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Three mechanisms have been proposed to underlie reciprocation of social behaviors in gregarious animals: “calculated reciprocity,” 
“emotional bookkeeping,” and “symmetry-based reciprocity.” Among these explanations, emotional book-keeping has received the 
broadest support from experimental and observational studies. On the other hand, 3 individual-based models have shown that recipro-
cation may emerge via “symmetry-based reciprocity,” “emotional bookkeeping,” or a combination of both mechanisms. Here, we use 
these 3 models to assess their relative fit with empirical data on reciprocation and social network structure across different groups 
and species of macaques. We collected grooming data from 14 groups and 8 macaque species and simulated each group in each 
model. We analyzed and quantitatively compared social network metrics of the empirical and the models’ grooming networks. The 3 
models captured fairly well the features of observed networks, and fitted data from wild groups better than captive ones. The emo-
tional bookkeeping model seemed on average to fit slightly better the social networks metrics observed in empirical data, but failed to 
reproduce some grooming patterns. The symmetry-based models, on the other hand, fitted better other network parameters (e.g., mod-
ularity). No model generally fitted the data better than the others, and the fit with some metrics (e.g., modularity, centralization index) 
was low even after optimization. Thus, our analyses indicate that in the models social interactions may be simpler than in reality and 
models may miss social processes (e.g., third-party awareness).
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INTRODUCTION
Group living is a common phenomenon across the animal king-
dom, from invertebrates (e.g., ants, bees, spiders) to marine (e.g., 
dolphins, whales, fish) and terrestrial vertebrates (e.g., rodents, pri-
mates, felines, birds) (Krause and Ruxton 2002; Ward and Webster 
2016). Group living may be widespread due to the many adaptive 
advantages it has for individuals, including the reduction of  preda-
tion risks, better access to resources, and community breeding and 

rearing of  offspring (Crook et al. 1976). In species of  animals living 
in permanent, stable groups, individuals engage frequently in social 
interactions with other group members under many different cir-
cumstances and during periods of  time that can span their whole 
lifetime, giving then rise to complex social systems (Freeberg et al. 
2012). In such systems, individual recognition and repeated inter-
actions between certain group members may promote the emer-
gence of  reciprocation, i.e., the exchange of  beneficial behaviors 
over long-time periods.

Patterns of  reciprocation have been extensively studied in pri-
mate social systems—e.g., grooming and support in fights—and Address correspondence to I. Puga-Gonzalez. E-mail: ivanpuga@gmail.com.
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their ultimate functions and proximate mechanisms largely debated. 
At an ultimate level, reciprocation may be explained via kin selec-
tion (Hamilton 1964), reciprocal altruism (Trivers 1971), mutualism 
(Clutton-Brock 2009), and/or the biological market theory (Noë 
and Hammerstein 1994). At a proximate level, 3 mechanisms, dif-
fering in the degree of  cognition required, have been proposed. 
At the highest cognitive level is “calculated reciprocity” (de Waal 
and Luttrell 1988). This mechanism implies keeping record of  all 
services given and received from others, long-term memory of  
past events, and paying back accordingly (de Waal and Brosnan 
2006). A  cognitively simpler mechanism is “attitudinal reciproc-
ity” (de Waal 2000), also named “emotional bookkeeping” (Schino 
and Aureli 2009). Emotional bookkeeping means that individuals 
develop, through social interactions, a specific emotionally medi-
ated attitude toward each group member, and whether or not they 
exchange a service with a group member depends on the type of  
affiliative relationship associated with it (Schino and Aureli 2009). 
At the lowest cognitive level is “symmetry-based reciprocity.” This 
mechanism assumes that the balance between services given and 
received results from repeated interactions between individuals 
sharing a common or symmetrical variable—e.g., spatial proximity, 
kinship, rank, age, etc. (de Waal and Luttrell 1988).

Currently, researchers find calculated reciprocity an implausible 
hypothesis because of  the difficulty that represents keeping rec-
ord of  behaviors over long periods of  time (Stevens and Hauser 
2004; Stevens et  al. 2011). Symmetry-based reciprocity has been 
disregarded because even when symmetrical variables are partialed 
out, the correlation between behaviors given and received remains 
significant, suggesting thus that the correlation is not a by-product 
of  the symmetrical variable. The statistical test used to partial out 
a variable, however, may be insufficient to completely exclude the 
effects of  the variable (Hemelrijk and Puga-Gonzalez 2012); sym-
metry-based reciprocity thus, has potentially been underestimated. 
Emotional bookkeeping is nowadays the leading hypothesis regard-
ing the mechanisms giving rise to reciprocity of  social behaviors. 
Indeed, several empirical studies have shown that individuals prefer 
to associate and reciprocate behaviors with some partners rather 
than with others (Tiddi et  al. 2011; Sabbatini et  al. 2012; Jaeggi 
et al. 2013) and that “social bonds” are important for the individu-
als’ survival and that of  their offspring (Silk et al. 2003; Silk 2007; 
Schüelke et al. 2010; McFarland et al. 2015).

An approach to the study of  the proximate mechanisms underly-
ing social behavior in nonhuman primates makes use of  individual-
based computer models and complex science—i.e., the study of  
phenomena emerging from the interactions among the elements of  
a system. Several different individual-based models have shown that 
simple behavioral rules and local interactions may suffice to explain 
many social patterns observed in primate societies (Evers et  al. 
2011; Campenni and Schino 2014; Evers et  al. 2015; Hemelrijk 
et al. 2017). In this regard, 3 individual-based computer models—
GrooFiWorld, FriendsWorld, and Reaper—have been able to repro-
duce not only social behaviors but also the behavioral contrasts 
observed between tolerant and intolerant societies of  monkeys, 
especially macaques (Puga-Gonzalez et  al. 2009; Hemelrijk and 
Puga-Gonzalez 2012; Puga-Gonzalez et  al. 2015; Puga-Gonzalez 
and Sueur 2017a). The Macaca genus comprises 23 species in which 
females are the philopatric sex, which results in female-bonded 
societies. On the basis of  the females’ social behavior, macaque spe-
cies have been classified along a social style gradient going from 
extremely intolerant to extremely tolerant. Among females from 
species in grade 1 and 2 (extremely intolerant and intolerant), the 

dominance hierarchy is steep, conflicts are unidirectional, aggres-
sion is fierce, reconciliation is infrequent, and social grooming is 
directed up the dominance hierarchy and towards individuals of  
similar rank. On the contrary, among females from species in grades 
3 and 4 (tolerant and extremely tolerant), the dominance hierarchy 
is more shallow, conflicts are more bidirectional, and aggression is 
mild (Thierry 2004). Further, in all 4 grades individuals cooperate 
by reciprocating (exchange of  same behaviors) and interchanging 
(exchange of  different behaviors) grooming and support in fights 
(Schino 2007; Schino and Aureli 2008a). All these behavioral pat-
terns (reciprocation and interchange of  grooming and support), 
as well as the behavioral differences between intolerant and toler-
ant societies (grooming up the dominance hierarchy and towards 
individuals of  similar rank, uni- (bi-) directional aggression, high 
[low] steepness of  the hierarchy), have been reproduced by the 3 
individual-based models.

