalez et al. 2014, 2009).

1.4 GrooFiWorld, then, suggests that in macaque societies, the spatial structure (in combination with simple be-
havioural rules) may underlie patterns of complex behaviour (Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez
et al. 2014, 2009). In support of this is the fact that, besides resembling behavioural patterns, themodel also re-
sembles the structure of the social networks observed in empirical data of despotic and egalitarian macaques
(Puga-Gonzalez & Sueur, unpublished data). As group size increases the density of the networks decreases
and the modularity and centralization increase, as observed in societies of primates (Kasper & Voelkl 2009;
Pasquaretta et al. 2014; Sueur et al. 2011c). Further, di�erences between the social networks emerging from
high and low intensity of aggression are in the same direction as those found between social networks from
despotic and egalitarian macaques. At high compared to low intensity of aggression individuals are more se-
lective in their interactions: network density is lower, modularity is higher, the network is more centralized,
and dominants are more central in the network (Pasquaretta et al. 2014; Sueur et al. 2011a). These results give
further support to the hypothesis that spatial structure is a potential mechanism giving rise to complex social
behaviour in societies of macaques, and indicate the importance of aggression shaping this spatial structure.

1.5 Yet, in GrooFiWorld individuals have no preference with whom they associate; instead, it is the spatial struc-
ture that influences with whom the individuals interact. In primates societies in contrast, it seems that indi-
viduals form long lasting associations with some partners rather than with others (Jaeggi et al. 2013; Sabbatini
et al. 2012). This suggests that in primates the distribution of social interactions is influenced by the establish-
ment of ’social bonds’ or ’friendships’; where ’friendship’ refers to the positive social bond that may develop
between individuals that groom themost (Massen et al. 2010; Silk 2007, 2002). Research in this area has shown
that ’friendships’ seem beneficial for the individual because the more ’friends’ an individual has, the better its
survival chances (Berghänel et al. 2011; Silk et al. 2003), and the greater its influence in collective-movement
decisions (Sueur & Petit 2008; Sueur et al. 2011b, 2012). In light of this, we have recently implemented amecha-
nism in the GrooFiWorldmodel in which individuals categorize others as ’friends’ or ’non-friends’, and in which
they actively seek proximity to their ’friends’ (Puga-Gonzalez et al. 2015). We showed that seeking proximity to
’friends’ reinforced cooperation among ’friends’, i.e. patterns of reciprocation and interchange (Puga-Gonzalez
et al. 2015). In this themodel, however, the reinforcementof cooperation seemed toemerge fromacombination
of the e�ects of the spatial structure and those of ’friendships’ on the distribution of interactions: aggression
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shaped the spatial structure and ’friendships’ reinforced it because individuals established ’friendships’ with
those in their proximity. Thus, it remained unresolved whether ’friendships’ alone are capable of generating a
social structure that produces complex social behaviour as that observed inmacaques. In order to disentangle
the e�ects of spatial structure and ’friendships’, in the present study we investigate the e�ects of ’friendships’
alone in a new version of the GrooFiWorld model called ’REAPER’ (reinforcement of a�iliative preferences).

1.6 In ’REAPER’ we omit the e�ects of spatial proximity on social interactions and let individuals develop a prefer-
ence to interact with their ’friends’, i.e. those with whom they groom the most (grooming given and received)
(Massen et al. 2010; Silk 2002). This implies that in the model ’friends’ may have imbalance grooming relation-
ships, i.e. an individual giving more grooming than receiving it or vice versa. Note, that we could have defined
as ’friends’ those individuals with a balance grooming relationship; however, because this automatically im-
plies some degree of reciprocation, and reciprocation is one of the patterns we expect to emerge in themodel,
we preferred not to do so. At the beginning of the simulation, individuals select interaction partners at random.
However, as interactions go by, individuals start selecting predominantly their ’friends’ as interaction partners
(Equation 1 in methods). This mechanism produces a social structure that emerges via a�iliation instead of
aggression. Our aim is to study the consequences of this social structure on the emergence of complex be-
havioural patterns (i.e. patterns of dominant style, of a�iliation, and of coalitions) and on the structure of the
social networks. Importantly, for reasons of comparison, a�er selecting an interaction partner individuals fol-
low the samebehavioural rules as in GrooFiWorld: individuals fight if the risks of losing are low; otherwise, they
consider grooming. Further, in order to mimic steep and shallow dominance hierarchies, as in egalitarian and
despotic macaques respectively, we run simulations at high and low intensity of aggression. Our expectations
are as follow. Di�erentiated social relationships will emerge via ’friendships’. This will result in the emergence
of patterns of reciprocation and interchange of grooming and support because some individuals will preferen-
tially interact more with some than with others. At high intensity of aggression, due to the steep dominance
hierarchy, we expect some degree of female dominance overmales, grooming directed up the dominance hier-
archy and towards individuals of similar rank, and uni-directional aggression (Hemelrijk & Puga-Gonzalez 2012;
Puga-Gonzalez et al. 2009). As regards social networks, if the structure is similar to that ofmacaques, we expect
that at high compared to low intensity of aggression, networks will be less dense and more modular; and that
dominant individuals will have a higher network centrality (Pasquaretta et al. 2014; Sueur et al. 2011a). As re-
gards the e�ects of group size, we expect that as group size increases the density of the networks will decrease
and that the modularity and centralization of the networks will increase (Kasper & Voelkl 2009; Pasquaretta
et al. 2014; Sueur et al. 2011b).