The individual-based model GrooFiWorld proposes that spa-
tial proximity (i.e., proximity-based reciprocity), is the main cause 
of  the emergence of  complex behavior in societies of  macaques 
(Puga-Gonzalez et  al. 2009). In GrooFiWorld, a spatial structure 
with dominant individuals in the centre and subordinates at the 
periphery emerges as a side-effect of  aggression. Due to this spa-
tial structure, individuals interact more with some than with oth-
ers, and reciprocity of  grooming and support in fights; and the 
interchange of  grooming and support emerge. Interestingly, these 
patterns disappear in the model only when proximity is omitted 
by making individuals interact at random, but not when proximity 
is statistically partialed out with the partial Tau-kr test (Hemelrijk 
1990a), which indicates that partial correlations do not sufficiently 
exclude the effect of  proximity (Hemelrijk and Puga-Gonzalez 
2012). Recently, GrooFiWorld was extended with a mechanism 
similar to emotional-bookkeeping (Puga-Gonzalez et  al. 2015). In 
this model, called “FriendsWorld,” individuals have a tendency to 
follow their “friends”, i.e., those individuals with whom they groom 
the most. The model shows that this mechanism of  “follow your 
friends,” reinforces patterns of  reciprocity and interchange of  
grooming and support in fights. It remained unclear however, what 
factor was more important for the emergence of  reciprocation and 
interchange, the spatial structure of  the group, or the “follow your 
friends” rule. More recently, a new individual-based model has 
been developed. This model is identical to GrooFiWorld regarding 
the way individuals choose to interact with their partners. Contrary 
to GrooFiWorld, this model is not spatially-explicit; thus, interac-
tions are not based on proximity. Instead, individuals interact first 
with others at random in this model, and as time goes by they 
develop a preference for interacting with those with whom they 
exchange more grooming, resembling thus emotional bookkeeping; 
we called this model Reaper (i.e., reinforcement of  affiliative prefer-
ences) (Puga-Gonzalez and Sueur 2017a).

These 3 models have been successful at reproducing empirical 
patterns of  reciprocation and, at the same time, suggest different 
factors as potential causes. In these studies, however, no social net-
work analysis (SNA) was done. Given that SNA provides us with a 
detailed picture of  how individuals interact and distribute groom-
ing behavior at the individual and group level; here, we used a SNA 
to distinguish which of  these models and underlying mechanisms 
(proximity-based reciprocity, emotional bookkeeping, or a combina-
tion of  both), if  any, more accurately represents empirical data. We 
studied individual and global network metrics to assess whether in 
the model the individuals’ connections in the social network as well 
as the global features of  the network were similar to empirical data. 
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We focused on 4 different individual metrics: betweenness, close-
ness, eigenvector, and clustering coefficient; and 7 different global 
metrics: diameter, number of  triangles, global clustering coefficient, 
modularity, average eigenvector, centrality index, and the correla-
tion coefficient between individuals’ dominance rank and eigen-
vector (see Table  1 for an interpretation of  the meaning of  each 
network metric). We chose these metrics because they have been 
shown to be relevant in studies of  primate social networks. For 
instance, Kasper and Voelkl (2009) suggest the use of  betweenness 
and closeness (for sparse networks), and eigenvector (for near-to-all-
connected networks) to understand the involvement, popularity, and 
sociability of  an individual within the social network. Modularity is 
used to measure the degree of  fragmentation of  the network into 
subgroups, and clustering coefficient to characterize the cliquish-
ness of  the network by measuring the extent to which individuals 
linked to one individual are also linked to each other (Kasper and 
Voelkl 2009; Sueur, Petit et al. 2011; Pasquaretta et al. 2014). The 
correlation between eigenvector and dominance rank is used to 
measure the degree of  popularity of  dominant individuals in the 
group (Sueur, Petit, et al. 2011). To measure the centralization of  
the network around the most central individual, it is recommended 
to calculate an index obtained by dividing the centralization of  the 
observed network by the maximum centralization possible—that of  
a star network (Kasper and Voelkl 2009; Sueur, Petit, et  al. 2011; 
Pasquaretta et al. 2014). The approach taken in the present study 
was exploratory without clear predictions about which network 
measure should be best predicted by which model.

We collected data from 14 groups belonging to 8 different 
macaque species, comprising the 4 grades of  social style, and 
did a SNA on each group. Due to limitations in empirical data 
and because social styles are based on females’ social behavior, 
our analyses were restricted to grooming social networks of  adult 
females. Then, we simulated the 14 macaque groups in each of  
the 3 models, analyzed the resulting social networks, and quan-
titatively compared the results of  the models and those of  the 
empirical groups. As a control, we built an extra individual-based 
model (the “null-model”) in which individuals randomly selected 
interaction partners, and also randomly chose whether to groom 
or fight. Before running simulations, we mimicked the follow-
ing variables from empirical groups in each of  the models: group 

size, sex ratio, intensity of  aggression, and density of  grooming 
network. After running the simulations in the models we realized 
that there was a poor fit between the models and empirical data 
regarding some global network metrics (e.g., modularity, centraliza-
tion index). These network metrics may be influenced by the way 
individuals distribute grooming among group members: whether or 
not grooming is reciprocated, directed up the dominance hierar-
chy, and/or toward partners of  similar rank. Hence, to optimize 
the fit between models and empirical data we decided to mimic in 
the models the distribution of  grooming observed in the empirical 
groups (see Methods for details).

Previous analyses of  the grooming networks from GrooFiWorld 
and Reaper models showed that these networks resembled quali-
tatively those of  nonhuman primates (Puga-Gonzalez and Sueur 
2017a; Puga-Gonzalez and Sueur 2017b). Hence, we had no specific 
predictions as to which model may fit empirical data better, except 
for the metric of  modularity. From modularity, we know that the 
Reaper model fails at reproducing the variation observed in primate 
groups (Puga-Gonzalez and Sueur 2017a). Therefore, we expected 
the Reaper model to perform poorly regarding this metric. Overall, 
our main aim was to investigate which model reproduced quantita-
tively better the grooming network structure of  the macaque groups 
analyzed. In this way, we aimed to know which model and thus 
which underlying mechanism is more likely to explain the diversity 
of  social styles observed in societies of  macaques.

METHODS
Macaque species

From the primate literature, we surveyed studies on macaque spe-
cies which reported a matrix of  directed grooming, dominance 
hierarchy, and sampling method (scan or focal). In case of  focal 
sampling, social grooming matrices were corrected for observation 
time, i.e., individual’s rows were divided by the number of  times 
the individual was observed. In these cases thus, grooming matrices 
contained relative grooming frequency. Seven studies comprising 10 
groups from 5 species met these criteria (Supplementary Table SI1). 
Further, coauthors of  this study provided data from 4 groups from 4 
species of  macaques. Thus, our data collection comprised a total of  

Table 1
Interpretation of  the network metrics used in the network analysis

Metric Interpretation

Individual:
Betweenness The degree to which an individual lies in-between the paths of  others, and thus the influence that exerts on the 

passing of  information between others.
Closeness How close an individual is to all others in the network, and thus how fast information originating from this individual 

may reach all others
Eigenvector “Popularity” (centrality) of  an individual; takes into account how well connected are the focal individual and its 

neighbors (individuals linked to the focal)
Clustering coefficient The relative number of  cliques (of  3 individuals) an individual forms with its neighbors.
Global:
Diameter How fast information travels between the 2 least well connected individuals in the network.
Number of  triangles The absolute number of  cliques (of  3 individuals)
Clustering coefficient The relative number of  cliques (of  3 individuals)
Eigenvector The average degree of  “popularity” among individuals in the network
Modularity The degree of  subgrouping or clustering of  the network
Centrality index The extent to which a network is dominated by the most or most “popular” individuals in the network
Correlation coefficient eigenvector-
dominance rank

The extent to which dominant individuals are the most “popular” individuals within the network

See Methods for a technical description of  each network metric.
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14 groups from 8 macaque species representing all of  the 4 categori-
cal grades of  social styles attributed to macaque societies (Thierry 
2004). Since in some of  these studies data were available only for 
adult female individuals, we restricted our analyses to this category 
of  individuals in all the groups. Note that due to the small num-
ber of  adult females (n = 4) in the group of  M. tonkeana (Orangerie 
Zoo), we included 2 subadult females (>4 years) in the analysis of  
this group. A  full description of  the groups included in this study 
is presented in Supplementary Table SI1. Data available from the 
Dryad Digital Repository (Puga-Gonzalez et al. 2018).

Distribution of social grooming

Whether social grooming was reciprocated, directed up the dom-
inance hierarchy, or toward individuals of  similar dominance 
rank was evaluated by means of  the Tau-Kr matrix correlation 
(Hemelrijk 1990b). The level of  significance was calculated using 
2000 permutations and P-values < 0.05. To check for reciproca-
tion of  grooming, we correlated the groom-given matrix with the 
groom-received matrix. A  significant positive correlation implies 
reciprocity. To check for grooming directed up the dominance hier-
archy and to females of  similar dominance rank, we tested the cor-
relation between the grooming given matrix with the partner-rank 
matrix and the similar-rank matrix respectively. The partner-rank-
matrix had the dominance rank of  individuals in the rows, and the 
similar-rank-matrix was filled with zeros apart from the partners 
closest and second closest in dominance rank which were indicated 
as 1’s. A  significantly positive correlation with the partner-rank-
matrix corresponds to grooming being directed up the hierarchy, 
and a significantly positive correlation with the similar-rank-matrix 
corresponds to grooming directed to females of  similar rank.