Methods

Themodel

2.1 Themodelwaswritten in theNetLogo so�wareplatform, version 5.3 (Wilensky 1999). Themodel is event-driven
and events have no relation with time. Thus, all grooming and fighting interactions are considered of the same
duration. In order to compare models, the new version of the model is the same as the previous version of
GrooFiWorld, except that in this version we omit the e�ects of space (see below). Here we mainly focus on
the description of the "REAPER" model. For a full description of GrooFiWorld we refer to our previous studies
(Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009).

Selection of interaction partners

2.2 To study the e�ects of ’friendships’ on the distribution of social interactions, the selection of interaction part-
ners was based on the amount of grooming interchanged (grooming given and received). This is in accordance
with the definition of ’friends’ in primate literature (Massen et al. 2010; Silk 2002). Individuals are activated in
a random order and they select an interaction partner based on the probability given by Equation 1. Where Pij

is the probability of individual i interacting with partner j;Gij is the number of grooming bouts interchanged
between individual i and j; and the denominator is the sum of the number of grooming bouts individual i has
interchanged with every group member. α determines the degree of non-linearity in the probability of select-
ing a given partner, the higher the value of α, the higher the tendency of individuals to interact with their most
frequent grooming partners, i.e. ’friends’. At the beginning of the simulation, individuals select interaction part-
ners at random since all individuals have the same probability of being chosen (no grooming interactions have
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occurred). However, as interactions go by, individuals will tend to select more frequently their ’friends’ as in-
teraction partners (Figure 1). Note that Equation 1 does not imply reciprocal friendship relationships, i.e. if
individual i prefers to interact mostly with individual j, this does not necessarily mean that individual j also
prefers to interact with individual of i. A�er selecting an interaction partner, individuals follow the same inter-
actions rules as in GrooFiWorld, they first decide whether they want to fight or not, if they decide not to fight,
then they decide whether grooming or not its partner.

Pij =
G∝ij∑N−1

a6=i G
∝
ia

(1)

Fighting interactions

2.3 Fighting interactions are modelled as in Hemelrijk (1999) and are an extension of the DoDom rules of Hogeweg
(1988). Each individual has a dominance value, Dom (Table 1), which represents its capacity to win. A fighting
interaction takes place only if an individual expects to be victorious, i.e. individuals avoid risks. These risks are
estimatedbymeansof a ’mental battle’, i.e. a representationof a real fight. Duringa ’mental battle’ an individual
i compares its dominance value (Domi) relatively to that of his opponent j (Domj) to a random value drawn
from a uniform distribution between zero and one (Equation 2). This process may be repeated once or several
times depending on the degree of sensitivity to risks (RiskSens, Table 1). In the current simulationRiskSens
is set to 2, thus individuals have to win a mental battle twice before engaging in a real dominance interaction.

wi =

{
1 DOMi

DOMi+DOMj
> RND(0, 1)

0 else
(2)

2.4 If in both ’mental battles’ individual i expects to be victorious, then a real fight interaction occurs. The outcome
of the real fight is again decided according to Equation 2. To reflect self-reinforcing e�ects of victory and defeat
(Barchas & Mendoza 1984; Franz et al. 2015; Hsu & Wolf 1999), dominance values are updated by increasing
the dominance value of the winner and decreasing that of the loser by the same amount (Equation 3). This
positive feedback is ’dampened’ because a victory of a higher ranking opponent increases its relative Dom-
value only slightly, whereas a victory of a lower ranking individual increases its relative dominance value by a
greater change. To keep Dom-values positive, their minimum value is, arbitrarily, set at 0.01.