Social networks metrics

SNA were performed using R statistical software, version 3.2.2 
(Team-R-Core 2015) and package igraph (Csardi and Nepusz 
2006). Matrices of  grooming given were transformed to directed 
graphs with the igraph package; then, the analysis of  the directed 
grooming network was performed. Analyses were performed at the 
individual and at the group level.

Individual level metrics
We calculated 4 different metrics: betweenness, eigenvector, cluster-
ing coefficient, and closeness. These are metrics commonly used 
in analyses of  animal societies and they inform us about the pat-
terning of  the individuals’ social interactions (Table 1). The techni-
cal definition of  each metric is described below. Note that in some 
cases we used binary instead of  weighted matrices to calculate 
some of  the network metrics. We used binary matrices when the 
metric calculated was affected by the weight in the matrix (absolute 
grooming frequency) or when the metric can only be calculated 
from binary matrices. To convert matrices with absolute or relative 
grooming frequency to binary ones, we set all cell values > 0 to 1 
and all others were set to 0.  Metrics calculated from binary net-
works were betweenness centrality, closeness centrality, and cluster-
ing coefficient. To calculate eigenvector, we used weighted networks 
(with absolute or relative grooming frequency) because this metric 
can cope with weights.

Unweighted betweenness centrality. The number of  times 
a node (i.e., an individual) acts as a bridge along the shortest path 
between 2 other nodes. Thus, it is a measure of  how well an individual 
connects different subgroups or clusters within the network.

Unweighted closeness centrality. A measure of  the degree to 
which a node is near all other nodes in a network. It is the average 
length of  the shortest path between the node and all other nodes 
in the graph. In other words, this metric calculates how fast a node 
can reach all others.

Clustering coefficient. It is the number of  closed-triangles a 
node form with its neighbors divided by the total possible number 
of  closed-triangles that could exist among them. Thus, it assesses 
the degree to which nodes tend to cluster together. This measure 
takes into account neither direction nor weight.

Weighted eigenvector. It takes into account not only the 
number and strength of  connections of  the individual but also those 
of  the partners to which it is connected. Since we used directed 
networks, here, high eigenvector means that an individual receives 
and has strong connections to other individuals who themselves 
receive grooming frequently.

Group level metrics
We chose 7 metrics that have been shown to be relevant in studies 
of  primate social networks (Kasper and Voelkl 2009; Sueur, Petit, 
et al. 2011; Pasquaretta et al. 2014). All of  these metrics are used to 
characterize the overall network structure, and each of  them cap-
tures a different feature of  the network. We used these metrics in 
order to get a detail comparison of  the features the models cap-
ture better from empirical data and thus get a better assessment of  
which model (and mechanism) is most accurate at fitting the overall 
network structure.

Number of triangles. The absolute number of  triangles in the 
network. Neither direction nor weights are taken into account.

Unweighted diameter. It is the longest path among all the 
shortest path lengths between 2 nodes, i.e., the shortest distance 
between the 2 most distant nodes in the network.

Modularity. The difference between the proportion of  the total 
association of  individuals within clusters (i.e., subgroups) and the 
expected proportion, given the summed associations of  the different 
individuals. This metric is calculated using the eigenvector of  each 
individual (Newman 2006). A  high value of  modularity means a 
high number of  contacts within a subgroup, but few contacts 
between subgroups and low modularity means a homogeneous 
distribution of  contacts between all group members.

Mean clustering coefficient. The proportion between the 
number of  triangles in the network divided by total possible 
number of  triangles. Neither direction nor weights are taken into 
account.

Mean eigenvector. The average of  individual’s eigenvector 
coefficients per group.

Centralization of the network. It was calculated according to 
Equation 1, where the numerator, Cmax, is the highest eigenvector 
in the group and the denominator, Max, is the value obtained 
assuming the highest centralization possible, i.e., if  the network 
were a star (Pasquaretta et  al. 2014). Hence, the higher the 
value the more centralized is the network around one or several 
individuals.
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Correlation dominance-eigenvector. Spearman rank 
correlation coefficient between the individual’s eigenvector and 
the individual’s hierarchical rank. A positive correlation indicates a 
centralization of  dominant individuals in the network.

Agent-based computational models

Here, we only present a brief  description of  each model. For a 
full description of  the processes of  the model, we refer to previous 
publications.

GrooFiWorld model
GrooFiWorld (Grooming and Fighting) is an individual-based model 
that is spatially explicit (Puga-Gonzalez et  al. 2009). The model 
comprises a continuous 2-dimensional “world” (without borders) 
in which individuals are able to move in all directions. Individuals 
have a fixed vision angle (VisionAngle, Supplementary Table SI2) 
and a maximum perception distance (MaxView, Supplementary 
Table SI2). At the beginning of  each simulation, the individuals’ 
location is assigned randomly within a previously defined radius 
(InitRadius, Supplementary Table SI2) calculated by multiplying 
group size by an arbitrary constant. To regulate individuals’ activa-
tions, each individual is attributed a random waiting time drawn 
from a uniform distribution; the individual with the shortest waiting 
time gets activated first. These waiting times are combined with a 
kind of  social facilitation (Galef  1988) implying that an individual’s 
waiting time is reduced when a dominance interaction occurs close 
by (radius of  social facilitation, Supplementary Table SI2). Intensity 
of  aggression is reflected by the StepDom value (Supplementary 
Table SI2). Fierce aggression (e.g., bites), as in intolerant macaque 
societies, is represented by high values, and mild aggression (e.g., 
threats, slaps), as in tolerant societies, is represented by low val-
ues. To represent sexual dimorphism, females have a StepDom value 
80% lower than that of  males (Hemelrijk et al. 2008a).

Grouping rules
Why individuals group (to avoid predators, search resources, 
etc.) is not specified in the model. Whenever an individual does 
not see another close by (i.e., within its personal space, PersSpace, 
Supplementary Table SI2); then, it looks for others at increasing 
distances (NearView and MaxView, Supplementary Table SI2). If, 
even then none is in the field of  vision, then the individual turns 
over a SearchAngle (Supplementary Table SI2) in order to look 
for others. In this way individuals tend to remain in a group. If, 
however, an individual “sees” another within its personal space 
(PersSpace, Supplementary Table SI2), then a social interaction may 
take place.

Interactions
Upon meeting another in its personal space, an individual first 
chooses whether or not to perform a dominance interaction. This 
choice depends on the risks involved, whereby risk concerns the 
chance of  losing a fight (i.e., “Risk-aversion strategy”, Hemelrijk 
2000). If  an individual chooses not to fight; then, it considers 
grooming the other. If  the individual chooses not to groom, no 
interaction happens and the individual stays put.

Dominance interactions
Dominance interactions are modeled as in Hemelrijk (1999) and 
are an extension of  the DoDom rules of  Hogeweg (1988). Each 
individual has a dominance value, Dom (Supplementary Table SI2), 
which represents its capacity to win. A dominance interaction takes 
place only if  an individual expects to be victorious, i.e. individuals 
avoid risks. These risks are estimated by means of  a “mental bat-
tle.” During a “mental battle”, an individual i compares its dom-
inance value (Domi) relatively to that of  its opponent j (Domj) to a 
random value between zero and one (Equation 2). This process is 
repeated RiskSens times (Supplementary Table SI2). In the current 
simulation RiskSens is set to 2, thus individuals have to win a mental 
battle twice before engaging in a real dominance interaction.
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If  in both “mental battles” individual i expects to be victorious, 
then a real dominance interaction occurs. The outcome of  the 
real dominance interaction is again decided according to Equation 
2.  To reflect the self-reinforcing effects of  victory and defeat 
(Barchas and Mendoza 1984; Hsu and Wolf  1999; Setchell et  al. 
2008; Hemelrijk et al. 2008a; Franz et al. 2015), 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 an (unexpected) success of  the 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.
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The change in Dom-values is multiplied by a scaling factor, 
StepDom, which represents intensity of  aggression (Hemelrijk 1999). 
StepDom values range from 0.08 to 0.8 in females and from 0.1 to 
1 in males. High values of  StepDom cause a bigger change in Dom-
values than low values of  StepDom. After a fight, the winner chases 
the loser over a distance of  one unit and the loser responds by flee-
ing under a small random angle over a predefined FleeingDistance 
(Supplementary Table SI2). To reduce consecutive interactions 
between same opponents, after the chase the winner turns ran-
domly 45° to right or left.

Grooming interactions
When an individual meets another in its PersSpace and “chooses” 
not to fight, then, it considers grooming its partner. Grooming 
is induced by the level of  Anxiety (Supplementary Table SI2), 
which ranges from very relaxed to very tense 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 dis-
play “nonaggressive” proximity. As indicated by empirical studies, 
grooming (giving and receiving) reduces anxiety and thus the ten-
dency to groom (Schino et al. 1988; Aureli et al. 1999; Shutt et al. 
2007; but see Molesti and Majolo 2013; Semple et al. 2013). It does 
so more strongly in the groomee (AnxDcrGree) than in the groomer 
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(AnxDcrGrmr) (Supplementary Table SI2). Further, during periods 
without grooming, individuals increase their Anxiety with AnxInc 
(Supplementary Table SI2) and thus, their motivation to groom as 
demonstrated in empirical studies (Keverne et al. 1989; Martel et al. 
1995; Graves et  al. 2002). Furthermore, Anxiety increases in both 
opponents after a fight in the model (AnxIncFight, Supplementary 
Table SI2), as reported in nonhuman primates (Aureli et al. 2002; 
Butovskaya 2008). To avoid consecutive interactions between same 
partners, after grooming both partners turn randomly 45° to the 
right or left. The default grooming parameters were tuned in 
order to match the percentage of  time grooming observed in pri-
mate societies ~20% (Dunbar 1991). Among macaque species, 
there is some variation regarding the percentage of  time allocated 
to grooming; however given that the most accurate percentage of  
grooming time in each macaque species is unknown, we decided to 
tune all models to ~20%. Nevertheless, grooming patterns (recip-
rocation and interchange of  grooming and support; grooming up 
the dominance hierarchy and among individuals of  similar rank) 
emerge in the models as long as the percentage of  time allocated to 
grooming is ≥5% (Puga-Gonzalez et al., unpublished data).

FriendsWorld
In contrast to GrooFiWorld, in FriendsWorld, individuals catego-
rize others as “friends” or not. We classified as “friends” the top 
5 partners with whom an individual groomed the most (given and 
received). We choose 5 individuals because this is the average num-
ber of  grooming partners found in empirical studies irrespective of  
group size (Kudo and Dunbar 2001; Lehmann et al. 2007; Sueur, 
Deneubourg, et al. 2011). Note that the classification of  others as 
“friends” or not is done every time an individual is activated, and 
it is based on the accumulation of  grooming interactions until that 
point. Thus, individuals considered “friends” at one point during 
the simulation may not be the same at a point later in the simu-
lation. During the period of  time in which we collect data from 
the model, however, friends remain stable and change little (Puga-
Gonzalez et al. 2015).

Grouping  rules. FriendsWorld has the same architecture and 
behavioral rules as GrooFiWorld, the only exception is that in 
FriendsWorld model individuals follow their “friends” (Puga-
Gonzalez et  al. 2015). Individuals have 3 different visual ranges, 
PersSpace, NearView, and MaxView. When an individual is activated, 
it searches for others within its PersSpace, if  it does not perceive 
another in its close proximity, it acts according to the grouping 
rules. If  an individual perceives one of  its “friends” within its 
NearView, it will move one step towards it. If  several “friends” are 
perceived, the individual moves towards the closest one. If  none of  
its “friends” is perceived but others are, the individual just keeps on 
moving without modifying its original direction. When no others 
are perceived within NearView, the individual looks further away 
into MaxView. If  other individuals are perceived within MaxView, 
the individual moves towards the closest “friend” if  available; 
otherwise, it moves towards the closest group-member. If  no 
individual is perceived within MaxView, the individual scans for 
others by turning over a SearchAngle.

Social interactions. In FriendsWorld, the social interaction 
rules are the same as in GrooFiWorld. If  the individual perceives 
another one within its PersSpace, a dominance interaction may 
occur. Whether or not an individual chooses to fight depends on 
the outcome of  a mental battle (Equation 2). If  the individual wins 

the mental battle, a dominance interaction occurs (see “Dominance 
interactions” above). However, if  the individual loses the mental 
battle, it may groom its partner depending on its level of  Anxiety (see 
“Grooming interactions” above).

Reaper Model
This model is not spatially explicit and the selection of  interaction 
partners is based solely on previous grooming interactions with 
other group-members; therefore, as already mentioned, we called it 
Reaper, i.e., reinforcement of  affiliative preferences (Puga-Gonzalez 
and Sueur 2017a).

Selection of interaction partners. In contrast to GrooFiWorld, 
in this model individuals are not located in space and thus proximity 
has no influence on the distribution of  their social interactions. At 
the start of  the simulation, individuals are attributed a random 
waiting time drawn from a uniform distribution and the individual 
with the shortest waiting time gets activated first. Once activated, 
the probability of  selecting a given group member as an interaction 
partner depends on the amount of  grooming given and received 
exchanged with that specific partner. This probability is calculated 
according to Equation 4. Where Pij is the probability of  individual 
i interacting with partner j; Gij is the number of  grooming bouts 
exchanged between individual i and j; and the denominator is the 
sum of  the number of  grooming bouts individual i has exchanged 
with every other group member. α determines the degree of  
nonlinearity in the probability of  selecting a given partner, the higher 
the value of  α, the higher the tendency of  individuals to interact 
with their most frequent grooming partners. This value of  was set to 
1.2. We choose this value of  α because with it individuals allocated 
>75% of  their grooming time to their top 5 interaction partners, as 
commonly observed in primate societies (Sueur, Deneubourg, et al. 
2011)—for a full sensitivity analysis of  the values of  α, see Puga-
Gonzalez and Sueur (2017a).

At the beginning of  the simulation, individuals have not yet inter-
acted with any other group member and thus, all individuals have 
the same probability of  being chosen as an interaction partner. As 
interactions go by, however, individuals will tend to select more fre-
quently as interaction partners those individuals with whom they 
are more involved in social grooming. Note that Equation 4 does 
not imply reciprocal 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. After select-
ing an interaction partner, individuals follow the same interactions 
rules as in GrooFiWorld. They first choose on the basis of  a “men-
tal fight” whether they perform or not a dominance interaction, if  
they choose not to fight, then they decide whether or not to groom 
(see dominance and grooming interactions above).
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Null-model
In order to compare our results to a “null-model” model, we built a 
model in which we omit the effects of  spatial proximity and prefer-
ential interactions with specific group members. In this model, indi-
viduals select interaction partners at random. Once an individual 
has randomly selected an interaction partner, a random number is 
drawn from a uniform distribution between [0, 1]. If  this number is 
≤ 0.5 the individual performs a dominance interaction, otherwise it 
grooms. Note that in this case individuals do not perform a “mental 
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fight” to decide whether or not to attack, if  the random number is 
≤ to 0.5 individuals immediately attack. If  the random number is 
> 0.5 individuals groom their partner independently of  its value of  
anxiety. As in GrooFiWorld, individuals’ activations are regulated 
by attributing each individual a random waiting time drawn from a 
uniform distribution. The individual with the shortest waiting time 
gets activated first.