DOMi = DOMi +

(
wi −

DOMi

DOMi +DOMj

)
∗ STEPDOM

DOMj = DOMj +

(
wi −

DOMj

DOMi +DOMj

)
∗ STEPDOM

(3)

2.5 The change in Dom-values is multiplied by a scaling factor, StepDom (Table 1), which represents intensity of
aggression (Hemelrijk 1999). StepDom values range from 0 to 1. High values indicate fierce aggression and
cause a big change inDom-values a�er a fight. Low values represent mild aggression and have a lower impact
inDom-values.

Coalitions

2.6 As inourprevious studies, coalitionswere recordedwhen twodi�erent individuals attack the same target in two
consecutive activations (Hemelrijk & Puga-Gonzalez 2012). Where the individual attacked twice is the target of
the coalition, the individual attacking the first time is the recipient of support and the individual attacking the
second time the supporter.

Grooming interactions

2.7 When individuals ’decide’ not to fight; then, they consider whether or not to groom their partner. Grooming is
induced by the level of Anxiety (Table 1), which ranges from very relaxed to very tense, i.e. on a scale from 0 to
1. Individuals groom their partners if their level of Anxiety is higher than a random number between 0 and 1;
otherwise, they do nothing. The stochastic e�ect is introduced to allow for errors in decisions. As indicated by
empirical studies, grooming (given and received) reduces anxiety and thus the tendency to groom
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(Aureli et al. 1999; Shutt et al. 2007; Troisi et al. 1989). It does somore strongly in the groomee (AnxDcrGree) than
in the groomer (AnxDcrGrmr) (Table 1). Duringperiodswithout grooming, individuals increase theirAnxietywith
AnxInc (Table 1) and thus, their motivation to groom as demonstrated in empirical studies (Graves et al. 2002;
Keverne et al. 1989; Martel et al. 1995). Further, because in primates anxiety increases a�er a fight (Aureli et al.
2002); in the model, Anxiety increases as well in both opponents a�er a fight (AnxIncFight, Table 1).

Parameter Description Females Males

General Parameters
Sex ratio at high intensity Percentage of individuals 80% 20%
Sex ratio at low intensity Percentage of individuals 70% 30%
Alpha (α) Degree of selectivity of interaction partners 1.0-1.5

Dominance Parameters
InitDom Initial Dom value 16 32
RiskSens Number of ’mental battles’ 2 (Equation 2)
StepDom (high intensity) Scaling factor for aggression intensity 0.8 1
StepDom (low intensity) Scaling factor for aggression intensity 0.08 0.1

Grooming Parameters
InitAnx Initial anxiety value 0.5 0.5
AnxInc Increase in anxiety a�er every activation 1% 1%
AnxDcrGree Decrease of anxiety of groomee 0.15 0.15
AnxDcrGrmr Decrease of anxiety of groomer 0.1 0.1
AnxIncFight Increase of anxiety a�er fighting 0.1 0.1

Table 1: Default value of parameters in the model.

Model parameters

2.8 All parameters’ valueswerekept thesameas inprevious studies (Hemelrijk&Puga-Gonzalez2012;Puga-Gonzalez
et al. 2009). Note that intensity of aggression (StepDom, Table 1) di�ers between dominance styles. This value
ranges between 0 and 1. The higher the value of StepDom, the bigger the change in the dominance values of
individuals a�erwinning or losing a fight. At high intensity of aggression, StepDom is set to 1.0 formales and 0.8
to females; and at low intensity of aggression to 0.1 and 0.08 for males and females respectively (Table 1). This
reflects the tendency of individuals in despotic societies to bite and physically attack more than in egalitarian
ones (Hemelrijk 1999; Thierry 2004). The di�erence in intensity of aggression between males and females (fe-
males’ StepDom is 80% that ofmales) reflects sexual dimorphism (i.e. strongermusculature and fighting power
fromdi�erences in bodyweight and physiology). For the same reason, initial dominance values for females are
set at 16 and formales at 32 (Hemelrijk 1999). Furthermore, since in empirical studies the percentage of females
is lower in egalitarian (∼70%) than in despoticmacaques (∼80%), in themodelwe set this sex ratio accordingly
at low and high aggression intensity. To study the e�ects of group size on social networks, we chose five di�er-
ent groups sizes: n =10, 20, 30, 40, 50. Values of α, i.e. the degree of selectivity of interaction partners, were
varied between 1.0-1.5 by increments of 0.1 (Table 1). For each combination of group size (n =10, 20, 30, 40,
50), intensity of aggression (high or low), and α (1.0-1.5 by increments of 0.1) we ran 20 replicates. Thus, we
ran a total of 1.200 simulations. The results shown here are the averages of 20 simulations per combination of
parameters’ set. Note, however, that due to space constraints here we only reported the results for each com-
bination of group size and intensity of aggression with a value of α = 1.3. We considered pertinent to choose
this value of alpha because from the primate literature it is known that individuals usually have approx. 5 pre-
ferred interaction partners (Sueur et al. 2011a); and with this value of alpha individuals allocated>50% of their
interaction time to their top 5 interaction partners at all values of group size. Note, however, that all results of
social network analyses andmost of the behavioural patterns analyses remained qualitatively the same for all
other values of α.