Parametrization of the models
In order to compare the empirical grooming networks with those 
of  the models, in the simulations we mimicked the same group 
size and densities of  each of  the empirical networks. We did so 
because comparisons between networks differing in size and density 
(the number of  observed edges divided by the number of  possible 
edges) appear to be meaningless (Rankin et al. 2016). Indeed many 
network measures are dependent on these 2 parameters (Kasper 
and Voelkl 2009; Sueur, Petit, et al. 2011; Pasquaretta et al. 2014). 
Group size consisted of  all adult individuals in the group; sex of  
individuals was also taken into consideration. Note that even though 
we only analyzed the behavior of  females, we also included males 
in the simulations since male behavior may influence the behavior 
of  real (Hemelrijk et  al. 2008b) and computer simulated females 
(Hemelrijk et  al. 2008a; Hemelrijk and Puga-Gonzalez 2012). In 
this way, we compared networks of  females taken into considera-
tion the presence of  males in the group. To obtain female groom-
ing networks with the same density as that observed in empirical 
data, first we collected data for long periods of  time (up to 10,000 
grooming interactions in some cases). Then, we constructed matri-
ces in which the number of  grooming interactions was increased 
sequentially following the order of  data collection until the target 
density (± 2.5%) of  the network was matched.

Further, we also mimicked the grade of  social style of  each of  
the species of  macaques. From previous analyses of  the models, we 
knew that values of  intensity of  aggression of  1.0, 0.8, and 0.1, 
0.08 for males and females, respectively, reproduce patterns that 
resemble those of  intolerant and tolerant macaques, respectively 
(Hemelrijk and Puga-Gonzalez 2012; Puga-Gonzalez et  al. 2015; 
Puga-Gonzalez and Sueur 2017a). Hence values for grades 1 and 
4 of  social style were set to 1.0, 0.8, and 0.1, 0.08 for males and 
females, respectively. Then, the values for grades 2 and 3 were cho-
sen so they laid in between grades 1 and 4. In this way, we created 
4 different sets of  values of  intensity of  aggression “mimicking” the 
4 different grades of  social style described by Thierry (2004). These 
values were: grade 4, 0.1, 0.08; grade 3, 0.4, 0.32; grade 2, 0.7, 
0.56; and grade one, 1.0, 0.8; for males and females respectively. 
The values of  intensity of  aggression assigned to each of  the differ-
ent groups are shown in Supplementary Table SI3.

Preliminary analysis and optimization of the distribution 
of grooming in the models
After running the models with the values of  intensity of  aggres-
sion described in the section “Parametrization of  the models” 
(Supplementary Table SI3), we realized that the models did not 
match the presence/absence of  some grooming patterns (groom-
ing directed up the dominance hierarchy and/or towards indi-
viduals of  similar rank) observed in the empirical groups. The 
presence/absence of  these patterns may influence the value of  
some networks’ metrics. For instance, whether or not individuals 
direct grooming up the dominance hierarchy affects the correla-
tion dominance rank—eigenvector and overall network centraliza-
tion. Therefore, we decided to optimize the fit between the models’ 

grooming patterns and those observed in each group of  empirical 
data. To optimize these patterns, we adjusted the parameter inten-
sity of  aggression (StepDom, Supplementary Table SI2). We specif-
ically focused on this parameter because we knew it affects how 
grooming is distributed across group members whereas the other 
model’s parameters mainly affect cohesiveness of  the group and/
or the overall rate of  grooming (Hemelrijk et al. 2017). The higher 
the value of  intensity of  aggression, the steeper the dominance 
hierarchy, the more individuals direct grooming up the hierarchy, 
at partners of  similar rank and the more pronounced the spatial 
structure with dominant individuals at the center (Puga-Gonzalez 
et  al. 2009). Hence, to match the presence/absence of  these 
grooming patterns, we increased/decreased the values of  inten-
sity of  aggression in the models. The new values of  intensity of  
aggression assigned to each model and simulated group are shown 
in Supplementary Table SI8. Note that here we only show the 
results after the optimization of  the grooming patterns. The results 
without optimization are found in the supporting information (see 
text therein, Supplementary Tables SI5–SI7; Supplementary SI12–
SI14, and Supplementary Figure SI1–SI4).

Data collection of the models
For each empirical group (n  =  14) and model (n  =  4), we ran 20 
different replicates, thus we ran a total of  1120 simulation. Each 
replicate consisted of  up to 300 periods and each period consisted 
of  (Group_Size * 20)  individual’s activations. Data were collected 
from period 200 onwards to exclude any bias caused by transient 
values (Hemelrijk 1999). Data collection consisted of  every social 
interaction: dyadic fights and grooming behavior. We recorded, 
for dominance interactions the identities of  1)  the attacker and its 
opponent, 2)  that of  the winner/loser, 3)  the updated Dom values 
of  the individuals; and for grooming interactions, the identities of  
4)  groomer, 5)  groomee, and 6)  the updated anxiety values. From 
these interactions, we built grooming and aggression matrices. Note 
that the grooming matrices matched approximately the same den-
sity as that observed in empirical groups.

Analyses of socio-behavioral patterns in the models
For reasons of  comparison with empirical data, the analyses of  
social behavior were performed only among females. As in empir-
ical data we checked for grooming reciprocation, grooming up the 
hierarchy, and grooming towards partners of  similar rank by means 
of  the matrix Tau-Kr correlation (Hemelrijk 1990b). The level of  
significance was calculated using 2000 permutations and P-value 
< 0.05. The results shown are the average of  20 replicates with 
their combined probability using the improved Bonferroni proce-
dure (Hochberg 1988). Dominance hierarchies were stable, and 
dominance ranks were significantly correlated (Kendall correlation 
every 30 periods, e.g., 200–230: tau > 0.88**). The asymmetry of  
dominance ranks was measured by the coefficient of  variation of  
Dominance values (standard deviation divided by the mean). As 
in our previous studies, the higher the intensity of  aggression the 
higher the asymmetry of  dominance ranks (Hemelrijk and Puga-
Gonzalez 2012; Puga-Gonzalez et  al. 2015; Puga-Gonzalez and 
Sueur 2017a).

Analysis of social networks of the models
Like the analyses of  social behavior, analyses were performed only 
among females. We performed the same social networks analysis as 
that performed in the social networks of  the empirical groups (see 
above for metrics and definitions, sections “Individual level metrics” 
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and “Group level metrics”). Note, however, that in the social net-
works derived from the models it was not necessary to correct for 
observation time since we kept track of  all individuals’ interac-
tions. Thus, network analyses were performed on directed binary/
weighted social networks, depending on the network metric analyzed 
(see sections “Individual level metrics” and “Group level metrics”). 
In weighted networks, the weights represented the absolute groom-
ing frequency given to another individual. Results of  the global 
metrics shown are values of  each of  the 20 replicates per macaque 
group simulated. Likewise, results of  the individuals’ metrics shown 
are values per individual in each of  the 20 replicates per macaque 
group simulated. Thus, for each empirical data point (global or indi-
vidual metric) there were 20 data points from each model.

Comparison of social networks and model 
selection

We performed linear regressions with the values of  the observed met-
rics as the response variable, and the values of  the metrics obtained 
from the simulated networks as the predictor variable. At the individ-
ual level, values were paired by sorting individuals by rank (within each 
group); at the global level, they were paired by groups. We compared 
effect sizes (R-squared), i.e., the percentage of  variation explained 
by each model. However, to select which model fitted the observed 
data at best, we used the Akaike Information Criteria (AIC). We did 
so because we reasoned that if  the social networks metrics from the 
models had a perfect fit with the observed metrics, then the observed 
and simulated values should be identical. In other words, if  we plot-
ted the values of  the observed metrics (x axis) against the values from 
the model (y axis) and there was a perfect correspondence, then we 
would expect the values to lie along the diagonal with slope = 1 and 
intercept  =  0 (note that the slope of  the linear regressions was not 
always close to one). The AIC was calculated using the residual sum 
of  squares (RSS) from this expectation according to Equation 5.
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Where n is the number of  data points, ln is the natural logarithm, 
RSS the residual sum of  squares, and K the number of  parameters 
in the model which was set to 2 (the model + error). The best model 
was determined by calculating the difference (Δ) between the model 
with the lowest AIC and all the other models, and by calculating the 
Akaike weight for each model (Equation 6). Where wi is the Akaike 
weight for model i, Δi is the difference between the AIC of  the best 
fitting model and that of  model i, and the denominator is the sum 
of  the relative likelihood for all candidate models. Models with Δ 
values ≤2 were considered to have the same explanatory power.
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RESULTS
Grooming interactions and networks’ density

The number of  interactions necessary to match the target empiri-
cal density varied between the different models -GrooFiWorld, 
FriendsWorld, Reaper, and Null-model (Supplementary Table SI4). 
The null-model required the least number of  grooming interactions 
to match the empirical network density. As regards the other 3 mod-
els, no apparent difference among them was found when the target 
density was below 60% and intensity of  aggression was set to low 

(Supplementary Table SI4). However, for densities above 60% the 
Reaper model took many more grooming interactions than the two 
spatially explicit models to reach the target density. More interest-
ingly, in all models except the null one, simulations belonging to some 
specific groups never reached a network density of  100% regardless 
of  the number of  grooming interactions. In these cases, the density 
reached a plateau around values of  ~80%. In the spatially explicit 
models (GrooFiWorld and FriendsWorld), this only happened when 
intensity of  aggression was set to too high values. When intensity of  
aggression was high the asymmetry of  the dominance values among 
females was great and thus, when females at the top of  the hierarchy 
interacted with those at the bottom, they chose to fight instead of  
grooming. In the Reaper model, however, this happened regardless 
of  the values of  intensity of  aggression. In this case, females became 
so selective on their interaction partners that they never selected 
other group members as interaction partners.

Patterns of grooming

Reciprocation of social grooming
In all groups of  empirical data, grooming given was positively corre-
lated with grooming received except in the 2 groups of  M. tonkeana in 
which no significant correlation was found (Supplementary Table SI5). 
Concerning the computer models, regardless of  the simulated group, 
we always found a significant positive matrix correlation between 
grooming given and received, except in the null-model. Correlations 
were never significant in this model (Supplementary Table SI5).

Optimization of distribution of grooming
We modified the values of  intensity of  aggression (StepDom) to 
optimize the match between the patterns emerging in the model 
(grooming directed up the dominance hierarchy and towards 
individuals of  similar rank) and those observed in the groups of  
empirical data (see Methods and Supplementary Table SI8). 
Here we only present the results after optimization, for the results 
without optimization see supporting information (text therein, 
Supplementary Tables SI5–SI7; Supplementary Tables SI12–SI14, 
and Supplementary Figures SI1–SI4).

Regarding grooming directed up the dominance hierar-
chy, after optimization of  the parameters (Supplementary Table 
SI8), GrooFiWorld matched all observations in empirical data 
(14/14); Reaper model matched all except one group (13/14); and 
FriendsWorld did not match 3 groups (11/14); in the null-model, 
grooming up the dominance hierarchy never reached statistical sig-
nificance (Supplementary Table S10). Regarding grooming directed 
towards individuals of  similar rank, the optimization of  parame-
ters improved the match between models and empirical data, but 
there were still several mismatches. GrooFiWorld did not match 4 
groups (10/14); FriendsWorld 5 groups (9/14); and the Reaper 7 
groups (7/14). Note that in the Reaper and null models this pattern 
never reached significance; thus the cases that matched empirical 
data were those in which this pattern was absent (Supplementary 
Table S11). The reason for the mismatches is that in GrooFiWorld 
and FriendsWorld grooming up the hierarchy and directed towards 
partners of  similar rank usually emerge (or not) together. In empir-
ical data, however, this was not always the case. In the group of  
M.  assamensis and M.  radiata, grooming was directed up the hier-
archy but not towards partners of  similar rank. Conversely, in 
2 groups of  M.  fuscata and one of  M.  fascicularis, grooming was 
directed towards partners of  similar rank but not up the dominance 
hierarchy (Supplementary Tables S10–11).
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SNA

Because the condition in which animals lived, captive or wild 
(free-ranging), can affect the way individuals interact with each 
other, we decided to compare the network metrics by dividing the 
empirical groups into wild/provisioned/free-ranging (n  =  8) and 
captive (n  =  6) (Supplementary Table SI1). Condition seemed to 
have an effect on whether the model matched or not the empiri-
cal data, particularly for the global metrics of  modularity, eigenvec-
tor, correlation dominance—eigenvector, and centralization index 
(Supplementary Figures SI9–SI12). All models matched better 
these metrics when the simulated group was wild rather than cap-
tive (Supplementary Figures SI11–SI12). This is evident from the 
much higher R2 in wild than in the captive groups (Supplementary 
Table SI18) and from the negative slopes of  the regression lines 
for the captive groups, i.e., opposite to expected (Supplementary 
Figure SI12). Thus, we only present here the comparison between 
the network metrics of  the models with those of  wild groups of  
macaques. For the network metric comparison without optimiza-
tion of  the grooming patterns, and for the comparison after opti-
mizing the grooming patterns but without dividing groups into wild 
and captive, see supporting information.

Individual metrics
With regard to the individual network metrics of  closeness, 
betweenness, and eigenvector all computer models seemed to pre-
dict the observed female’s values, particularly those of  closeness 
(Figure  1). Effect sizes were similar among all models, explaining 
>30% of  the variance of  observed values of  clustering coefficient; 

>60% of  the variance of  betweenness and eigenvector; and > 97% 
of  the variance in values of  closeness (Table 2). FriendsWorld had 
the highest effect size for betweenness; FriendsWorld and Reaper 
for closeness; and Reaper for eigenvector and clustering coefficient 
(Table  2). After calculating the Akaike information criteria (AIC), 
it appeared that patterns generated in FriendsWorld fitted best the 
empirical values of  betweenness and closeness, and Reaper those 
of  eigenvector and clustering coefficient (Table 2). In all cases, the 
null-model was the worst fitting model (Table 2).

Global metrics
All models seemed to accurately predict the observed values of  
number of  triangles and clustering coefficient (Figure 3). Effect 
sizes were highest for GrooFiWorld (R2  =  0.82) for number of  
triangles, and Reaper and FriendsWorld (R2  =  0.89) for clus-
tering coefficient (Table 3). According to the AIC, GroFiWorld 
and Reaper were the best fitting models for number of  triangles 
and clustering coefficient, respectively (Table  3). Regarding 
diameter and the correlation dominance—eigenvector, all mod-
els, except the null one, moderately predicted the observed val-
ues (Figures 3 and 4). Effect sizes were highest for FriendsWorld 
(R2  =  0.49) for diameter and GrooFiWorld (R2  =  0.43) for the 
correlation dominance—eigenvector, and according to the 
AIC, these models were also the best fitting ones (Table  3). 
With respect to modularity of  the network, the match between 
observed and predicted data was not as good as for the above 
metrics; and in the case of  Reaper model, modularity seemed 
to not vary but to remain constant (Figure  4). Similarly, the 
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values of  centrality index were poorly matched by all models 
(Figure 4). Effect sizes were highest for GrooFiWorld (R2 = 0.34) 
and Reaper model (R2  =  0.36) for modularity and centrality 
index respectively (Table 3). And according to the AIC, the best 
fitting model were also GrooFiWorld and Reaper (Table 3). The 

average eigenvector value of  the group was the network met-
ric matched at worst by the models, all of  them overestimated 
this value (Figure  4). Effect size was highest for FriendsWorld 
(R2  =  0.25), but according to the AIC, the Reaper model 
seemed to fit the data at best (Table  3). As for the individual 

Table 3
Linear regression between observed and predicted global network metric for each model, and its correspondent Akaike 
information (AIC) (for details of  the calculation, see methods)

Linear Regression Akaike information

Metric Model Β R2 P-value AIC Delta (Δ) Weight

Num Triangles GrooFiWorld 0.92 0.82 <0.001 1085 0 1
Reaper 0.82 0.81 <0.001 1124 39 0
FriendsWorld 0.81 0.81 <0.001 1140 55 0
Null 0.62 0.73 <0.001 1308 223 0

Diameter FriendsWorld 0.86 0.49 <0.001 52 0 1
Reaper 0.95 0.41 <0.001 77 25 0
GrooFiWorld 0.82 0.41 <0.001 82 30 0
Null 1.07 0.34 <0.001 105 53 0