Data collection

2.9 Every run consisted of 260 periods and each period consisted of (GroupSize ∗ 8) activations. We chose 8 activa-
tions because we want to compare results with GrooFiWorld and in GrooFiWorld individuals interact approx. 8
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times per period. Data were collected from period 200 onwards to exclude any bias caused by transient values.
For the social network analysis, we collected data from 3,000 individual activations. We chose this value since
it has been shown that a minimum of 2,000 observations is necessary to obtain meaningful network statistics
and because higher values would increase network density beyond values observed in empirical data (Voelkl
et al. 2011). Data collection consisted of every social interaction: dyadic fights, coalitions, and grooming be-
haviour. We recorded, for fighting interactions the identities of (1) the attacker and its opponent, (2) that of the
winner/loser, (3) the updated Dom values of the individuals; for coalitions, identities of (4) target, (5) recipient
of support, and (6) supporter; and for grooming interactions, the identities of (7) groomer, (8) the groomee, and
(9) the updated Anxiety values.

Analyses of socio-behavioural patterns

2.10 Analyses of social behaviourwere performedonly among females for reasons of comparison. In both, empirical
studies and GrooFiWorld, the focus of study is usually females. The hierarchical di�erentiation among females
was measured by the coe�icient of variation of Dom values among individuals and this was averaged over 20
runs. Higher values indicate greater rank distances between individuals (Hemelrijk 1999). The degree of fe-
male dominance wasmeasured as the relative position of females over males in the dominance hierarchy. It is
calculated by means of the standardized Mann-Whitney-U-Value (Hemelrijk et al. 2003): The number of males
ranking below each female is counted; then, the value of the statistic is computed as the sum of these counts,
divided by the maximum possible value for a specific sex ratio and group size. Female dominance ranges from
0 (no female dominant over a male) to 1 (all females dominant over all males). The percentage of coalitions
was calculated as the total number of coalitions divided by the total number of fights. Correlations between
the distribution of grooming, aggression and support among individuals were computed by means of the ma-
trix Tau-Kr correlation, as described by Hemelrijk (1990). The level of significance was calculated using 2000
permutations. Matrices of support were corrected for opportunity (number of fights) to support each partner.
We tested for reciprocity of grooming and support in fights; for uni-directionality of aggression; and for inter-
changeofgroomingandsupportbycorrelatinganactorand receivermatrixwith theTau-Kr correlation. Further,
whether groomingwasdirectedup thedominancehierarchy or towards partners of similar rankwas computed,
respectively, by correlating the grooming givenmatrix with thematrix of the rank of partners and thematrix of
partners of similar rank (filled with zeros apart from the partners closest and second closest in rank, which are
indicated as 1’s). The rank of individuals was calculated as the average Dom value of each individual during the
data collection period. Individuals with high ordinal ranks are individuals with high dominance.

Analyses of social networks

2.11 Social network analyses (SNA) were performed using R statistical so�ware, version 3.2.2 (2015) and packages
SNA (Butts 2008) and igraph (Csárdi & Nepusz 2006). From the collected data, we constructed directed matri-
ces of grooming given. Values in the cell of the matrices were the absolute frequencies of grooming given from
the actor (rows) to the receiver (columns). These directed matrices were either used as such or transformed
to adjacency graphs with the igraph package; then, the analysis of social networks was performed. In order to
compare with previous findings in empirical data, we calculated the following network metrics.
Density: the number of observed edges divided by the number of possible edges (n2 − n where n is equal to
group size).
Modularity: the di�erence between the proportion of the total association of individuals within clusters (i.e.
subgroups) and the expected proportion, given the summed associations of the di�erent individuals (Newman
2004). The coe�icient value ranges from 0 to 1: the higher the value, the higher the division of the network in
di�erent clusters or subgroups. Thus, highmodularitymeans a high number of contactswithin a subgroup, but
few contacts between subgroups and lowmodularity means a homogeneous distribution of contacts between
all groupmembers.
Individual eigenvector centrality: it is ameasure of the centrality of an individual within the network. It is calcu-
lated by taking into account not only the number and strengths of connections of the individual but also those
of the partners to which it is connected. Since we used directed matrices for the analysis, a high eigenvector
centrality means that an individual received and had strong connections to other individuals who themselves
received grooming frequently (Whitehead 2008).
Average eigenvector coe�icient of the group: the average of individual’s eigenvector centrality coe�icients per
group.
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Centralization indexes: for each network, we calculated two di�erent centralization indexes. Centralization in-
dex A (CIA)was equal to the di�erence between the eigenvector centrality coe�icient of the top-ranking individ-
ual of the group and the average eigenvector centrality coe�icient of the rest of the groupmembers (Sueur et al.
2011a). It ranges between -1 and 1. It is close to 0 for networks where all individuals would have equal relation-
ships, and 1 for networks where individuals would have social relationships only with the top-ranking individ-
ual. Centralization index B (CIB)was calculated according to Equation 4, whereCmax is the highest eigenvector
centrality in the group andMax is the value obtained if the network were a star, i.e. the highest centralization
possible (Pasquaretta et al. 2014). Hence, thehighest theCIB value themore centralized is thenetwork around
one or several individuals.