Clustering Coeff. Reaper 1.00 0.89 <0.001 −780 0 1
FriendsWorld 1.28 0.89 <0.001 −657 123 0
Null 1.07 0.83 <0.001 −652 129 0
GrooFiWorld 1.17 0.81 <0.001 −636 144 0

Modularity GrooFiWorld 0.91 0.34 <0.001 −508 0 1
FriendsWorld 0.93 0.28 <0.001 −491 17 0
Reaper 0.13 0.00 0.627 −482 26 0
Null 1.74 0.28 <0.001 −389 118 0

Eigenvector Reaper 0.58 0.22 <0.001 −588 0 1
FriendsWorld 0.50 0.25 <0.001 −519 69 0
GrooFiWorld 0.36 0.14 <0.001 −496 93 0
Null 0.47 0.16 <0.001 −384 205 0

Corr Dom-Eigen GrooFiWorld 0.58 0.43 <0.001 −369 0 1
FriendsWorld 0.59 0.39 <0.001 −352 17 0
Reaper 0.44 0.17 <0.001 −349 20 0
Null 0.02 −0.01 0.779 −163 206 0

Centrality Index Reaper 0.86 0.36 <0.001 1057 0 1
FriendsWorld 0.74 0.26 <0.001 1133 76 0
GrooFiWorld 0.45 0.10 <0.001 1162 105 0
Null 0.60 0.15 <0.001 1263 206 0

The best fitting models according to the AIC weight are shown in bold. Note that for each metric the models are ordered according to increasing values of  delta 
(Δ).

Table 2
Linear regressions between observed and predicted individuals’ network metric for each model, and its correspondent Akaike 
information criteria (AIC) (for details of  the calculation, see Methods)

Linear regression Akaike information

Metric Model β R2 P-value AIC Delta (Δ) Weight

Closeness FriendsWorld 0.97 0.98 <0.001 −21,120 0 1
Reaper 0.99 0.98 <0.001 −20,792 327 0
GrooFiWorld 0.94 0.97 <0.001 −20,131 989 0
Null 0.97 0.97 <0.001 −19,509 1611 0

Betweenness FriendsWorld 1.38 0.73 <0.001 10,090 0 1
Reaper 1.73 0.68 <0.001 10,730 640 0
GrooFiWorld 1.47 0.63 <0.001 10,745 655 0
Null 1.95 0.65 <0.001 10,989 899 0

Eigen Centrality Reaper 0.92 0.69 <0.001 −6611 0 1
FriendsWorld 0.80 0.65 <0.001 −5996 616 0
GrooFiWorld 0.77 0.61 <0.001 −5820 791 0
Null 1.11 0.60 <0.001 −4645 1966 0

Clustering Coeff. Reaper 0.58 0.33 <0.001 −8761 0 1
GrooFiWorld 0.42 0.29 <0.001 −8178 583 0
FriendsWorld 0.44 0.31 <0.001 −7875 886 0
Null 0.30 0.09 <0.001 −7013 1748 0

The best fitting models according to the AIC weight are shown in bold. Note that for each metric the models are ordered according to increasing values of  delta (Δ).
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metrics, in all cases, except for clustering coefficient, the null 
model was the worst fitting model (Table 3).

DISCUSSION
On basis of  the effect sizes and the AIC, we could not distinguish 
one model (GrooFiWorld, FriendsWorld, or Reaper) fitting all net-
work metrics better than the others. Each of  these models fitted the 
empirical data in at least 3 network metrics better than the others 
(Table 4). The null model, on the other hand, performed worst for 
all metrics except one (Table 4). Patterns generated by Reaper and 
FriendsWorld seemed to fit the empirical network metrics slightly 
better than GrooFiWorld which had the worst fit among the non-
null models in 7 out of  11 cases (Table  4). Regarding grooming 
reciprocation, directed up the dominance hierarchy, and towards 
individuals of  similar rank, GrooFiWorld performed better, fol-
lowed by FriendsWorld and Reaper models (Supplementary Tables 
SI9–SI11). Similarly, when the analysis were performed without 
optimization and/or without dividing the data into wild and cap-
tive, the overall ranks of  the models changed slightly and no model 
fitted all patterns better than the others (Supplementary Tables 
SI14 and SI17). Our analysis thus does not allow to establish that 
one model was better than other. If  anything, it indicates that both 
space, i.e., proximity-based reciprocity as modeled in GrooFiWorld 
and FriendsWorld, and social bonding, i.e., emotional bookkeeping 
as modeled in Reaper, are relevant factors influencing the distribu-
tion of  social grooming.

All models fitted relatively well the observed values of  the indi-
vidual metrics of  betweenness, closeness, and eigenvector. In these 
cases, effect sizes were usually high and data points laid usually 
along the diagonal (Figures  1 and 2, Table  2). This was the case 
even for the null-model, which indicates that the value of  these 
individual metrics may be partially constrained by group size and 
network density (i.e., the network properties matched in the simula-
tions). The models did not explain more than 33% of  the variance 
of  clustering coefficient. This indicates that the grooming cliques 
formed by individuals were different in the model and empirical 
data. In the models, clustering coefficient was mostly overestimated, 

i.e., individuals and their neighbors were more connected than in 
reality; suggesting then, that in reality individuals are more selective 
in choosing their interaction partners.

With respect to the global metrics, none of  the models performed 
as good as for the individual metrics (Figures 3 and 4). All models 
seemed to overestimate the values of  eigenvector centrality and of  
the correlation coefficient dominance-eigenvector; and underesti-
mate those of  the centrality index (Figure 4). Nonetheless, the null-
model was consistently worse than the other 3 models (Table  3), 
indicating that the global network metrics depend more on the pat-
terning of  social interactions produced by the mechanisms imple-
mented in the models. On average, “Reaper” predicted the global 
network metrics’ values slightly better than the other models. With 
regard to modularity, however, it produced values that did not vary 
but remained constant; whereas in the spatially explicit models 
modularity varied according to the values observed in the empirical 
data (Tables 3 and 4, Figure 4). This suggests that a spatial struc-
ture is necessary to produce variation in modularity.

With respect to grooming reciprocation, up the dominance hier-
archy, and towards partners of  similar rank, none of  the mod-
els was able to fit all of  the patterns across all empirical groups 
(Supplementary Tables SI9–SI11). “GrooFiWorld” failed to match 
6 out of  42 patterns, “Reaper” 9, and “FriendsWorld” 10. It is note-
worthy that grooming directed towards individuals of  similar rank 
never reached statistical significance in “Reaper” (Supplementary 
Table SI11): the absence of  this pattern can be explained by a lack 
of  spatial structure. In “GrooFiWorld” and “FriendsWorld,” indi-
viduals of  similar rank are often close due to the spatial structure; 
this induces frequent interactions among them, and the emergence 
of  this pattern (Puga-Gonzalez et al. 2009).