CIB = 100 ∗
∑n

i (cmax − ci)

Max
∑n

i (cmax − ci)
(4)

In addition, we calculated the Spearman rank correlation coe�icient between the individual’s eigenvector cen-
trality and the individual’s hierarchical rank. A positive significant correlation indicates a centralization of dom-
inant individuals in the network.

Statistical analyses of social networks

2.12 All analyses were performed in R statistical so�ware version 3.2.2 (2015). We analysed the e�ects of group size
and intensity of aggression on eachnetworkmetric. To do so, webuilt General LinearMixedModels (GLMM). For
all metrics, we used Gaussian distributions and identity link functions except for modularity. We transformed
the values of density since otherwise the assumption of a normal distribution of the residuals was not met
(Box-cox transformation, see: Peltier et al. 1998. As regards the analysis of values ofmodularity, due to the high
frequency of zero values at low group sizes, we built two di�erent GLMMs. First, wemodelled the zero and non-
zero data using a binomial distributionwith a logit link function. Thenwemodelled the non-zero data (n =168)
using a gamma distribution with a log link function. We chose a gamma distribution due to the highly negative
skewness in the distribution of the modularity values. In all models, we included group size and intensity of
aggression (high intensity as reference category) as predictors variables. We checked for multicollinearity of
the predictor variables by calculating the variance inflation factor (vif ). In all cases, the predictor variables had
a vif value of 1.000, indicating, thus, that the predictor variables were not correlated.

Results

Selection of interaction partners

3.1 As showed in Figure 1, individuals were selective when choosing their interaction partners and the higher the
value of α, the higher their degree of selectivity. Due to space constraints, the results presented in Sections
3.2 and 3.3 correspond to simulations run with an alpha (α) value= 1.3 (see Model parameters in methods for
further clarification).

Patterns of dominant style, a�iliation and coalitions

3.2 In the ’REAPER’ model, most patterns of dominant style, a�iliation and coalitions resembled those previously
found in empirical data and GrooFiWorld (Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009); some
patterns, however, di�ered (Table 2). At high intensity of aggression, for instance, aggression was bidirectional
rather than uni-directional (2 in Table 2) and grooming was not more o�en directed to others of similar rank
than to those of distant rank (6 in Table 2). In addition, at low intensity of aggression, most correlations be-
tween grooming given and support received and vice versa did not reach statistical significance (9, 10 in Table
2). Similarly, at high intensity of aggression, two correlations between support given and groom received were
not significant (10 in Table 2). The REAPER model, thus, failed to reproduce some of the typical behavioural
patterns found in egalitarian and despotic societies of macaques and in the GrooFiWorld model.

JASSS, 20(3) 10, 2017 http://jasss.soc.surrey.ac.uk/20/3/10.html Doi: 10.18564/jasss.3450



Figure 1: Proportion of interaction time allocated to a specific partner at low and high intensity of aggression.
Proportions are averages over 20 simulations; from themost preferred, le�, to the least preferred partner, right.
Group size is 30 individuals. Only the first 15 top partners of each individual are shown since proportions drop
rapidly to zero a�er.

High intensity of Aggression Low intensity of Aggression
Group Size 10Ind 20Ind 30Ind 40Ind 50Ind 10Ind 20Ind 30Ind 40Ind 50Ind

Dominant Style
1) Gradient of the Hierar-
chy (CV)

0.79 0.66 0.71 0.78 0.73 0.09 0.08 0.08 0.08 0.08

2) Uni- (bi-) directional
aggression

0.46** 0.41** 0.33** 0.26** 0.25** 0.77** 0.71** 0.66*** 0.64*** 0.59***

3) Relative female domi-
nance

0.21 0.23 0.3 0.23 0.26 0 0 0 0 0

A�iliative Patterns
4) Reciprocity of Groom-
ing

0.61** 0.60*** 0.54*** 0.49*** 0.48*** 0.80*** 0.78*** 0.74*** 0.71*** 0.69***

5) Grooming up the hier-
archy

0.24** 0.18** 0.19** 0.21*** 0.20*** 0.01 0.02 0.01 0.01 0.01

6) Grooming partners of
similar rank rank

0.02 0.04 0.02 0.04 0.02* -0.07 -0.03 0 -0.01 0

Colation Patterns
7) Percentage of coali-
tions

12.7 7.5 5.2 4.1 3.2 9.1 5.9 4.2 3.1 2.5

8) Reciprocity of Support 0.40** 0.29** 0.15** 0.14** 0.11** 0.37** 0.18** 0.15** 0.08* 0.10**
9) Groom Given for Sup-
port Received

0.19* 0.09* 0.09** 0.08** 0.08** 0.02 0.04 0.05 0.01 0.03*

10) Support Given for
Groom Received

0.10 0.09 0.08** 0.07** 0.07** 0.08 0.07* 0.07* 0.02 0.03

Table 2: Dominance, a�iliation, and coalition patterns among females in the ’REAPER’ model. Results are av-
erages of twenty simulations, alpha (α =1.3). P-values are combined via the improved Bonferroni method: *
p <0.05, **p <0.01, ***p <0.001. In bold results that di�er from empirical data and the GrooFiWorld model
(Hemelrijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009)

Social networks analyses

3.3 Since in empirical studies the analysis of social networks concerned all individuals (males and females), the
results presented in this section concerned all individuals as well (males and females). In Figure 2, we present
a graphic description of the social networks emerging in the "REAPER" model.

E�ects of group size

3.4 Group size had a negative e�ect on 1) density, 2) average eigenvector of the group, and 3) centrality index B. As
group size increased the values of thesemetrics decreased (Figure 3; A-B, E in Table 3). Group size had no e�ect
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on the centralization index A and on the Spearman rank correlation coe�icient between rank and eigenvector
centrality (C-D in Table 3).

Figure 2: Examples of social networks emerging in the ’REAPER’model according to intensity of aggression and
group size. Networkswere built using Gephi so�ware (Bastian et al. 2009). "High" and "Low" indicate networks
from simulations at high and low intensity of aggression respectively. Nodes represent individuals and edges
represent directed grooming interactions; thicker edges indicate higher frequency of grooming bouts directed
towards an individual. Node size represents dominance rank, and colour indicates eigenvector centrality: the
bigger and darker the node, the greater the rank and eigenvector centrality of the individual.

Figure 3: Values of di�erent networks metrics according to intensity of aggression, group sizes, and alpha
(α)=1.3. Boxplots showmedian, interquartile range, andmin-max values of 20 simulations per parameter set.

E�ects of intensity of aggression

3.5 Compared to high intensity, low intensity of aggression had a positive e�ect on 1) density and 2) average eigen-
vector centrality (A-B in Table 3). Hence, at constant group sizes, networks emerging from simulations at low
intensity had higher density and higher average eigenvector centrality than networks emerging from simula-
tions at high intensity of aggression (Figure 3). In contrast, low intensity of aggression, had a negative e�ect
on the Spearman rank correlation coe�icient between dominance rank and eigenvector centrality, and both
centrality indexes, A and B (C-E in Table 3). At constant group sizes, simulations at low intensity of aggression
had lower values of the correlation coe�icient between dominance rank - eigenvector centrality and of central-
ization indexes A and B than simulations at high intensity (Figure 3).
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Modularity

3.6 Due to the high frequency of zero values ofmodularity at low group sizes (Figure 3), two di�erent GLMMmodels
were built (see methods). A GLMMmodel with binomial distribution and logit link function was built using the
zero-nonzero data. Thismodel showed that group size had a positive e�ect on the probability of finding a value
above 0 for modularity (Table 4). As group size increased the odds of finding a non-zero value increased. No
e�ect of intensity of aggression was found (Table 4). With the non-zero data (n =168), a GLMM model with
gamma distribution and log link function was built. Themodel showed that group size had a negative e�ect on
modularity. As group size increased the values ofmodularity decreased (Table 4, Figure 3). No e�ect of intensity
of aggression was found (Table 4).