GrooFiWorld, FriendsWorld, and Reaper models reproduced 
reciprocation. We were however unable to firmly confirm which 
model, and thus which underlying mechanism, “proximity-based” 
or “emotional bookkeeping,” may reproduce more accurately 
the diversity of  networks features and distribution of  grooming 
observed in macaque groups. It could be argued that exploring the 
parameter space (all possible combinations of  values for all mod-
els’ parameters, Supplementary Table SI2) may produce a better 
fit with empirical data. We think this is not the case. Models made 
poor predictions in particular for values of  modularity, centrality 
index, and average eigenvector (Figure 4). Modularity and central-
ity index assess the degree of  subgrouping and the popularity of  
the most central individual within the network, respectively; and 
eigenvector is a measurement of  how well the individuals and 
their neighbors are connected within the network. To reproduce 
in the models a high degree of  modularity and centrality index as 
observed in empirical data, it would be necessary that individuals, 
somehow, interact more with their subgroup than with the rest of  
the group, and that all or most individuals in the group have the 
same preferred interaction partner respectively. These patterns, 
thus, seem a consequence of  the way individuals distribute groom-
ing among their partners. The grouping, grooming, and most of  
the dominance parameters (Supplementary Table SI2), modify 
the rate of  interactions, grooming frequency, and cohesiveness 
of  the group but not the way individuals distribute their groom-
ing (Hemelrijk and Puga-Gonzalez 2012; Hemelrijk et  al. 2017). 
Hence, the lack of  a better fit between the models and these global 
metrics indicates that an additional process(es), affecting the way 
individuals distribute their grooming, is missing in the computer 
models here analyzed. None of  the mechanisms in these models 
(spatial structure and proximity-based interactions: GrooFiWorld; 

Table 4
Rank of  the models according to the AIC weight and Delta (Δ) 
value for each network metric

Computer Model

Network metric FriendsWorld Groofiworld Reaper Null-model

Individual:
1) Closeness 1 3 2 4
2) Betweenness 1 3 2 4
3) Eigenvector 2 3 1 4
4) Clustering coefficient 2.5 2.5 1 4
Global:
5) Number of  triangles 3 1 2 4
6) Diameter 1 3 2 4
7) Average clustering 
coefficient

2 4 1 3

8) Modularity 2 1 3 4
9) Average eigenvector 
centrality

2 3 1 4

10) Corr. eigenvector - 
dominance rank

2 1 3 4

11) Centrality Index 2 3 1 4
Average Ranking 2.0 2.5 1.7 3.9

Models with a Delta (Δ) value difference ≤ 2 were given the same rank.
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Figure 2
Plots of  the values of  the observed individual’s metric (x axis) against the values predicted by each model (y axis). Black diagonal represents values expected in 
a perfect match between model and empirical data. Values of  clustering coefficient and eigenvector are shown in left and right columns, respectively. Colors 
represent macaque groups and each data point represents a single individual.
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social bonding: Reaper; or their combination: FriendsWorld) is suf-
ficient to produce attraction to specific individuals and subgrouping 
effects as significant as those observed in nature.

In nonhuman primates, individuals appear to be knowledge-
able not only of  their own social relationships but also of  those 
between third-parties (Silk 1999; Perry et  al. 2004; Schino et  al. 
2006; Paxton et  al. 2010; Kubenova et  al. 2017). Thus, a poten-
tial mechanism missing in the models may be that individuals 
can choose partners, taking into account not only how other indi-
viduals behave towards them but also towards other group mem-
bers. Implementing such a mechanism in the models could have 
an impact on triadic closure, and thus on the centralization and 
modularity of  the network. Another potential mechanism is that, 
in nonhuman primates, the degree with which individuals reduce 
their anxiety after being involved in grooming depends on the iden-
tity of  the partner. Individuals that groom with “friends” seem to 
relax more than when they groom with “nonfriends” (Crockford 
et al. 2013; Wittig et al. 2016). In the model, however, the reduction 
in anxiety after grooming was the same regardless of  the identity 
of  the partner. Further, individuals may take into account not only 
grooming exchange but also aggression exchange when establishing 
social bonds, whereas in “Friendsworld” and “Reaper” grooming 
exchange was the only variable taken into account. Furthermore, 
the model omitted other individual attributes such as age and kin-
ship, which are known to influence social bonding and subgrouping. 
Further research will be necessary to know whether the implemen-
tation of  these or other mechanisms in the models will produce a 
better fit between models’ and empirical grooming networks.

The models fitted the data from wild (provisioned) groups bet-
ter than that of  captive ones. Indeed, in some cases with the cap-
tive data the predictions of  the models were opposite of  expected 
(SI11-SI12). The models, thus, seem to represent the behavior of  

wild animals better than those maintained in captive conditions (see 
R2 in Supplementary Table SI18). The lack of  a better fit of  the 
models with the latter may be due to the spatial constraint imposed 
by captivity on these groups. In the wild individuals can avoid others 
by moving away (Heesen et al. 2014; Heesen et al. 2015), whereas 
in captivity individuals have to interact with most group members. 
This may cause an artificial distribution of  grooming which would 
ultimately affect grooming networks. In the spatially explicit mod-
els, although individuals followed rules that made them stay in the 
group (by searching for others and moving towards them when no 
other group member was in view), they were free to move in any 
direction since there were no spatial boundaries. Whether imposing 
a spatial boundary in these models would result in a better fit with 
empirical data from captive groups should be studied in the future.

To fit the grooming patterns observed in some groups of  
macaques, in the models the parameter of  aggression intensity 
had to be optimized (Supplementary Tables SI8). To simulate the 
group of  Barbary macaques, for instance, aggression intensity 
was set to high values because females directed grooming up the 
dominance hierarchy and towards partners of  similar rank in this 
group (Supplementary Tables SI6–SI7). Similarly, to simulate some 
groups of  Japanese macaques, aggression intensity was set to low 
values because in none of  these groups grooming was directed up 
the hierarchy (Supplementary Table SI6). According to the biolog-
ical market theory, grooming directed up the dominance hierarchy 
is a pattern expected and usually observed in intolerant primate 
societies and not in tolerant ones (Barrett et al. 1999; Schino and 
Aureli 2008b). Some of  the macaque groups here analyzed, thus, 
presented a pattern opposite to the one expected according to their 
species’ classification of  social style. We do not believe, however, 
that this observation is sufficient to consider a reclassification of  
macaque species’ social style because 1) although from the groups 
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here studied some presented a pattern opposite to the expected, 
other groups of  the same species did conform to the patterns 
expected according to its social style, and 2)  the classification of  
social styles is based not only on the distribution of  social groom-
ing but on other patterns like rates of  reconciliation, directional-
ity of  aggression, or permissiveness of  mothers (Thierry 2004). We 
have no indication that in our data set living conditions—wild or 
captive—have influenced the observed grooming patterns; actu-
ally, the patterns of  5 wild and 3 captive groups did not conform 
to the patterns previously documented for social style (but see 
Balasubramaniam et  al. 2017 for a significant result on the influ-
ence of  living condition on grooming traits).

Using the principle of  parsimony, the simplest model should 
be favored. In the models, however, the cognitive demands on 
individuals do not seem exceptionally high. In all of  them, indi-
viduals should be capable of  identifying other group-members and 
recognizing their dominance status. And in “FriendsWorld” and 
“Reaper” models individuals should additionally differentiate oth-
ers on the basis of  the grooming given and received, a task that 
could be achieved through associative learning. Even though cog-
nitive demands on individuals seem lower in GrooFiWorld, nonhu-
man primates have been shown to possess these cognitive capacities 
anyhow (Tomasello and Call 1997). Thus, it is difficult to favor one 
model over the other on the basis of  cognitive limitations.

The models presented here are not the only ones that reproduce 
patterns of  reciprocation of  grooming similar to those observed 
in primate societies. In the partner-choice model by Schino and 
Campenni (Campenni and Schino 2014) and the EMO-model by 
Evers and co-authors (2015), preferential interactions alone or in 
combination with spatial structure, respectively, suffice to repro-
duce grooming reciprocation. Nonetheless, no analyses of  grooming 
social networks, grooming directed up the dominance hierarchy or 
towards individuals of  similar rank, and of  interchange of  grooming 
for support have been done on these models. Thus, it is unknown if  
in these models the distribution of  grooming and/or the grooming 
social networks are similar to those reported in macaques.

In conclusion, our results indicate that 3 models capture to some 
degree the diversity of  social styles observed in the grooming pat-
terns and networks of  macaques. Our comparative analysis, how-
ever, does not allow us to make a clear distinction between the 
models. Whereas GrooFiWorld fits the distribution of  grooming 
among group members best, “Reaper” and “FriendsWorld” do so for 
the network metrics. Thus, it is not possible to specify which mech-
anism, proximity-based or emotional book-keeping, is more accu-
rate at reproducing reciprocation, grooming distribution and social 
networks as observed in macaques. What clearly appears, however, 
is that a process is missing in these models. This process could be 
a complex one, such as individuals taking into account third-party 
relationships when deciding whom to interact with. Whether such 
a mechanism can more accurately reproduce the diversity of  social 
styles observed in macaque societies we will study in future models.
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the network metrics. Thus, it is not possible to specify which mech-
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rate at reproducing reciprocation, grooming distribution and social 
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