Networkmetric Factor Coe�icient± SE t-value p-value

A) Density
Intercept -0.113±0.0139 -8.13 <0.001
Low intensity of Aggression 0.145±0.0109 13.31 <0.001
Group Size -0.035±0.0003 -92.04 <0.001

B) Average Eigenvector
Intercept 0.572±0.0118 48.333 <0.001
Low intensity of Aggression 0.174±0.0093 18.699 <0.001
Group Size -0.002±0.0003 -5.114 <0.001

C) Corr. coe�. rank – eigenvector centrality
Intercept 0.636±0.0269 23.69 <0.001
Low intensity of Aggression -0.328±0.0211 -15.56 <0.001
Group Size -0.002±0.0007 2.13 0.054

D) Centralization Index A
Intercept 0.173±0.0325 5.338 <0.001
Low intensity of Aggression -0.064±0.0254 -2.510 0.013
Group Size -0.0001±0.009 -0.018 0.986

E) Centralization index B
Intercept 69.923±1.780 39.272 <0.001
Low intensity of Aggression -23.434±1.397 -16.778 <0.001
Group Size -0.198±0.049 -4.019 <0.001

Table 3: Results of the GLMM model. Coe�icients and significance value of the predictors for each response
variable.

Model Factor Coe�icient± SE z-value p-value

Binomial logit link
Intercept 0.324±0.457 0.709 0.479
Low intensity of Aggression 0.314±0.398 0.788 0.431
Group Size 0.044±0.015 2.910 0.004

Gamma log link
Intercept -2.730±0.150 -18.238 <2.00E-16
Low intensity of Aggression 0.080±0.110 -2.987 0.47
Group Size -0.029±0.004 12.033 <1.00E-11

Table 4: Coe�icients and significance of the predictors included in the GLMM models with modularity as re-
sponse variable.

Discussion

4.1 As expected, in the ’REAPER’ model the tendency of individuals to interact more with their ’friends’ than with
’no-friends’ resulted in the emergenceof reciprocationof grooming and support and to a lesser degree in the in-
terchange of grooming for support (Table 2). Thismimics the results found in other theoretical studies in which
di�erentiated relationships (i.e. themore frequent interactions among some individuals thanwith others) also
resulted in reciprocation and interchange of social services (Campennì & Schino 2014; Evers et al. 2015; Hemel-
rijk & Puga-Gonzalez 2012; Puga-Gonzalez et al. 2015, 2009; van Doorn & Taborsky 2012). Remarkably, in the
’REAPER’ model, reciprocation and interchange emerged without individuals intending to do so, i.e. individual
did not keep track of the balance of their grooming relationship. Instead, reciprocation emerged from themore
frequent interactions among some partners than with others.
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4.2 TheREAPERmodel, however, failed to reproduce some socio-behavioural patterns typical of despotic and egal-
itarian macaque societies (Thierry 2004). For instance, at high intensity of aggression, aggression was bidirec-
tional instead of unidirectional, and individuals did not groommore frequently partners of similar rank (2,6 in
Table 2). Further, at low intensity of aggression individuals did not appear to interchange grooming for support
and/or vice versa (9-10, Table 2). Furthermore, analyses of social networks from the REAPER model revealed
that the structure of these networks bore little resemblance to the structure found in social networks from em-
pirical data and theGrooFiWorldmodel. For example, in the REAPERmodel, themodularity of the networks did
not di�er between simulations at high and low intensity of aggression, had low values, and decreased as group
size increased (Table 4, Figure 2); and the centralization of the networks decreased as group size increased (E in
Table 3, Figure 2). This is contrast with findings in empirical data (Kasper & Voelkl 2009; Pasquaretta et al. 2014;
Sueur et al. 2011b) and the GrooFiWorld model (Puga-Gonzalez & Sueur, unpublished data). In both, empirical
data and GrooFiWorld, networks from despotic societies have higher modularity than those of egalitarian so-
cieties and, independent of dominant style, as group size increases so does the modularity and centralization
of the network. Overall, thus, our results suggest that the mechanism of preferentially interacting more with
’friends’ than with ’no-friends’ is enough to generate patterns of cooperation (reciprocation and interchange),
but not to generate other socio behavioural patterns and social network structure observed in macaque soci-
eties. This suggests that the spatial structureof thegroupmayhaveabigger e�ect thanpreferential interactions
with ’friends’ on the distribution of social interactions.

4.3 In the REAPER model, two behavioural patterns typical of despotic societies of macaques did not emerge at
high intensity of aggression. The first pattern concerns aggression. In the REAPER model aggression was bidi-
rectional at high intensity of aggression (2 in Table 2); whereas in GrooFiWorld (Hemelrijk & Puga-Gonzalez
2012; Puga-Gonzalez et al. 2009) and in despotic macaque societies aggression is unidirectional (Balasubra-
maniam et al. 2012). This result was surprising given that at high intensity of aggression the steepness of the
hierarchy was high (CV∼0.7, 1 in Table 2), and within the range of values obtained in GrooFiWorld (Hemelrijk
& Puga-Gonzalez 2012; Puga-Gonzalez et al. 2009). A steep hierarchy indicates a big di�erentiation among the
dominance values of the individuals and thus, that individuals should be cautious and refrain from attacking
dominant partners (Equation 2). A closer inspection of the results, however, shows that bidirectional aggres-
sion seemed to depend on the degree of partner selectivity, i.e. on the values of alpha (α): the higher the value
of alpha, the higher the degree of bidirectional aggression. Onlywhen the value of alphawas equal to 1, aggres-
sion became slightly unidirectional (TauKr correlation between aggression given and received: -0.08; p <0.05).
This suggests that bidirectional aggression resulted from a higher frequency of interactions between preferred
partners ’friends’). The second pattern that the REAPER model failed to reproduce at high intensity of aggres-
sion was grooming directed towards partners of similar rank. This, we believe, was due to the lack of a spatial
structure since in GrooFiWorld this pattern usually emerges. In GrooFiWorld, due to the spatial structure with
dominants in the center and subordinates at the periphery, individuals of similar rank are closer and thus in-
teract more frequently giving then rise to this correlation (Puga-Gonzalez et al. 2009).

4.4 As regards the analyses of social networks, results show that the features of the social networks in the REAPER
modelwere not similar to those found in empirical data. Group size had a negative e�ect on themodularity and
centralization of the networks (E in Table 3; Table 4); and intensity of aggression hadno e�ect on themodularity
of social networks. This is in contrastwith findings fromempirical data and theGrooFiWorldmodel. In societies
of despotic macaques, a higher modularity is thought to be the result of the higher frequency of interactions
among kin than non-kin related individuals (Sueur et al. 2011a). Further, several studies have shown that the
higher the group size the higher themodularity and centralization of the network (Kasper & Voelkl 2009; Sueur
et al. 2011a). In GrooFiWorld, modularity and centralization of the networks increase with group size because
as group size increases it becomes more di�icult for individuals to meet those far away and thus, interactions
among all group members become more irregular and sparse. Consequently, interactions become more clus-
tered (modularity increases), and networks become more centralized (Puga-Gonzalez & Sueur, unpublished
data). As regards the higher modularity of networks at high than at low intensity of aggression, in GrooFiWorld
this is a result of the higher centralization of dominants individuals, i.e. a more rigid spatial structure (Puga-
Gonzalez et al. 2009). Unexpectedly, in the ’REAPER’ model preferential interactions with ’friends’ did not re-
sult inmodular social networks. A possible explanation for this pattern is that in the ’REAPER’model individuals
do not share the same ’friends’, i.e. individuals do not interact preferentially with friends of their friends and
therefore, no clusters of ’friendships’ emerge. In primates, on the contrary, triadic closure (i.e. three individuals
having strong grooming relationships among each other) is a phenomenon usually observed (Borgeaud et al.
2016). Hence, it seems that some other process is missing in the ’REAPER’ model. This process may be simple
or complex. For instance, triadic closuremay result from the spatial structure of the group and proximity-based
interactions; triad of individuals spending more time in proximity will interact more o�en and thus they may
become ’friends’ of each other. Triadic closure therefore, may already be an emergent property in the GrooFi-
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World and GrooFiWorld with ’friendships’ models. Alternatively, triadic closure may result from the strategic
relationships individuals are presumed to establish in order to build coalitions and increase their dominance
rank and/or havebetter access to resources (Dunbar 2003). Analysis of triadic closure in thedi�erent versions of
the GrooFiWorldmodel aswell as extensions of themodel withmore cognitive complex processes are a natural
follow up of our research.

4.5 In this study, we modified a previous individual-based model of primate social behaviour to investigate the
e�ect of ’friendships’ on patterns of social behaviour and structure of social networks. Our main goal was to
disentangle the e�ects of spatial structure from those of social bonding or "friendships". Our results showed
that although preferential interactions with ’friends’ indeed result in high levels of cooperation (reciprocation
and interchange) at the group level; thismechanismalone is not su�icient to reproduce other patterns of social
behaviour and structure of social networks like it has been described in societies of macaques. It seems thus
that a process(es) is missing. This may be a simple process such as spatial structure and proximity-based inter-
actions or a more cognitive one as suggested by the ’social brain’ hypothesis (Dunbar 2003). Hopefully future
analyses and implementations in the model will help clarify this matter.
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